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Abstract

:

Corrosion inhibitors are widely used as an important tool for the prevention and remediation of different materials exposed to corrosive industrial processes. Corrosion inhibitors are usually added to acid pickling solutions to reduce the deterioration of metallic materials and particularly, corrosion due to hydrochloric acid. In this work, three bis-Schiff bases (BS2, BS4 and BS8) were synthesized and characterized using spectroscopic methods, and their anti-corrosive effects on AISI 1020 carbon steel in a hydrochloric acid solution were studied using gravimetric and electrochemical techniques and quantum chemical methods. The results showed that all substances act as potential corrosion inhibitors as BS8 exhibited the highest efficiency (98%) of all methods. The compounds adsorbed on the metal surface were as per the El-Awady adsorption isotherm. Morphological aspects of the metal were observed upon applying SEM, and the theoretical results acquired from the quantum chemical calculation for molecular properties and the Fe(110) surface adsorption proved to be compatible with the experimental results.
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1. Introduction


Corrosion inhibitors are widely used as an important tool for the prevention and remediation of different materials exposed to corrosive industrial processes, such as acid pickling, and especially carbon steel, which is generally used in industries due its low cost, high strength and cost efficiency [1,2]. Corrosion inhibitors are usually added to acid pickling solutions to reduce the deterioration of metallic materials and especially corrosion due to hydrochloric acid, which is the most used since it produces cleaner and brighter surfaces, it does not require heating and its residues are more easily removed with water than sulfuric acid residue [3].



The employment of organic inhibitors in the prevention of acid corrosion is common. Thus, organic compounds that have atoms with lone pairs of electrons (nitrogen, oxygen, sulfur and phosphorous), unsaturated bonds and aromatic rings show good efficiency as corrosion inhibitor agents for carbon steel [4,5].



Schiff bases are compounds containing the chemical bond -C=N- that can complex with different metals and show spontaneous monolayer formation on metal surfaces. Such properties make these compounds good candidates for being corrosion inhibitors [6,7]. Indeed, it has been shown that Schiff bases are good corrosion inhibitors presenting high corrosion inhibition efficiencies (η) associated with their strong adsorptions on metal surfaces [1,8,9].



The growing interest in Schiff bases in the field of corrosion is mainly due to their ecologically correct character and low toxicity nature, the low cost of raw materials and the use of simple synthetic routes and purification [10,11]. Further, the use of alternative methodology in the Green Chemistry field has also been attractive.



Recently, conjugated bis-Schiff bases, derived from 2-aminofluorene and glyoxal and 4,4’-diphenylcarboxaldehyde and 4-phthalaldehyde using traditional methodology, were evaluated in terms of inhibition effectiveness regarding corrosion of carbon steel in a HCl solution. They showed reasonable anticorrosive efficiency in the range of 58.5% to 76.8%, which was evaluated by the weight loss test at 25 °C. However, at 65 °C, the inhibition efficiency reached 98.2% after 5 h of immersion in a more active compound (bis-(2-aminofluorene)4,4′-biphenyldicarboxaldehyde) [12]. In addition, two double Schiff bases were evaluated regarding anticorrosive efficiency using the electrochemical impedance spectroscopy (EIS) method, gravimetric measures and topological studies of the metal surface in HCl as compared to carbon steel. Effectiveness of 88.98% and 93.00% were observed for PMB (bis-(2-aminofluorene)4,4′-biphenyldicarboxaldehyde) [12]. In addition, using the EIS method, two double Schiff bases, 4-(4-((pyridin-2-yl)-methyleneamino)-phenoxy)-N-((pyridin-2-yl)methylene)-benzenamine and PPMB (4-(4-(4-((pyridin-2-yl)-methyleneamino)-phenoxy)-phenoxy)-N-((pyridin-2-yl)-methylene)-benzenamine), at 5 × 10−3 mol L−1 concentration, were 88% and 92%, respectively, based on weight loss. Morphological and topological studies revealed the adsorption mode of these substances on the steel surface [13].



Also, conjugated bis-Schiff bases from N1-(4-(4-aminophenylamino)benzene-1,4-diamine) and substituted benzaldehydes donor and withdrawals electrons [14] were investigated regarding their corrosion inhibitory effects on carbon steel in a HCl medium. Gravimetric measures, electrochemical impedance spectroscopy and a potentiodynamic polarization electrochemical test indicated the good performance of the p-OCH3 substituted compound, at 250 mg L−1 concentration, as these found inhibition efficiencies of 96.12%, 97.07% and 96.40%, respectively [1].



In this study, three bis-Schiff bases with increased saturated chains between imine-moieties (-CH=N-(CH2)n-N=CH-, where n = 2, 4 and 8)—namely N,N′-bis-(3-phenyl-2-propenylidiene)-1,2-ethanediamine (BS2), N,N′-bis-(3-phenyl-2-propenylidiene)-1,4-butanediamine (BS4) and N,N′-bis-(3-phenyl-2-propenylidiene)-1,8-octanediamine (BS8)—were synthesized using an eco-friendly method, such as one that uses water as a solvent and microwave irradiation (Figure 1). These compounds were investigated as corrosion inhibitor agents for AISI 1020 carbon steel in HCl 1 mol L−1. The corrosion inhibitory effectiveness of these compounds was evaluated using weight loss measures and electrochemical techniques. Further, the surface was studied using scanning electronic microscopy (SEM) and density functional theory (DFT), while the distribution of electron density in frontier molecular orbitals (FMOs) and quantum chemical data for protonated and non-protonated bis-Schiff bases were calculated to explore the anti-corrosion properties of these compounds. To date, these bis-Schiff bases have not been reported as corrosion inhibitors.




2. Materials and Methods


2.1. Synthesis of Corrosion Inhibitors


The selected amine (ethane-1,2-, butane-1,4- and octane-1,8-diamine) was added (4 mmol) to a solution of cinnamaldehyde (8 mmol) and water. The mixture was submitted into a microwave reactor (CEM-Discover) at a potency of 80 W and 100 °C temperature for 10 min. Subsequently, the solution was cooled and the product filtrated using a vacuum, after which it was cleaned with ice water, dried and recrystallized from hexane/dichloromethane. The obtained yield was of 95–98%, and the synthetic scheme is shown in Figure 2.



The obtained products were characterized by the FT-IR (by ATR, Bruker–Vertex 70), 13C and 1H NMR spectra on the NMR Ultrashield 500 MHz (Bruker, Billerica, MA, USA) using CDCl3 as a solvent. The Figure 3, Figure 4 and Figure 5 show the numbered chemical structures of BS2, BS4 and BS8, respectively. The FT-IR, 1H and 13C NMR spectra are found in the Supplementary Material.



N,N′-Bis(3-phenyl-2-propenylidiene)-1,2-ethanediamine (BS2): 98% yield; m. p. 106 °C (lit. 101–103 °C) [15]. FT-IR (ATR, ν/cm−1): 3020, 2925, 2860, 1631, 1446, 1145, 989, 748, 689, 513. 1H NMR (500 MHz, CDCl3) δ: 3.83 (s, 4H, H-5,6), 6.85–6.94 (m, 4H, H-1, 2, 9, 10), 7.27–7.34 (m, 6H, H-3′-5′, 9′-11′), 7.44 (d, 4H, J = 7.25 Hz, H-2′, 6′, 8′, 12′), 8.03 (d, 2H, J = 7.6 Hz, H-3, 8). 13C-APT NMR (125 MHz, CDCl3) δ: 61.7 (C-5, 6), 127.2 (C-2′, 6′, 8′, 12′), 127.9 (C-4′,10′), 128.7 (C-2, 9), 129.0 (C-3′, 5′, 9′, 11′), 135.6 (C-1′, 7′), 141.8 (C-1, 10), 164.1 (C-3, 8).



