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Abstract 

In this study, we introduce a novel corrosion inhibitor, N′-((1H-indole-3-yl)methylene)benzo-

hydrazide (IMBH) synthesized from indole-3-carboxyaldehyde. The inhibitory properties of 

IMBH and the starting material were investigated for mild steel in hydrochloric acid (HCl) 

solutions of varying concentrations (0.2 M, 0.4 M, and 0.6 M). The evaluation of corrosion 

inhibition was performed using a combination of scanning electron microscopy (SEM), energy 

dispersion X-ray analysis (EDX) techniques, and electrochemical measurements. Our findings 

demonstrate a clear correlation between the concentration of the inhibitor and its inhibition 

effectiveness. As the concentration of IMBH rises, the corrosion of mild steel is more effectively 

controlled. The inhibition mechanism mainly operates through a charge transfer process, where 

the formation of protective adsorption layers on the steel surface plays a significant role in 

mitigating corrosion. Furthermore, we employed quantum chemical calculations to gain insights 

into the inhibitory process, offering valuable theoretical support for our experimental 

observations. This investigation sheds light on the promising corrosion inhibition potential of 

IMBH and its feasibility as a protective agent for mild steel in acidic environments. The 

understanding of its inhibitory mechanism, facilitated by quantum chemical analysis, provides 

essential knowledge for the development of effective corrosion prevention strategies in various 

industrial applications. 
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Introduction 

Mild steel, commonly known as low-carbon steel, holds significant importance in various 

industrial applications due to its cost-effectiveness and versatility. It finds widespread usage 

in chemical and related sectors, particularly in handling acid, alkali, and salt solutions [1, 2]. 

However, the susceptibility of mild steel to corrosion poses a significant challenge in 
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maintaining its structural integrity and longevity [3–8]. Corrosion, a complex chemical 

process involving the interaction of ions with metal surfaces, is a result of metal deterioration 

caused by exposure to the environment. To combat the detrimental effects of corrosion, 

employing effective corrosion control methods becomes imperative. Organic inhibitors have 

proven to be successful in mitigating corrosion-related issues [9–17]. The inhibitory 

performance of an organic compound depends on its chemical composition, the metal 

surface’s charge, and the interactions between the organic molecule and the metal surface, 

primarily through surface adsorption [18–23]. Schiff bases, characterized by an azomethine 

bond (C=N), exhibit diverse applications in research, ranging from corrosion inhibition to 

therapeutic uses. These compounds possess heteroatoms that play a crucial role in inhibiting 

corrosion on metal surfaces, particularly in acidic environments [24, 25]. Some studies have 

highlighted the superior inhibitory abilities of Schiff bases compared to similar amines and 

aldehydes, attributed to the presence of a –C=N– group in the molecule [26–28]. The 

primary aim of this study is to investigate the corrosion inhibition potential of a newly 

synthesized Schiff base, N′-((1H-indole-3-yl)methylene)benzohydrazide (IMBH), obtained 

through the condensation of indole-3-carboxaldehyde with benzohydrazide (BH). The 

inhibitory properties of IMBH will be explored for mild steel in HCl solutions. The study 

aims to assess the factors influencing the corrosion inhibition efficiency, such as inhibitor 

concentration, temperature, and exposure time. The novelty of this work lies in the chemical 

synthesis and characterization of the novel Schiff base, IMBH, and its exploration as a 

corrosion inhibitor for mild steel. By focusing on the unique azomethine bond (C=N) present 

in Schiff bases, this study aims to shed light on the potential advantages of IMBH over 

conventional inhibitors. 

The objectives of the current study are: 

1. Synthesis and characterization of IMBH as a novel Schiff base inhibitor using proton 

nuclear magnetic resonance (1H NMR), carbon-nuclear magnetic resonance (13C 

NMR), Fourier transform infrared spectroscopy (FT-IR), and CHN elemental 

analysis. 

2. Evaluation of the corrosion inhibition performance of IMBH for mild steel in 

hydrochloric acid (HCl) solutions and comparison with other Schiff base inhibitors. 

3. Investigation of key influencing factors, such as inhibitor concentration, temperature, 

and exposure time, on the corrosion inhibition efficiency of IMBH. 