N,N′-Bis(3-phenyl-2-propenylidiene)-1,4-butanediamine (BS4): 96% yield; m. p. 93 °C; FT-IR (ATR, ν/cm−1) 3035, 2919, 2836, 1633, 1442, 1145, 981, 750, 688, 513; 1H NMR (500 MHz, CDCl3) δ: 1.73 (s, 4H, H-6, 7), 3.56 (s, 4H, H-5,8), 6.85–6,96 (m, 4H, H-1, 2, 11, 12), 7.29–7.37 (m, 6H, H-3′-5′, 9′-11′), 7.47 (d, 4H, J = 8.8 Hz, H-2′, 6′, 8′, 12′), 8.03 (d, 2H, J = 9.1 Hz, H-3, 10); 13C-APT NMR (125 MHz, CDCl3) δ: 28.9 (C-6, 7), 61.6 (C-5, 8), 127.4 (C-2′, 6′, 8′, 12′), 128.4 (C-4′,10′) 129.1 (C-2, 11), 129.3 (C-3′, 5′, 9′, 11′), 136.0 (C-1′, 7′), 141.7 (C-1, 12), 163.0 (C-3, 10).



N,N′-Bis(3-phenyl-2-propenylidiene)-1,8-octanediamine (BS8): 95% yield; m. p. 65 °C. FT-IR (ATR, ν/cm−1): 3021, 2928, 2845, 1631, 1441, 1150, 970, 748, 691, 519. 1H NMR (500 MHz, CDCl3) δ: 1.33 (s, 8H, H-7–10), 1.64 (s, 4H, H-6, 11), 3.49 (t, 4H, H-5, 12), 6.85–6.93 (m, 4H, H-1, 2, 15, 16), 7.28–7.36 (m, 6H, H-3′-5′, 9′-11′), 7.46 (d, 2H, J = 7.5 Hz, H-2′, 6′, 8′, 12′), 8.0 (d, 2H, J = 6.6 Hz, H-3, 14); 13C-APT NMR (125 MHz, CDCl3) δ: 27.3 (C-8, 9), 29.3 (C-7, 10), 30.8 (C-6, 11), 61.6 (C5, 12), 127.1 (C-2′, 6′, 8′, 12′), 128.3 (C-4′, 10′), 128.7 (C-2, 15), 130.0 (C-3′, 5′, 9′, 11′), 135.8 (C-1′, 7′), 141.1 (C-1, 16), 162.3 (C-3, 14).




2.2. Electrochemical Measurements


The electrochemical measures took place in a HCl solution (1 mol L−1) with the lack (Blank) and presence of bis-Schiff bases in four concentrations (1.0 × 10−3 to 1.0 × 10−6 mol L−1). All tests were conducted at 30 °C and employed an electrochemical cell containing three electrodes: AISI 1020 carbon steel embedded in resin, with an exposed area of 1.0 cm2, constituted the working electrode with an auxiliary electrode of platinum and a silver chloride electrode (Ag(s)/AgCl(s)/Cl− (3.0 mol L−1)) as references.



The electrode surface, before immersion in the aggressive solution, was processed by abrasion with sandpaper till it was up to 2000 grade. Finally, the excess fat was removed using ethanol, and it was cleaned using purified water and dried. All electrochemical corrosion assays were executed in an open system employing the Autolab Potentiostat/Galvanostat (model PGSTAT 302N), and the program used was NOVA 2.1.



2.2.1. Electrochemical Impedance Spectroscopy (EIS)


After 60 min of open circuit potential (Eocp), impedance data were obtained at a 10 kHz to 0.1 Hz frequency interval with an amplitude of 10 mV between the peaks. The efficiency (ηEIS) of the inhibitor was calculated using Equation (1).


   η  EIS    ( % )  =    R  ct   −  R  ct  0     R  ct     × 100    



(1)




where Rct and R0ct are the charge transfer resistances in the presence and in the absence of the compound, respectively.




2.2.2. Linear Polarization Resistance (LPR)


LPR measurements were carried out by employing 1 mV s−1 as the scan rate in the interval of potential at an Eocp of around ±10 mV. The inhibition efficiency (ηLPR) was calculated using Equation (2).


   η  LPR      ( % )  =    R p  −  R p 0     R p    × 100        



(2)




where Rp and R0p are the resistance of polarization with the addition of the synthesized compounds and in the Blank, respectively, and ηLPR is the percentage of efficiency. The values of Rp correspond to the angular coefficients calculated using the linear regression of the plot of current density (i) versus potential (E).




2.2.3. Potentiodynamic Polarization (PP)


PP measurements were executed by applying 1 mV s−1 of scan rate in the ±200 mV potential range on all sides of the open circuit potential (Eocp). The efficiency (ηPP) of the inhibitor was calculated using Equation (3).


   η  PP      ( % )  =    i  corr  0  −  i  corr      i  corr  0    × 100        



(3)




where    i  corr  0    is the value of the density of the solution without the synthesized compounds, icoor is the inhibited corrosion density and ηPP is the percentage of corrosion inhibition efficiency.





2.3. Weight Loss Method


The weight loss method measures were performed using samples of carbon steel, AISI 1020, sized 3.0 × 3.0 × 0.15 cm in a 1 mol L−1 of HCl solution in the lack and presence of the bis-Schiff bases in concentrations of 1.0 × 10−5 to 1.0 × 10−3 mol L−1 with immersion times of 3, 24 and 48 h and naturally aerated at 30 °C. The temperature effect was studied using 3 h of immersion at 30, 40, 50 and 60 °C.



Before each assay, the samples were worn down using 100, 400 and 600 grade sandpaper, degreased with ethanol, cleaned with distilled water, and dried. After immersion tests, pickling and weighing were performed. The efficiency (   η  WL    ) of the inhibition was calculated using Equation (4).


   η  WL    ( % )  =    W 0  − W    W 0    × 100  



(4)




where W0 is the rate in the solution without the compound, and W is the corrosion rate in the presence of the studied inhibitors.




2.4. Surface Investigation


Scanning Electron Microscopy


Carbon steel coupons (3.0 × 3.0 × 0.15 cm) were polished using 100-, 400- and 600-degree sandpaper, degreased with ethyl alcohol, washed with purified water, dry, and submerged in a HCl solution (1 mol L−1) with BS2, BS4 and BS8 and without (Blank) for 24 h at 30 °C. The coupons were detached, cleaned with water and dried using hot air. The results were acquired using a HITACHI TM 3000 Tabletop Microscope.





2.5. Theoretical Calculations


To improve our comprehension of the corrosion inhibition of the di-protonated molecules, we conducted density functional theory (DFT) calculations employing the B3LYP functional and the def2-QZVP basis group within Orca software [16,17,18]. The conductor-like polarizable continuum model (CPCM) [19] was employed to simulate the molecular environment in a solution, as solvents can impact reactive properties. A dielectric constant of ε = 60.75 characterized the implicit solvent. We explored the relation between corrosion inhibition effectiveness and electronic and structural properties through reactivity molecular descriptors, including the energy value of the highest occupied molecular orbital (   E  HOMO    ), the energy value of the LUMO (   E  LUMO    ), the HOMO-LUMO energy gap (  Δ  E  gap    ), the ionization potential (I), the electronegativity (  χ )  , the electron affinity (A), the global softness (σ), the global hardness (η), the fraction of electrons transferred (∆N), the global electrophilicity index (ω) and the nucleophilicity index (ε). The molecular sketches of the input were drawn using Avogadro version 1.2 [20], and the results were analyzed using the trial version of ChemCraft version 1.8 [21].



In agreement with Koopman’s theorem [22], the ionization potential (I) can be defined as a function of    E  HOMO     (Equation (5)), whereas electron affinity (A) is defined in terms of    E  LUMO     (Equation (6)).


  I = −  E  HOMO    



(5)






  A = −  E  LUMO    



(6)







Electronegativity ( χ ) is described as a derivative of the total electronic energy of the system (E) with respect to the total number of electrons (N) at constant external potential ( ν ) (Equation (7)). Therefore, it can be simply described as a function of the ionization potential (I) and electron affinity (A) [23], according to Equation (8).


  χ = −    (    ∂ E   ∂ N    )   υ   



(7)






  χ =  (    I + A  2   )   



(8)







The absolute hardness or global hardness ( η ) of an N-electrons system at external potential  υ  is defined in Equation (9). It can be expressed as a function of the ionization potential and electron affinity according to Equation (10) [24,25]. The global softness (σ) is the reciprocal of absolute hardness, as given by Equation (11).


  η =    (    ∂ N   ∂ μ    )   υ   



(9)






  η =  (    I − A  2   )       



(10)






  σ =  (   1 η   )   



(11)







The global electrophilicity index (ω) and nucleophilicity index (ε) were evaluated according to Equations (12) and (13), respectively [26].


  ω =  [       (  I + A  )   2    8  (  I − A  )     ]   



(12)






  ε =  (   1 ω   )   



(13)







The portion of electrons transferred (∆N) from the compound to the metallic surface is defined by Equation (14) [27].


  Δ N =  [     χ M  −  χ  inh     2  (   η M  +  η  inh    )     ]   



(14)







In the given context  χ  represents the electronegativity,  η  denotes the global hardness, and M refers to the metallic surface, while the subscript “inh” indicates the inhibitor molecule.



In order to study the specific interactions among the inhibitor and the metal, we conducted periodic spin-polarized density functional theory (DFT) calculations using the Quantum ESPRESSO [28] plane wave package. The Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional was employed [29]. The ultrasoft pseudopotentials developed by Vanderbilt [30] were utilized, and a limit energy of 70 Ry was applied to the plane wave basis group. To guarantee precise results, the Brillouin zone was sampled with a Monkhorst-Pack [31] k-point mesh of 8 × 8 × 8 for the bulk material. This sampling method yielded good agreement with experimental data as evidenced by the equilibrium lattice constant (2.88 Å) and the magnetic moment (2.32 µB), which closely matched the experimental values of 2.86 Å and 2.22 µB, respectively [32].



For the Fe(110) surface, which is considered the most stable iron surface [33], a Monkhorst-Pack grid of 2 × 2 × 1 was employed. To accommodate the BS2, BS4 and BS8 inhibitors with the Fe(110) surface, a supercell expansion of 7 × 7 was found to be adequate. The slab consisted of three iron layers, with the top layer allowed to relax while the bottom two layers remained fixed. To prevent interactions with non-periodic axis periodic images, a vacuum thickness of 20 Å was implemented. In all calculations, the D3 long-range correction was utilized as it is known to be crucial in studying the adsorption of aromatics on metal surfaces [34,35,36]. To balance the charge of the double protonated surface-inhibitor systems, two counteranions (2Cl−) were employed. For calculations involving isolated molecules, a cubic cell of 30 Å was used, and the Makov–Payne correction was applied [37].





3. Results


3.1. Synthesis


The green synthesis of B2, B4 and B8 was performed in one step by mixing cinnamaldehyde with the selected amine in water as a solvent. The reaction mixture was refluxed for 10 min in a microwave reactor with 80 W of potency. At the end of the reaction, a brown oil was obtained, which turned into a yellow solid. After cooling, it was isolated and treated with cold water, dried and purified by recrystallization with a hexane/dichloromethane mixture. The products were obtained with 95–98% of yield. The bis-Schiff bases were characterized by routine spectroscopies such as FT-IR and NMR (1H and 13C).



In the infrared spectra (FT-IR) of BS2, BS4 and BS8 aromatic C-H stretching characteristic bands were observed in the range of 3020–3035 cm−1 and aliphatic characteristic bands in the range of 2919–2860 cm−1. The absorption of the C=N stretching of imine moiety was in the range of 1631–1633 cm−1, and a band referring to the angular deformation of five adjacent hydrogens of the aromatic ring was observed at 748–750 cm−1.



The 1H NMR spectra for BS2 were seen at δ 3.83 (4H, H-5, 6), referring to the chemical shifts of hydrogens in the aliphatic chain. In the range of δ 6.85–6.94 (4H, H-1, 2, 9, 10), signals from olefinic hydrogens were observed, and δ 7.27–7.34 (6H, H-3′-5′, 9′-11′), δ 7.44 (4H, J = 7.25, H-2′, 6′, 8′, 12′) were assigned the chemical shifts of aromatic hydrogens. At δ 8.03, a signal referring to the chemical shift of imine hydrogen was observed. In the 13C NMR spectrum, a signal was observed at δ 61.7 (C-5, 6), referring to the aliphatic carbons and at δ 128.7 (C-2, 9) and 141.8 (C-1, 10), signals referring to olefinic carbons. The displacements attributed to aromatic hydrogens were observed in the range of δ 127.2–135.6 and the signal referring to the imine carbon at δ 164.1 (C-3, 8).



The BS4 compound showed signals at δ 1.73 (4H, H-6, 7) and δ 3.56 (4H, H-5, 8), referring to the chemical shifts of hydrogens in the aliphatic chain, and in the range of δ 6.85–6.94 (4H, H-1, 2, 11, 12) to the olefin hydrogens. δ 7.29–7.37 (6H, H-3′-5′, 9′-11′) and δ 7.47 (4H, J = 8.8, H-2′, 6′, 8′, 12′) were attributed to the chemical shifts of aromatic hydrogens, and the signal referring to the chemical shift of the imine hydrogen was observed at δ 8.03. In the 13C NMR spectrum, signals were observed at δ 28.9 (C-6, 7) and 61.7 (C-5, 8), referring to aliphatic carbons, and δ 129.1 (C-2, 11) and δ 141.7 (C-1, 12) to olefinic carbons. The displacements related to aromatic carbons were attributed at δ 127.4 (C-2′, 6′, 8′, 12′), δ 128.4 (C-4′, 10′), δ 129.3 (C-3′, 5′, 9′, 11′), and δ 135.6 (C-1′, 7′). The signal referring to the imine carbon was observed at δ 163.0 (C-3, 10).



For the BS8 compound, signals at δ1.33 (8H, 7–10), δ 1.64 (4H, H-6, 11) and δ 3.49 (4H, H-5, 12) were attributed to the hydrogens in the aliphatic chain and in the range of δ 6.85–6.93 (4H, H-1, 2, 15, 16) to olefinic hydrogens. The chemical shifts at δ 7.28–7.36 (6H, H-3′-5′, 9′-11′) and δ 7.46 (4H, J = 7.5, H-2′, 6′, 8′, 12′) were assigned to the aromatic hydrogens and at δ 8.0 to the imine hydrogen. In the 13C NMR spectrum, signals were observed at δ 27.3 (C-8, 9), δ 29.3 (C-7, 10), 30.8 (C-6, 11) and δ 61.6 (C-5, 12), referring to aliphatic carbons and at δ 128.7 (C-2, 15) and δ 141.1 (C-1, 16) to olefinic carbons. The displacements related to aromatic carbons were observed at δ 127.1 (C-2′, 6′, 8′, 12′), δ 128.2 (C-4′, 10′), δ 130.0 (C-3′, 5′, 9′, 11′) and δ 135.8 (C-1′, 7′) and the signal referring to the imine carbon at δ 162.3 (C-3, 14).



The FT-IR, 1H and 13C NMR spectra can be seen in the Supplementary Material.




3.2. EIS


This method is used to study the corrosion process, inhibitor efficiency and charge transfer mechanism that occur between the metal–solution interface. In this work, Nyquist and Bode plots were obtained from the EIS of carbon steel submerged in HCl (1 mol L−1) with and without bis-Schiff bases at the concentration levels of 1.0 × 10−3, 1.0 × 10−4, 1.0 × 10−5 and 1.0 × 10−6 mol L−1 at 30 °C. Before each EIS measurement, the Eocp was monitored for 60 min since this immersion time is enough to achieve the stability condition of the Eocp, as demonstrated by the plots in Figure 6.