4. Utilization of electrochemical and scanning electron microscopy techniques to assess 

the inhibitive performance and the surface morphology of the mild steel samples 

exposed to IMBH as a corrosion inhibitor. 
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Experimental 

Chemistry 

The initial components and solvents for the experiments were obtained from Sigma Aldrich 

Chemical Co. and Fluka. To create the corrosive hydrochloric acid solutions of varying 

concentrations (0.2 M, 0.4 M and 0.6 M), double-distilled water was used for dilution. The 

corrosion inhibitor, IMBH, was synthesized and then prepared in different concentrations 

(0.0005 M, 0.001 M, and 0.005 M) and added to the corrosive environments. The proton and 

carbon-13 nuclear magnetic resonance spectra were recorded using an AVANCE III 600 

MHz Bruker spectrometer (Billerica, MA, USA) with dimethylsulfoxide as the solvent. 

Fourier Transform Infrared (FT-IR) spectra were obtained using a Thermo Nicolet Corp. 

6700 FTIR Nicolet spectrophotometer (Madison, WI, USA). The progress of the reaction 

was monitored using thin-layer chromatography (TLC) with silica gel 60 plates [29, 30]. 

Synthesis of IMBH 

The synthesis of IMBH involved the following steps. 

Preparation of BH  

A 1:1 mixture of ethyl benzoate (4.505 g, 0.03 mol) and hydrazine hydrate (0.96 g, 0.03 mol) 

in an ethanolic solution was refluxed for 6 hours. The resulting white precipitate was filtered, 

washed with cold ethanol multiple times, and vacuum-dried to obtain the hydrazide 

derivative which recrystallized from ethanol with a yield of 85%. Melting Point (MP): 112–

114°C. FT-IR: 3298 cm–1, 3219 cm–1, and 3205 cm–1 (NH and NH2 stretching); 1658 cm–1 

(C=O stretching); 3018 cm–1 (Ar–H stretching). 

Synthesis of IMBH 

A solution containing 1.36 g (0.01 mol) of the hydrazide derivative BH, 25 mL of pure 

ethanol, and 0.01 mol of indole-3-carboxaldehyde was refluxed with a few drops of glacial 

acetic acid for four hours. The resulting yellow precipitate was filtered, washed with ethanol, 

and vacuum-dried to obtain the Schiff base (recrystallized from ethanol) with a yield of 80%. 

MP: 239–241°C. FT-IR: 3209 cm–1 (NH stretching); 1608 cm–1 (C=N stretching); 

3039 cm–1 (Ar–H stretching); 1573 cm–1, 1442 cm–1 (C=C stretching). The chemical 

structure of the synthesized molecule was confirmed using proton nuclear magnetic 

resonance (1H NMR) spectroscopy. 1H NMR in ppm: 11.64 (s, 1H, –NH indole); 11.54 (s, 

1H, =N–NH–); 8.63 (s, 1H, –N=CH); 7.15 (m, 10H, Ar–H). Carbon-13 nuclear magnetic 

resonance (13C NMR) was also performed to identify carbon atoms in the synthesized 

molecules. 13C NMR in ppm: 112.20; 112.28; 120.85; 122.51; 123.10; 124.83; 127.94; 

128.87; 130.79; 131.78; 134.55; 137.51; 145.41; 162.97. 
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Specimens and solution 

Square specimens of mild steel were prepared from commercially available mild steel rods 

with the following chemical composition (wt.%): Si (0.83%), Fe (91.56%), C (1.42%), Al 

(0.12%), Mn (1.26%), Cu (0.10%), Cr (1.72%), Mg (0.02%). The coupons dimensions were 

1 cm×1 cm×0.3 cm. The mild steel samples were thoroughly cleaned following the ASTM 

standard procedure G1-03 [28]. All experiments were conducted using hydrochloric acid 

prepared by diluting 37 percent HCl in water [30]. 