Afterward, the impedance data were obtained, and they are displayed in the Nyquist (Figure 7) and Bode (Figure 8) plots. For the Nyquist plots (Figure 7), it can be noted that the semicircle diameters obtained in the presence of the BS2, BS4 and BS8 inhibitors were higher than that achieved in the Blank. The increase in the semicircle diameter was also observed with a greater number of molecules, which is attributed to a rise in the surface coverage (θ). Moreover, the profiles of the Nyquist plots were unchanged with inhibitor addition since all the Nyquist plots presented only capacitive arcs and there was no unique time change in the Bode graph, showing that the process is commanded by a charge-carrying event and that the hydrogen evolution is the predominant cathodic reaction [38,39].



The θ value is relative to the corrosion inhibition efficiency and is obtained by Equation (15):


  θ =    R  ct   −  R  ct  0     R  ct            



(15)




where Rct is the charge transfer resistance in the Blank and    R  ct  0    in that with the addition of the bis-Schiff bases acquired by EIS [38,39].



The depressive semicircle observed on the Zreal axis at the lowest frequency can be related to the small rugosity and lack of homogeneity of the metal surface [40]. Thereby, the CPE was applied for more fitting accuracy, which has Rct and the constant phase element of the double layer in parallel with the two in series with solution resistance [41]. All impedance data were adjusted using the equivalent electric circuit shown in Figure 9.



The CPE, constant phase element, is represented in Equation (16):


   Z  CPE   =    Y 0    − 1       ( j w )   − n    



(16)




where: Y0 = size of the CPE, j = imaginary unit, w = angular frequency and n = phase shifting.



The double layer capacitance (Cdl) derived from the CPE values can be calculated by Equation (17):


   C  dl   =  Y 0      ( 2 π    f  max   )   n − 1    



(17)




where: fmax = frequency related to the imaginary part of the highest impedance [42,43].



The electrochemical data acquired using EIS are shown in Table 1, and the increase of Rct values with the augment of concentration for all investigated compounds can be noted. This is due to the adsorption of the compounds into the metal surface, resulting in fewer sites being available for corrosion [40,41]. The BS8 compound in the highest concentration showed a higher value on the Zreal axis of the Nyquist diagram with 98% of corrosion inhibition efficiency. Under similar conditions, the bis-Schiff base, with a more complex structure—4-(4-(4-((pyridin-2-yl)-methyleneamino)-phenoxy)-phenoxy)-N-((pyridin-2-yl)-methylene)-benzenamine—showed 93% of inhibition efficiency at 5.0 × 10−3 mol L −1 of concentration [13].



As shown in Table 1, a decrease of Cdl values is observed as the concentration increases, reflecting the decrease of the site dielectric constant, which is assigned to the interaction of the inhibitors on the metal surface by displacing previously adsorbed molecules of water [44] and also by the increasing the thickness of the double layer.




3.3. LPR


The LPR measurements were executed in similar conditions as those of the EIS tests, and the results regarding the corrosion inhibition efficiencies were acquired in the same range. The values acquired from the LPR tests were calculated after using linear regression in the graph of corrosion potential (E) versus current density (i). The polarization resistance (Rp) data and inhibition efficiencies (ηLPR) are displayed in the Table 2.



The Rp values were enhanced with that of the concentration, suggesting that the compounds adsorbed on active locations of the metallic surface formed a covering layer according to the Rct values acquired using the EIS method.



As shown in Table 2, the BS8 compound also showed the best corrosion inhibition efficiency, 97%, at 1.0 × 10−3 mol L−1 concentration, according to the results acquired by the EIS assays. Figure 10 shows the comparison of BS2, BS4 and BS8 in terms of the inhibition efficiency x concentration.




3.4. PP


The PP experiments were conducted at 30 °C in the same acid solution conditions in the lack and presence of BS2, BS4 and BS8. The curves obtained for the metallic surface in the acidic solution in the lack and presence of the corrosion inhibitors are displayed in Figure 11. According to Equation (3), the efficiency was calculated based on the current density in the presence of the inhibitor (icorr) and the current density in the absence of the inhibitor (   i  corr  0   ), providing the efficiency value in percentage ηPP.



The polarization curves show that the presence of the corrosion inhibitors leads to a reduction of current densities in both cathodic and anodic reactions in comparison with those displayed in the Blank. Furthermore, both cathodic and anodic Tafel lines are parallel, showing that the inclusion of the compounds does not modify the mechanism of corrosion in both cathodic and anodic reactions. Finally, for an elevated amount of the inhibitors, a greater movement of Ecorr in the anodic branch was also noted.



The obtained results suggest that these substances act as a miscellaneous form of corrosion inhibitors with anodic tendencies that can delay metal dissolution in cathodic reactions [43]. The presence of the compounds in the acid solution decreased the steel oxidation rate and delayed the evolution of hydrogen in the anodic direction as well, retarding the dissolution of the metal. However, a slight shift in the anodic direction can be observed, showing a greater tendency to protect the metal. The best results were observed for BS8, mainly at 1.0 × 10−3 mol L−1 concentration. Table 3 shows the data derived from the polarization curves.



It is well known that the π bond, aromatic rings and imine group are very important in the adsorption of organic compounds into the carbon steel surface [1,45]. In this work, the studied compounds differ only by length of alkyl chains, which have two, four or eight saturated carbons. Thus, the lengthening of the alkyl chain may be responsible for the increments in corrosion inhibition efficiency due to the increase of the liberty degrees in the alkyl portion that favors the interaction of the two C=N groups in the metallic surface.



The parameters associated with polarization curves, such as energy of corrosion (Ecorr), corrosion current density (jcorr), inhibitor coverage degree (Ө) and anodic and cathodic Tafel constants (βa and βc, respectively), were obtained by the extrapolation of the linear portions of the curves of the anodic and cathodic polarization lines [46]. The efficiency of inhibition ηPP (%) and the other parameters obtained by PP are shown in Table 3.




3.5. Adsorption Phenomenon


The isotherms can provide important details about the features of interactions between the metallic surface and corrosive medium containing the inhibitor [47]. As previously observed, inhibition efficiencies increase with increasing concentration values, also leading to the enlargement of the degree of surface coverage (θ) by inhibitor presence. Thus, the θ values, obtained from EIS, were fitted against concentration according to some models of adsorption isotherms like Langmuir [48,49], Temkim [50], Frumkim [51] and El-Awady [50] (Equations (18)–(21)). Table 4 shows the obtained regression parameters of the correlation coefficient (r) and slope for the Langmuir, Temkin, Frumkin and El-Awady adsorption isotherms for BS2, BS4 and BS8 added to carbon steel in a HCl solution.


  Langmuir   isotherm   equation :    C θ  =  1   K  ads     + C  



(18)






  Temkin   isotherm   equation :   θ = −   ln  K  ads       2 a   −   ln C   2 a    



(19)






  umkin   isotherm   equation :   ln    θ   (  1 − θ    )    = ln    K  ads   + 2 a    



(20)






  El - Awady   isotherm   equation :   ln  θ   (  1 − θ  )    =  ln    K ’ + y    ln  C    



(21)




where θ is the degree of coverage surface, C is the concentration, K′ is the apparent equilibrium adsorption constant, y is the number of molecules present in an active location, and Kads the equilibrium adsorption constant.



Table 4 shows good correlation coefficient (r) for the Langmuir and El-Awady adsorption isotherms. However, the slopes obtained from the Langmuir isotherm, especially for BS8, were different from that of the unit, suggesting that the adsorption does not occur homogeneously—i.e., a monolayer film is not formed, and possible interactions occur between the molecules. However, the El-Away adsorption isotherm is an adjusted model of the Langmuir equation that indicates the capacity of compounds that interact with more sites on the metal surface [52,53]. Figure 12 shows the graph with the El-Away adsorption isotherms.