Electrochemical measurement 

Before initiating the electrochemical measurements, open circuit potentials for various acidic 

electrolytes (0.2 M, 0.4 M and 0.6 M) were determined. The mild steel samples were 

immersed in the electrolyte for 15 minutes, and then the open circuit potentials were 

recorded over a 30-minute period. Tafel measurements were performed using the 

potentiodynamic mode in the electrolytes for the mild steel specimens. A standard three-

electrode cell setup was used, with a saturated calomel electrode (SCE) as the reference 

electrode, a platinum plate as the counter electrode, and the samples as the working 

electrode. The potential was scanned from a negative value to the previously measured open 

circuit potential (OCP) and then positive to achieve polarization. The potential range was 

from –250 mV to +250 mV vs OCP, and the scan rate was set at 1 mV/s. Electrochemical 

measurements were carried out using the CS 310 CorrTest workstation from Wuhan, China. 

Equations 1 and 2 were used to calculate the inhibition performance.  
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where CRi is the corrosion rate measured while the tested inhibitor is present, and CR is the 

сorrosion rate measured in the absence of the tested inhibitor. 

Surface analysis 

To analyze the changes in the metal surface after immersion in 0.2 M HCl with and without 

IMBH and the starting material indole-3-carboxaldehyde, SEM and EDX were employed. 

Theoretical study 

Theoretical calculations and optimized geometries of the inhibitors indole-3-carboxaldehyde 

and IMBH were carried out using the Gaussian 09 program, version D.01, at the DFT-

B3LYP level with the basis set 6-311G. Additionally, the highest and lowest molecular 

orbital energies, EHOMO and ELUMO, respectively, were used to gain insight into the inhibitory 

behavior [32, 33]. 
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Results and Discussion 

Chemistry 

Schiff bases (SBs) represent a vital class of chemical compounds with diverse applications 

in both biology and industry. These compounds are typically denoted as R1R2C=NR3  

(R3–H), where the aryl or alkyl substituent at position –R3 distinguishes SBs as a subclass 

of imines. The groups R1 and/or R2 can also be hydrogen. In the present study, the Schiff 

base IMBH was synthesized through the condensation of BH and indole-3-carboxaldehyde, 

as illustrated in Scheme 1. 

 
Scheme 1. Chemical synthesis of IMBH from BH and indole-3-carboxaldehyde. 

The chemical structure and spectral data of the synthesized Schiff base IMBH were 

determined using various spectroscopic techniques. The Fourier Transform Infrared (FT-IR) 

spectrum as in Figure 1, displayed characteristic peaks at 3209 cm–1 (NH stretching), 

1608 cm–1 (C=N stretching), 3039 cm–1 (Ar–H stretching), and 1573 cm–1 and 1442 cm–1 

(C=C stretching).  

 
Figure 1. FT-IR curve of IMBH. 
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The proton nuclear magnetic resonance (1H NMR) spectroscopy as in Figure 2, 

provided valuable insights into the hydrogen-1 nuclei, indicating peaks at 11.64 ppm 

(singlet, 1H, –NH indole), 11.54 ppm (singlet, 1H, =N–NH–), 8.63 ppm (singlet, 1H, 

–N=CH), and 7.15 ppm (multiplet, 10H, Ar–H).  

 
Figure 2. 1H NMR spectra of IMBH. 

Additionally, the carbon-13 nuclear magnetic resonance 13C NMR spectroscopy as in 

Figure 3, further confirmed the chemical structure, revealing peaks at various chemical 

shifts, including: 112.20; 112.28; 120.85; 122.51; 123.10; 124.83; 127.94; 128.87; 130.79; 

131.78; 134.55; 137.51; 145.41 and 162.97 ppm. 

 
Figure 3. 13C NMR spectra of IMBH. 
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The successful synthesis of IMBH was confirmed by these spectroscopic data and 

physical characteristics (Table 1), corroborating the formation of the desired Schiff base. 