In accordance with Table 4, the interaction parameters 1/y (number of active local sites of the metal occupied by an inhibitor) showed values around 2, which means that each molecule occupies nearly two active metal sites. Thus, it is concluded that each imine portion conjugated to the aromatic ring occupies two active sites of the metal.



From the K′ parameter obtained by the El-Awady adsorption isotherm equation, it was possible to evaluate the adsorption equilibrium constant (Kads) values in relation to the organic compounds using the ratio Kads = K′1/y and the adsorption free energy (  Δ  G  ads  0   ) using Equation (22):


  Δ  G  ads  0  = − R T ln  (  55.55    K  ads    )   



(22)




where T is the temperature (K), R is the universal gas constant (J K−1 mol−1), and 55.55 is the value of molar concentration of water in the acidic medium. Table 5 shows the Kads and   Δ  G  ads  0    obtained for BS2, BS4 and BS8.



The great values of Kads indicate an elevated adsorption of compounds on the metallic surface, and the   Δ  G  ads  0    with negative values displays a highly spontaneous process of corrosion limitation of these substances. The BS8 compound has the highest Kads and most negative   Δ  G  ads  0    values due to better interactions between the inhibitor compound and metallic surface, justifying it having the best anticorrosion efficiency.




3.6. Weight Loss Method


3.6.1. Immersion Time Effect


The weight loss measures were performed using AISI 1020 carbon steel in hydrochloric acid (1.0 mol L−1) in the lack and presence of BS2, BS4 and BS8 in three concentrations (1.0 × 10−3, 1.0 × 10−4, 1.0 × 10−5 mol L−1), with immersion times of 3, 24 and 48 h and naturally aerated at 30 °C. The results obtained are displayed in Table 6.



The table shows the increase of inhibition effectiveness with increasing immersion times for all the compounds studied in this work. This effect may be due to better interactions among the compounds in the metallic superficies. A maximum efficiency of 98% was observed with BS8 at 1.0 × 10−3 mol L−1 concentration, corroborating with the electrochemical analysis, from which inhibitory efficiencies were obtained as 98%, 97% and 97% from EIS, LPR and PP, respectively.




3.6.2. Effect of Temperature


The temperature effect is very important in terms of observing the behavior of compounds to comprehend the mode of adsorption—i.e., by chemical or physical interactions. The weight loss experiments were performed at 303, 313, 323 and 333 K temperatures on BS2, BS4 and BS8 using the concentration that showed better efficiency (1.0 × 10−3 mol L−1), as noted in the electrochemical tests. Table 7 shows the data obtained in the measurements with temperature variations.



Table 7 shows the anticorrosion efficiencies obtained after submitting the compounds at different temperatures, and the enhancement in the efficiencies with that of the temperature for all the compounds can be noted, suggesting interactions between the bis-Schiff bases and metal by chemical adsorption [54,55].



The thermodynamic parameters are very important in terms of understanding the different efficiency values obtained after the measurements. The results of the assays with temperature variations were used to construct the plot of ln Wcorr versus 1/T, as shown in Figure 13, which shows straight lines in the presence and absence of BS2, BS4 and BS8. The slope and intercept were calculated using the Arrhenius equation (Equation (23)).


  ln    W  corr   = −    E a    R T   + ln   A    



(23)




where Wcorr = corrosion rate, T = absolute temperature, R = molar constant of gases, Ea = apparent activation energy and A = frequency factor.



Thermodynamic data, ΔH≠ and ΔS≠, were determined in accordance with the Eyring equation (Equation (24)), and the Ea, ΔH≠ and ΔS≠ values in the lack and presence of the inhibitors are displayed in Table 8.


  ln    W  corr    T  = ln    [       K B   h     e    Δ  S ≠   R       ]  −   Δ  H ≠    R T          



(24)




where Wcorr = corrosion rate, h = Plank constant, KB = Boltzmann constant, ΔH≠ = apparent transition activation enthalpy and ΔS≠ = apparent transition activation entropy.



Table 8 shows the enlargement in Ea and ΔH≠ values with the addition of the bis-Schiff bases, indicating the increase in terms of the energy barrier to start the corrosive process. All barriers were larger than that of the Blank, suggesting inhibition (lower rate) of corrosion. However, the Ea and ΔH≠ values of BS4 and BS8 showed slightly inverted values due to their inhibition efficiency being equal or similar with increasing temperatures in the mass loss tests. The higher values of ΔS≠ (less negatives), when compared to that of the Blank, were observed in all compounds. This can be interpreted as being due to the fact that molecules experience more degrees of freedom in a solution than on a surface, which causes a decrease in entropy. In addition, the Blank offers the greatest decrease in entropy, as the number of adsorbed water molecules is greater. Upon addition of the compounds, the quantity of water molecules that migrate to the superficies is smaller and the more voluminous the inhibitor, the greater (less negative) the activation entropy. Therefore, the trend of Blank ΔS≠ < BS2 < BS8~BS4 is observed [12,45].





3.7. Scanning Electron Microscopy (SEM)


The superficies corrosion morphology for AISI 1020 carbon steel coupons was investigated using SEM in a HCl solution (1.0 mol L−1) without (Blank) and with BS2, BS4 and BS8 in 1.0 × 10−3 mol L−1 after submersion for 24 h. Figure 14a shows the metallic surface before immersion. Figure 14b shows the sample immersed in a HCl solution without the compounds, where a roughness and an irregular surface can be observed, which is a consequence of metal damage due to sanding. Figure 14c–e shows a more homogeneous surface similar to that of the polished surface before immersion (Figure 14a) that corroborates the inhibitory action of the bis-Schiff bases.




3.8. Theoretical Studies


3.8.1. Molecular Properties of BS2, BS4 and BS8


The optimized geometries for (a) BS2, (b) BS4 and (c) BS8 (Figure 15) were obtained through density functional theory (DFT) calculations using the B3LYP/def2-QZVP computational level to understand the corrosion inhibitions of those molecules. The molecules showed total energies of −5.549621551033 × 105 kcal/mol (BS2), −6.042919424806 × 105 kcal/mol (BS4) and −7.0294342323975 × 105 (BS8), respectively, at the B3LYP/def2-QZVP level of theory. The optimized structures of the compounds are not linear, as noted in Figure 15, and the aromatic rings are displaced in parallel planes separated by the aliphatic chain of sp3-carbons. The calculated frontier molecular orbitals for each molecule are shown in Figure 16. The frontier molecular orbitals of all molecules exhibit similar characteristics, with the HOMO and LUMO orbitals predominantly spread across the dual aromatic rings and the double bonds linking sp2-carbons and the nitrogen atoms.



The results for the calculated reactivity molecular descriptors are shown in Table 9. The binding of an inhibitor molecule to a metal surface typically takes place in accordance with the donor–acceptor interaction [56]. Consequently, two molecular orbitals that play a crucial role in determining chemical reactivity [57] are the highest occupied molecular orbital (HOMO) and the lowest non-occupied molecular orbital (LUMO). A higher value of the HOMO orbital energy (EHOMO) is expected to be related to enhanced corrosion inhibition efficiency since the valence electrons are weakly bonded, and it is donated more easily. Whereas the lower value of the energy of the LUMO orbital (ELUMO) is likely related to the acceptance of electronic density since the extra negative charge is more stabilized. Thus, the BS8 molecule (   E  HOMO   =   −6.9104 eV) has the most energetic HOMO orbital and BS2 (   E  HOMO   =   −6.9596 eV) has the lowest, and therefore these electrons are the most stabilized by the nuclear arrangement of the molecule and have less propensity to bond with the surface. The higher energy difference of the HOMO orbitals is only 0.0492 eV, and it is between BS2 and BS8. Thus, all molecules should show similar corrosion inhibition efficiency, as already revealed from experiments. In Figure 16, it is seen that for BS2, a part of the HOMO orbital is spread in the Csp3-Csp3 bond, which can induce resistance to the electron-donation efficiency of this molecule, while BS8 only has a little part of the HOMO orbital spread between the sp3-carbons.