The yield of the Schiff base IMBH was found to be 80%, indicating the efficiency of the 

condensation reaction. The newly synthesized Schiff base IMBH exhibited unique structural 

features attributed to the presence of the azomethine bond (C=N) and aromatic moieties, 

which are vital for its potential as a corrosion inhibitor. The presence of nitrogen and carbon 

atoms in the structure suggests potential sites for the formation of coordination complexes 

with the metal surface, thereby facilitating corrosion inhibition. The Schiff base IMBH 

derived from the condensation of BH and indole-3-carboxaldehyde holds promise as an 

effective corrosion inhibitor due to the presence of functional groups known for their ability 

to form protective adsorption layers on metal surfaces. Further investigation of the corrosion 

inhibition performance of IMBH for mild steel in HCl solutions will provide crucial insights 

into its practical application as a corrosion control agent. The spectroscopic data obtained in 

this study serve as a foundation for understanding the inhibitory mechanism and structure-

activity relationship of IMBH as a potential corrosion inhibitor. 

Table 1. Physical data of Schiff base. 

Compound M.P, °C Color Yield, % Molecular 

formula 

Rf 

IMBH 239–241 Off white 80%  C16H13N3O 0.7 

Electrochemical studies  

The corrosion behavior of the investigated mild steel (MS) samples in HCl solutions with 

different concentrations of the inhibitors, indole-3-carboxyaldehyde and IMBH, was 

evaluated using Tafel measurements. The results are summarized in Table 2. 

The addition of the inhibitors indole-3-carboxyaldehyde and IMBH led to a significant 

improvement in the inhibition efficiency (IE), as in Figures 4, 5 and 6, indicating their 

potential as effective corrosion inhibitors for mild steel. The enhanced inhibitory effect can 

be attributed to the formation of an inhibitor layer on the metal surface, which acts as a 

protective barrier, reducing the corrosion rate [34–39]. The presence of heteroatoms, 

particularly the –C=N– group, in indole-3-carboxyaldehyde and IMBH facilitated strong 

adsorption on the mild steel surface, contributing to the formation of this protective layer. 

As the concentration of indole-3-carboxyaldehyde and IMBH increased, a higher degree of 

adsorption occurred on the mild steel surface, leading to the formation of a thicker and more 

effective protective layer. This is reflected in the increasing IE as the inhibitor concentration 

rises. The comparison between indole-3-carboxyaldehyde and IMBH revealed that IMBH 

exhibited higher inhibitory potency. This can be attributed to the presence of additional 

adsorption centers, including the –C=N– group and the heterocyclic group, in the molecular 

structure of IMBH. These features provide more active sites for interaction with the metal 

surface, resulting in enhanced protection against corrosion [40–44]. The data presented in 
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Table 2 clearly demonstrate the corrosion rates (CR) and inhibition efficiencies (%) 

determined by electrochemical analyses for mild steel samples immersed in hydrochloric 

acid solutions of varying concentrations (0.2 M, 0.4 M, and 0.6 M) containing different 

concentrations of indole-3-carboxyaldehyde and IMBH. 

Table 2. Corrosion rates (CR) and inhibition efficiencies (%) for mild steel in hydrochloric acid solutions 

with varying inhibitor concentrations.  

Compound Concentration CR (g/cm–2·day–1) θ IE % 

Blank  0.2 1.074 – – 

Indole-3-

carboxyaldehyde 

0.0005 0.989 0.008  8.000 

0.001 0.322 0.700  70.00 

0.005 0.214  0.800 80.00 

IMBH 

0.0005 0.849 0.210 21.00 

0.001 0.209 0.805 80.500 

0.005 0.001 0.990 99.85 

Blank  0.4 1.211 – – 

Indole-3-

carboxyaldehyde 

0.0005 1.119 0.070 7.60 

0.001 0.544 0.550 55.06 

0.005 0.363  0.700 70.02 

IMBH 

0.0005 0.964 0.204 20.40 

0.001 0.336 0.722 72.20 

0.005 0.027 0.977 97.70 

Blank  0.6 1.449 – – 

Indole-3-

carboxyaldehyde 

0.0005 1.348 0.070 7.00 

0.001 0.694 0.520 52.07 

0.005 0.543 0.625 62.53 

IMBH 

0.0005 1.168 0.194 19.43 

0.001 0.449 0.690 69.00% 

0.005 0.063 0.956 95.60 

The results in Table 2 illustrate that in the absence of any inhibitor (Blank), the 

corrosion rates for mild steel were relatively high, indicating a significant corrosion 

propensity. However, upon the addition of indole-3-carboxyaldehyde and IMBH, the 

corrosion rates decreased substantially, and the inhibition efficiencies showed a remarkable 

improvement. For instance, in 0.4 M HCl solution, at a concentration of 0.001 M, indole-3-
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carboxyaldehyde demonstrated an inhibition efficiency of 55.06%, while IMBH at the same 

concentration exhibited an impressive inhibition efficiency of 72.2% [45–51]. Moreover, at 

a higher concentration of 0.005 M, IMBH exhibited an outstanding inhibition efficiency of 

97.7% compared to 70.02% for indole-3-carboxyaldehyde. This clearly highlights the 

superior inhibitory performance of IMBH over indole-3-carboxyaldehyde in this corrosive 

environment. These electrochemical studies provide crucial insights into the effectiveness of 

indole-3-carboxyaldehyde and IMBH as corrosion inhibitors for mild steel in hydrochloric 

acid solutions. The results underscore the potential of IMBH as a promising corrosion control 

agent, thanks to its unique molecular structure and higher adsorption capabilities, making it 

an attractive candidate for practical industrial applications. 

 
Figure 4. Impact of indole-3-carboxaldehyde and IMBH concentration on inhibition 

efficiency at 0.2 M HCl of mild steel. 

 
Figure 5. Impact of indole-3-carboxaldehyde and IMBH concentration on inhibition 

efficiency at 0.4 M HCl of mild steel. 
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Figure 6. Impact of indole-3-carboxaldehyde and IMBH concentration on inhibition 

efficiency at 0.6 M HCl of mild steel. 

Surface analysis  

The surface analysis of the mild steel samples provided valuable insights into the corrosion 

inhibition mechanism facilitated by the adsorption of the inhibitors. To illustrate the 

experimental findings, SEM images of the mild steel surface were acquired in a 0.2 M HCl 

solution, both in the absence and presence of the tested inhibitor at a concentration of 

0.005 M. Figure 7 showcases the SEM images. 

  

(A) (B) 
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(C) (D) 

Figure 7. SEM images of mild steel surface. (A) polished surface, (B) after immersion in 

0.2 M HCl, (C) after immersion in 0.2 M HCl, 0.005 M of indole-3-carboxyaldehyde, (D) 

after immersion in 0.2 M HCl, 0.005 M of IMBH. 

Figure 7 (a) illustrates the impact of corrosion conditions on the mild steel surface 

without the presence of the tested inhibitor. The SEM image clearly reveals the formation of 

pits on the surface, indicative of the aggressive attack by the 0.2 M hydrochloric acid 

medium. These pits are characteristic of the corrosive nature of the acidic environment. (b) 

In contrast, Figure 7 (b) shows the mild steel surface in the presence of the tested inhibitor 

at a concentration of 0.005 M. The addition of the inhibitor significantly reduced the rate of 

corrosion, leading to a visibly altered metal surface morphology. The SEM image 

demonstrates the formation of a protective layer of inhibitor molecules on the mild steel 

surface. This adsorbed layer acts as a barrier, shielding the metal from direct contact with 

the corrosive medium and hindering the corrosion process. Figure 7 (c) and (d) provide 

crucial information concerning the effect of indole-3-carboxyaldehyde, which is the starting 

material used for the synthesis of the inhibitor IMBH. These SEM images reveal the impact 

of indole-3-carboxyaldehyde on the corrosion behavior of mild steel. The presence of indole-

3-carboxyaldehyde in the corrosive solution results in a noticeable reduction in the corrosion 

rate compared to the untreated sample. This indicates that indole-3-carboxyaldehyde exhibits 

corrosion inhibitory properties, and its inclusion in the inhibitor synthesis process 

contributes to the overall effectiveness of the final inhibitor IMBH. 