The molecule with the lowest energetic LUMO orbital is expected to show the best corrosion inhibition efficiency. However, experiments showed that BS8 with the highest level of energy value of the LUMO orbital has the best efficiency. These molecular orbitals accommodate electronic density from back bonding that can occur between the surface and the molecule, which means that this back bonding can stabilize the complex inhibitor surface.



The large difference between the frontier molecular orbitals energies (  Δ  E  gap    ) implies low chemical reactivity of species, and the small value of energy differences suggests high reactivity since it is easier to take out the electrons from the HOMO orbital and transfer them to the empty d-orbitals of the metallic surface.



The energy gap shows that even with the higher value, BS8 shows better corrosion inhibition efficiency than BS2 and BS4. The difference between the energy gaps of BS2 and BS8 is 0.1771 eV, and this value is not high enough to guarantee that BS8 is less reactive than BS2, so some other factors contribute to BS8 being the best corrosion inhibitors among these compounds.



The ionization potential of BS8 (I = 6.9104 eV) is slightly lower than that of BS2 (I = 6.9596 eV), thus it is easier for the former to donate electronic density to the iron surface as compared to BS2 (and BS4). This result is well correlated to the experiment, which demonstrates that both have similar corrosion inhibition efficiencies with BS8 being slightly more efficient. BS2 and BS4 accommodate extra electronic density better than BS8 due a higher value of electron affinity. Therefore, the electron-donation capacity of BS8 seems to be more correlated to a higher corrosion inhibition efficiency than stabilization from back bonding due to the d-orbitals on the iron surface.



The bulk iron surface is considered soft as per Pearson’s HSAB theory [58], which suggests that molecules with a large energy gap are less reactive and are considered "hard" molecules, whereas species with a small energy gap are expected to be more reactive and classified as “soft” molecules. Consequently, it was expected that the softer molecule would have the best interaction with the surface. BS2 is the softer molecule and BS8 is the harder, but the difference in the global softness for these species is about 0.023987 eV. The slightly higher value of softness for BS2 is not enough to overcome the electron-donation capacity of BS8.



A higher value on the electrophilicity index (ω) implies that a molecule is more susceptible to increasing its electronic density. Therefore, it can be said that the species is classified as an electrophile, and a good nucleophile character is described to lower values of ω. The opposite can be inferred from the nucleophilicity index (ε), in which higher values show the susceptibility of the molecule to donate electronic density, and a strong nucleophile character is defined by higher values of ε. According to the results of the electrophilicity index and nucleophilicity index, BS2 is the best electrophile and the worst nucleophile, whereas BS8 is the best nucleophile and the worst electrophile.



To calculate the electron transfer from the molecule to the surface, a value of 7 eV was utilized as the electronegativity for bulk iron [56]. Typically, it is assumed that the ionization potential is the same as the electron affinity for bulk iron, resulting in a global hardness value of zero (   η  Fe   = 0  ) [59]. Lukovits [60] proposed that if ∆N is less than 3.6, the inhibitor efficiency increases as the nucleophilic character of the organic molecule towards the iron surface increases. The compounds show very similar values of transferred electrons, which means their inhibition efficiency increases in this order: BS2 < BS4 < BS8. The fraction of electrons transferred for all molecules is less than 3.6. This result implies that the inhibition efficiency is dependent on the capacity of electron donating of the inhibitor molecule, thus BS8 should demonstrate the highest efficiency, followed by BS4 and BS2 as the worst inhibitor. This trend agrees with the available experimental data present in this work.




3.8.2. Adsorption of the BS2, BS4 and BS8 Inhibitors


Geometries corresponding to the most stable BS2, BS4 and BS8 conformers, obtained from the molecular calculations, were optimized at the PBE-D3 level using the Quantum ESPRESSO package [28], and the resulting geometries were reoptimized within the Fe(110) slab. The arrangement of the inhibitors on the surface was selected with the objective of prioritizing interactions between the iron surface and both aromatic rings [40,61]. The stationary points reveal that the aromatic rings adopted a horizontally aligned configuration with a maximum separation of 2.25 Å between the carbon atoms in the aromatic rings and the iron surface atoms. The aliphatic chain remains distant from the surface, except in the case of BS4 adsorption where one of the nitrogen atoms forms a bond with the surface, creating a N-Fe distance of 2.09 Å (refer to Figure 17). The greatest distance between the adsorbed aromatic rings and the Fe atoms is 2.25 Å.



The effectiveness of the inhibitor can be associated with the elevated Eads values, which are determined by the disparity in DFT energy among the corrosion inhibitor on the surface (   E  inhibitor + slab    ), the isolated molecule (   E  gas −  phase   inhibitor     ) and the bare surface (   E  slab    ), as defined in Equation (25).


   E  ads   =  E  inhibitor + slab   −  E  gas −  phase   inhibitor    −  E  slab    



(25)







In this equation,    E  inhibitor + slab     represents the overall energy of the compound adsorbed on the Fe(110) surface,    E  gas −  phase   inhibitor      indicates the energy of the inhibitor in the gaseous phase, and    E  slab     corresponds to the energy of the bare surface.



The adsorption energies obtained for the BS2, BS4 and BS8 inhibitors are −1.48, −1.80 and −4.35 eV (−34.13, −41.51 and −100.33 kcal mol−1), respectively. The adsorption configurations of the aromatic rings found in the inhibitors were determined based on the benzene adsorption sites, where the energetic distinction between the most favorable and less favorable adsorption modes is approximately −0.15 eV [35]. In the optimized geometries depicted in Figure 17, we can observe that the aromatic rings of BS2 and BS4 on the Fe(110) surface predominantly occupied the adsorption sites in a three-fold manner. On the other hand, the BS8 inhibitor displayed one aromatic ring in the three-fold mode, while the other ring was adsorbed at the long-bridge site.






4. Conclusions


The investigated bis-Schiff bases (BS2, BS4 and BS8) were synthesized in good yields in water as a solvent and microwave irradiation. All the studied inhibitors showed good corrosion inhibition effectiveness for AISI 1020 carbon steel in an acid medium of 1 mol L−1 HCl solution. The BS8 inhibitor agent showed 98% efficiency as per the weight loss and EIS methods and 97% as per the PP and LPR tests at 1 × 10−3 mol L−1, which should be highlighted. The adsorption of the inhibitors followed the El-Away adsorption isotherm and the modified version of the Langmuir model that indicate the capacity of compounds to interact with more sites on a metal surface due to having two imine moieties linked to phenyl rings across the aliphatic chain, which facilitates the approximation due to its degrees of freedom.



The SEM images indicated the inhibition of corrosion for carbon steel, showing that in the presence of all bis-Schiff bases, the metal remains as if it was not exposed to a corrosive environment.



The quantum chemical calculations demonstrated that the corrosion inhibition of the investigated compounds is controlled by the increased capacity of the compound to donate electron density to the empty d-orbitals of the iron surface. In other words, the increase of corrosion efficiency is dominated by how the molecule can act as a better nucleophile. BS8 has the HOMO orbital with more propensity to bond with the surface, so for this reason, these molecules exhibited elevated corrosion inhibitor efficiency. However, BS2 and BS4 also presented good corrosion inhibition efficiencies due to the values of the nucleophilicity index and the energy of the HOMO orbitals close to those of BS8, although they are not as good nucleophiles as BS8.



The lowest energy conformers of the BS2, BS4 and BS8 inhibitors were chosen for the study of their interactions on the surface of Fe(110). The calculated adsorption energies are −1.48 eV (−34.13 kcal mol−1), −1.80 eV (−41.51 kcal mol−1) and −4.35 eV (−100.33 kcal mol−1) for BS2, BS4 and BS8, respectively, with an efficiency ranking of BS8 > BS4 > BS2, corroborating the experimental findings.
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Figure 1. Molecular structures of the bis-Schiff bases (BS2, BS4, BS8) studied in this work. 
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Figure 2. Synthetic scheme of the obtention of bis-Schiff bases BS2, BS4, BS8. 
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Figure 3. Characterization of the BS2 compound. 
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Figure 4. Characterization of the BS4 compound. 
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Figure 5. Characterization of the BS8 compound. 
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Figure 6. The shift of Eoc values with the immersion time obtained for the AISI 1020 carbon steel in HCl (1 mol L−1) in the Blank and with the addition of the studied inhibitor agents: BS2, BS4. and BS8. 
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Figure 7. Nyquist plots acquired for the BS2, BS4 and BS8 inhibitors in an acid medium at 30 °C. 
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Figure 8. Bode plots obtained for AISI 1020 carbon steel immersed in HCl (1 mol L−1) and with the lack of and with BS2, BS4 and BS8 presence at 30 °C. 
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Figure 9. Equivalent electric circuit used to adjust for impedance data. 
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Figure 10. Comparison of BS2, BS4 and BS8 in terms of the inhibition efficiency × concentration. 
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Figure 11. Tafel curves of AISI 1020 carbon steel in a hydrochloric acid solution (1.0 mol L−1) in the lack and presence of BS2, BS4 and BS8. 
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Figure 12. The El-Awy adsorption isotherms plot for BS2, BS4 and BS8 added to the AISI 1020 surface in a 1.0 mol L−1 HCl solution. 
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Figure 13. Arrhenius plots for carbon steel in a HCl solution (1.0 mol L−1) in the lack and presence of BS2, BS4 and BS8. 
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Figure 14. SEM micrograph (2000×) of carbon steel: (a) polished before submersion, (b) after immersion in the absence of compounds for 24 h in an acidic solution, (c) in the presence of BS2, (d) BS4 and (e) BS8 (all compounds in concentration of 1.0 × 10−3 mol L−1). 
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Figure 15. Optimized geometries of BS2, BS4 and BS8 obtained at the B3LYP/def2-QZVP level of theory. 
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Figure 16. Frontier orbitals of BS2, BS4 and BS8 obtained at the B3LYP/def2-QZVP level of theory. 
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Figure 17. Adsorbed equilibrium geometries of the BS2, BS4 and BS8 on the Fe(110). 
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Table 1. Impedance parameters for AISI 1020 carbon steel in a HCl solution (1 mol L−1) in the lack and presence of BS2, BS4 and BS8. The impedance data were obtained at 30 °C.
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Compound

	
Cinh

(mol L−1)

	
OCP/

Ag/AgCl (mV)

	
Rct

(Ω cm2)

	
n

	
Y0

(µOhm cm−2)

	
fmax

(Hz)

	
Cdl

(µF cm−2)

	
Ө

	
ηEIS ± SD

(%)






	
Blank

	
-

	
−436

	
50

	
0.869

	
200

	
31.6

	
99

	
-

	
-




	
BS2

	
1.0 × 10−6

	
−437

	
63

	
0.847

	
205

	
31.6

	
91

	
0.206

	
21.1 ± 0.7




	
1.0 × 10−5

	
−434

	
92

	
0.843

	
190

	
19.95

	
89

	
0.456

	
46.0 ± 0.3




	
1.0 × 10−4

	
−434

	
169

	
0.829

	
152

	
12.58

	
72

	
0.704

	
70.2 ± 0.6




	
1.0 × 10−3

	
−417

	
239

	
0.819

	
127

	
10.0

	
60

	
0.790

	
79.1 ± 0.3




	
BS4

	
1.0 × 10−6

	
−432

	
90

	
0.828

	
197

	
19.95

	
86

	
0.444

	
44.3 ± 0.4




	
1.0 × 10−5

	
−422

	
245

	
0.831

	
142

	
10.00

	
70

	
0.796

	
79.2 ± 0.9




	
1.0 × 10−4

	
−411

	
549

	
0.858

	
77

	
6.30

	
45

	
0.908

	
91.6 ± 0.5




	
1.0 × 10−3

	
−411

	
1043

	
0.924

	
51

	
3.98

	
40

	
0.952

	
95.4 ± 0.8




	
BS8

	
1.0 × 10−6

	
−422

	
138

	
0.823

	
174

	
15.84

	
77

	
0.637

	
64.1 ± 0.7




	
1.0 × 10−5

	
−411

	
410

	
0.841

	
95

	
7.94

	
51

	
0.878

	
88.1 ± 0.8




	
1.0 × 10−4

	
−411

	
1058

	
0.889

	
55

	
3.98

	
38

	
0.952

	
95.4 ± 0.3




	
1.0 × 10−3

	
−422

	
2069

	
0.930

	
39

	
2.51

	
31

	
0.976

	
98.3 ± 0.4








SD: standard deviation.













 





Table 2. The LPR data for AISI 1020 carbon steel in a solution of HCl (1.0 mol L−1) in the lack and presence of BS2, BS4 and BS8. The LPR measurements were carried out at 30 °C.
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Compound

	
Cinh

(mol L−1)

	
Eoc/

(mV)

	
RP

(Ω cm2)

	
Ө

	
ηLPR ± SD

(%)






	
Blank

	
-

	
−441

	
52

	
-

	
-




	
BS2

	
1.0 × 10−6

	
−439

	
63

	
0.174

	
17.2 ± 0.5




	
1.0 × 10−5

	
−436

	
97

	
0.464

	
46.1 ± 0.3




	
1.0 × 10−4

	
−436

	
176

	
0.704

	
70.4 ± 0.6




	
1.0 × 10−3

	
−420

	
244

	
0.786

	
79.0 ± 0.6




	
BS4

	
1.0 × 10−6

	
−435

	
93

	
0.440

	
44.2 ± 0.7




	
1.0 × 10−5

	
−425

	
325

	
0.840

	
84.1 ± 0.3




	
1.0 × 10−4

	
−413

	
557

	
0.906

	
91.6 ± 0.3




	
1.0 × 10−3

	
−413

	
1155

	
0.955

	
95.1 ± 0.7




	
BS8

	
1.0 × 10−6

	
−424

	
149

	
0.651

	
64.3 ± 0.7




	
1.0 × 10−5

	
−413

	
416

	
0.875

	
88.2 ± 0.9




	
1.0 × 10−4

	
−401

	
1118

	
0.953

	
95.4 ± 0.1




	
1.0 × 10−3

	
−414

	
1915

	
0.972

	
97.6 ± 0.4








SD: standard deviation.













 





Table 3. PP parameters for AISI 1020 carbon steel in a hydrochloric acid solution (1.0 mol L−1) in the absence and presence of BS2, BS4 and BS8.
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Compound

	
Cinh

(mol L−1)

	
Ecorr vs.