The adsorption of the inhibitor molecules on the mild steel surface is a crucial factor 

contributing to the corrosion inhibition process. The formation of a protective adsorption 

layer effectively limits the interaction between the metal surface and the aggressive 

hydrochloric acid medium, leading to a decrease in the corrosion rate. 
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These surface analysis results provide compelling evidence of the corrosion inhibition 

mechanism achieved through the use of the tested inhibitor, IMBH and its precursor, indole-

3-carboxyaldehyde. The observed alteration in the mild steel surface morphology confirms 

the successful formation of the protective adsorption layer, validating the inhibitors efficacy 

in hindering corrosion. These findings support the use of IMBH as a promising corrosion 

control agent, highlighting its potential for practical applications in various industrial 

settings. The study of indole-3-carboxyaldehyde also offers valuable insights into its role in 

enhancing the inhibitory performance of the synthesized inhibitor, further emphasizing its 

significance in the corrosion inhibition process. 

The results of the EDX analysis are presented in Figure 8, and the elemental 

composition of the mild steel surface is summarized in Table 3 for both the presence and 

absence of inhibitors. Figure 8 displays the EDX spectra: 

 
(A) 

 
(B) 
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(C) 

 
(D) 

Figure 8. EDX spectra of mild steel surface. (A) polished surface, (B) after immersion in 

0.2 M HCl, (C) after immersion in 0.2 M HCl, 0.005 M of indole-3-carboxyaldehyde, (D) 

after immersion in 0.2 M HCl, 0.005 M of IMBH. 

The EDX analysis provides valuable insights into the elemental composition of the mild 

steel surface, shedding light on the impact of the inhibitors, indole-3-carboxyaldehyde and 

IMBH, on the surface properties. Table 3 presents the EDX results for mild steel, indole-3-

carboxyaldehyde and IMBH. 
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Table 3. EDX results for Mild steel, indole-3-carboxyaldehyde, and IMBH. 

Inhibitors Fe Cl C N 

Mild steel  53.02 1.84 16.77 – 

Indole-3-

carboxyaldehyde 
60.24 – 9.79 0.28 

IMBH 65.18 – 13.68 0.76 

The EDX results reveal notable changes in the elemental composition of the mild steel 

surface upon the addition of the inhibitors. In the presence of the inhibitors, there is a clear 

decrease in the percentage of chlorine (Cl) detected on the mild steel surface. This decrease 

in Cl content indicates that the inhibitors have effectively reduced the corrosive attack on 

the mild steel surface, leading to a decline in the formation of chlorides, which are indicative 

of corrosion products. Moreover, there is a substantial increase in the percentage of Fe on 

the mild steel surface in the presence of the inhibitors. This increase in Fe content suggests 

that the inhibitors have formed a protective layer that covers the mild steel surface. The 

formation of this protective layer, composed of inhibitor molecules, hinders the direct 

contact of the metal surface with the aggressive corrosive medium (HCl), leading to a 

decrease in the overall corrosion rate. For indole-3-carboxyaldehyde, it is evident from the 

EDX results that it contributes to the formation of the protective layer on the mild steel 

surface, as indicated by the changes in the elemental composition. However, the synthesized 

inhibitor IMBH exhibits even more pronounced effects, with a higher increase in Fe content 

and a notable reduction in Cl content compared to indole-3-carboxyaldehyde. This 

demonstrates the superior performance of IMBH as a corrosion inhibitor and highlights its 

potential for efficient corrosion control. The EDX analysis corroborates the findings from 

the surface analysis, confirming the successful formation of the protective adsorption layer 

of the inhibitors on the mild steel surface. The presence of the protective layer effectively 

mitigates the corrosion process, making IMBH a promising candidate for practical 

applications as a corrosion control agent in various industrial sectors. 

The calculation method 

All theoretical calculations of the compounds included in the study were performed using 

the Gaussian 09, version D.01 software and Becke’s three-parameter hybrid (B3) exchange 

functional and the Lee–Yang–Parr (LYP) correlation functional (B3LYP). All geometry 

optimizations, the highest occupied molecular orbital energies (EHOMO), and the lowest 

unoccupied molecular orbital energies (ELUMO) are computed using a variation of the density 

functional theory (DFT) method using the basis set 6-311G [32, 33, 52–59]. Assist in the 

assessment of other important values, including ΔE, η, σ, χ, and ΔN using Equations (3–9).  