Ag/AgCl (mV)

	
jcorr

(mA cm−2)

	
βa

(mV dec−1)

	
−βc

(mV dec−1)

	
Ө

	
ηPP ± SD

(%)






	
Blank

	
-

	
−427

	
0.314

	
71

	
101

	
-

	
-




	
BS2

	
1.0 × 10−6

	
−427

	
0.255

	
69

	
110

	
0.188

	
19.4 ± 0.8




	
1.0 × 10−5

	
−427

	
0.188

	
70

	
117

	
0.401

	
40.1 ± 0.5




	
1.0 × 10−4

	
−422

	
0.145

	
82

	
161

	
0.538

	
54.0 ± 0.5




	
1.0 × 10−3

	
−402

	
0.102

	
85

	
133

	
0.675

	
67.1 ± 0.2




	
BS4

	
1.0 × 10−6

	
-425

	
0.203

	
71

	
118

	
0.354

	
35.3 ± 0.2




	
1.0 × 10−5

	
−415

	
0.066

	
76

	
117

	
0.789

	
79.6 ± 0.6




	
1.0 × 10−4

	
−389

	
0.054

	
67

	
75

	
0.828

	
83.2 ± 0.5




	
1.0 × 10−3

	
−365

	
0.032

	
61

	
69

	
0.898

	
90.1 ± 0.5




	
BS8

	
1.0 × 10−6

	
−413

	
0.113

	
74

	
134

	
0.640

	
64.4 ± 0.5




	
1.0 × 10−5

	
−400

	
0.052

	
64

	
90

	
0.834

	
83.2 ± 0.9




	
1.0 × 10−4

	
−374

	
0.017

	
52

	
67

	
0.946

	
95.0 ± 0.1




	
1.0 × 10−3

	
−354

	
0.008

	
43

	
80

	
0.974

	
97.4 ± 0.8








Ecorr: energy of corrosion; jcorr: corrosion current density; βa and βc: anodic and cathodic Tafel constants, respectively; Ө: degree of coverage surface; SD: standard deviation.













 





Table 4. Parameters obtained from the Langmuir, Temkin, Frumkin and El-Awady adsorption isotherms for BS2, BS4 and BS8 added to AISI 1020 carbon steel in a HCl solution.
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	Adsorption Isotherm
	Inhibitor
	Correlation Coefficient
	Slope (y)
	1/y





	Langmuir
	BS2
	0.999
	1.02
	-



	
	BS4
	0.999
	1.04
	-



	
	BS8
	0.999
	1.26
	-



	Temkim
	BS2
	0.980
	0.08
	-



	
	BS4
	0.880
	0.07
	-



	
	BS8
	0.908
	0.04
	-



	Frumkim
	BS2
	0.946
	−6.25
	-



	
	BS4
	0.746
	−5.36
	-



	
	BS8
	0.847
	−8.96
	-



	El-Awady
	BS2
	0.982
	0.41
	2.43



	
	BS4
	0.982
	0.45
	2.22



	
	BS8
	0.987
	0.45
	2.22










 





Table 5. Values of Kads and   Δ  G  ads  0    obtained for BS2, BS4 and BS8 added to carbon steel in a HCl solution (1.0 mol L−1).
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	Inhibitor
	Kads
	ΔG0ads

(kJ mol−1)





	BS2
	3.70 × 104
	−36.02



	BS4
	12.01 × 105
	−44.63



	BS8
	47.17 × 105
	−48.03










 





Table 6. Weight loss results obtained for AISI 1020 carbon steel in a HCl solution in the lack and presence of BS2, BS4 and BS8 at 30 °C with three immersion times.
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Inhibitor

(mol L−1)

	
3 h

	
24 h

	
48 h




	
Wcorr

(mg cm−2 h−1)

	
η ± SD (%)

	
Wcorr

(mg cm−2 h−1)

	
η ± SD (%)

	
Wcorr

(mg cm−2 h−1)

	
η ± SD

(%)






	
Blank

	
-

	
1.358

	
-

	
1.116

	
-

	
1.004

	
-




	
BS2

	
1.0 × 10−5

	
0.377

	
72.2 ± 0.1

	
0.340

	
69.1 ± 0.01

	
0.350

	
65.0 ± 0.04




	
1.0 × 10−4

	
0.147

	
89.4 ± 0.5

	
0.108

	
90.3 ± 0.03

	
0.078

	
92.5 ± 0.03




	
1.0 × 10−3

	
0.129

	
90.4 ± 0.9

	
0.088

	
92.3 ± 0.05

	
0.036

	
96.2 ± 0.04




	
BS4

	
1.0 × 10−5

	
0.223

	
83.1 ± 0.3

	
0.200

	
82.0 ± 0.60

	
0.186

	
81.1 ± 0.02




	
1.0 × 10−4

	
0.095

	
93.0 ± 0.2

	
0.054

	
95.4 ± 0.02

	
0.043

	
96.2 ± 0.04




	
1.0 × 10−3

	
0.045

	
97.2 ± 0.2

	
0.030

	
97.6 ± 0.02

	
0.032

	
97.4 ± 0.05




	
BS8

	
1.0 × 10−5

	
0.261

	
81.6 ± 0.8

	
0.150

	
86.2 ± 0.02

	
0.176

	
82.0 ± 0.10




	
1.0 × 10−4

	
0.088

	
93.2 ± 0.2

	
0.042

	
96.1 ± 0.06

	
0.043

	
96.1 ± 0.06




	
1.0 × 10−3

	
0.038

	
97.1 ± 0.1

	
0.023

	
98.2 ± 0.04

	
0.020

	
98.3 ± 0.09








SD: standard deviation.













 





Table 7. Weight loss results for carbon steel in a HCl solution with and without BS2, BS4 and BS8 at 30, 40, 50 and 60 °C.
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Inhibitor

(1.0 × 10−3 mol L−1)

	
30 °C

	
40 °C

	
50 °C

	
60 °C




	
Wcorr

(mg cm−2 h−1)

	
η ± SD

(%)

	
Wcorr

(mg cm−2 h−1)

	
η ± SD

(%)

	
Wcorr

(mg cm−2 h−1)

	
η ± SD

(%)

	
Wcorr

(mg cm−2 h−1)

	
η ± SD

(%)






	
Blank

	
1.358

	
-

	
2.285

	
-

	
3.485

	
-

	
4.942

	
-




	
BS2

	
0.121

	
90.1 ± 0.10

	
0.228

	
90.2 ± 0.30

	
0.361

	
89.3 ± 0.05

	
0.647

	
87.2 ± 0.08




	
BS4

	
0.045

	
97.4 ± 0.20

	
0.091

	
96.3 ± 0.1

	
0.187

	
95.4 ± 0.10

	
0.360

	
93.4 ± 0.10




	
BS8

	
0.038

	
97.2 ± 0.10

	
0.080

	
96.0 ± 0.04

	
0.150

	
96.1 ± 0.10

	
0.310

	
94.2 ± 0.05








SD: standard deviation.













 





Table 8. Activation energy, enthalpy and entropy associated with the corrosion activity of carbon steel in a HCl solution (1.0 mol L−1) with and without BS2, BS4 and BS8.
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	Inhibitor

(1.0 × 10−3 mol L−1)
	Ea

(kJ mol−1)
	ΔH≠

(kJ mol−1)
	ΔS≠

(J K−1 mol−1)





	Blank
	36.13
	33.45
	−252.96



	BS2
	46.08
	43.80
	−239.13



	BS4
	58.03
	55.32
	−209.38



	BS8
	57.50
	54.99
	−211.77










 





Table 9. Reactivity molecular descriptors for BS2, BS4 and BS8 obtained at the B3LYP/def2-QZVP level of theory.
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	Reactivity Molecular Descriptor
	BS2
	BS4
	BS8





	HOMO (eV)
	−6.9596
	−6.9261
	−6.9104



	LUMO (eV)
	−3.2044
	−3.0325
	−2.9781



	Energy Gap (eV)
	3.7552
	3.8936
	3.9323



	Ionization Potential (eV)
	6.9596
	6.9261
	6.9104



	Electron Affinity (eV)
	3.2044
	3.0325
	2.9781



	Electronegativity (eV)
	5.082
	4.9793
	4.94425



	Global Hardness (eV)
	1.8776
	1.9468
	1.96615



	Global Softness (eV−1)
	0.532595
	0.513663
	0.508608



	Electrophilicity index (eV)
	3.438795
	3.183869
	3.108309



	Nucleophilicity index (eV−1)
	0.2908
	0.314083
	0.321718



	Fraction of electrons transferred
	0.510758
	0.51898
	0.522786
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