 LUMO HOMOE E E    (3) 
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Mulliken charges 

Mulliken charges are crucial for assessing the adsorption centers of the compounds under 

investigation. The examined compounds capacity to adsorb on the surface of the MS is 

explained by a large negative charge. In the molecules indole and IMBH, nitrogen, oxygen, 

and certain carbon atoms have larger negative charges, indicating coordinating bonds with 

the metal as seen in Figure 9. As a result, nitrogen atoms served as the active centers, which 

may coordinate with MS’s surface [60–67]. The positive charges on the carbon atoms in this 

molecule, which are frequently sites where nucleophiles may bond, allow it to receive 

electrons from metal. A recent study found that superior inhibitors can exchange and receive 

electrons with the metal. 

Table 4. Thermodynamic and electronic properties of compounds using DFT-B3LYP/6.311G. 

Parameters Indole IMBH 

Total energy (a.u.) –776.9990 –856.9572 

EHOMO (eV) –6.7092 –5.9538 

ELUMO (eV) –1.5080 –1.6432 

ΔE (eV) 5.2012 4.3106 

Global hardness η 2.6006 2.1553 

Chemical softness 0.3845 0.4639 

Electronegativity χ 4.1086 3.7985 

Fraction of electrons transferred ΔN 0.556 0.7427 

Dipole moment (Debye) 3.7138 4.3670 

Electron affinity (A) 1.5080 1.6432 

lonization potential (I) 6.7092 5.9538 
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Indole 

 

IMBH 

Figure 9. Mulliken charges of indole and IMBH molecules. 

Studies of quantum chemistry 

Quantum chemical calculations provide valuable insights into the inhibition phenomena, 

allowing a deeper understanding of the inhibitory activation of the investigated inhibitor 

molecules, specifically indole and IMBH. Theoretical elements, such as HOMO (Highest 

Occupied Molecular Orbital), LUMO (Lowest Unoccupied Molecular Orbital), ΔE (energy 

gap), η (hardness), σ (softness), χ (electron affinity), and ΔN (fractional number of electrons 

transferred), play crucial roles in elucidating the nature of interactions between the metal 

surface and the inhibitor molecules [5]. In the current work, all the relevant quantum 

parameters for both indole and IMBH molecules were computed, providing quantitative 

insights into their inhibitory properties. Figure 10 displays the optimized structure of IMBH, 

allowing for an evaluation of its inhibitor efficiency based on HOMO and LUMO energies 

[18]. The HOMO energy value indicates the willingness of the inhibitor to donate electrons. 

High HOMO values suggest strong affinities of the inhibitor compounds to transfer electrons 

to suitable acceptor molecules. On the other hand, the LUMO energy values reflect the 

capability of the alloy to accept electrons from the inhibitor molecules [68, 69]. Low LUMO 

values indicate that the inhibitor can easily back-donate electrons from the alloy surface, 

further contributing to the inhibition process. 

The energy gap (ΔE), calculated as the difference between ELUMO and EHOMO, represents 

the molecules inhibitive efficiency. Smaller ΔE values indicate remarkable inhibitory 

performance, as per the hardness and softness concept. A molecule with high hardness has 

low basicity and a limited ability to donate electrons, while a molecule with high softness 
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possesses high basicity and a strong tendency to donate electrons. The study confirms that 

inhibition efficacy decreases with increasing inhibitor molecule hardness and increases with 

decreasing softness, emphasizing the importance of inhibitor molecular properties in 

determining their inhibitory performance. Stability and reactivity insights are provided by 

hardness and softness factors, where high hardness (η) corresponds to a hard molecule with 

a higher electron transfer energy, and low softness (σ) implies a more efficient corrosion 

inhibition. The values for IMBH, as shown in Table 4, including ΔE (4.3106 eV), global 

softness (σ), global hardness (η), and fractional number of electrons transferred (ΔN), are 

consistent with the experimental results. Additionally, the calculated value of χ (3.7985), as 

displayed in Table 4, confirms that IMBH exhibits superior inhibitory performance due to a 

higher volume of electron transfers. The number of transferred electrons (N) indicates the 

molecule’s capacity to transfer electrons to acceptor molecules, further influencing the 

inhibitory behavior. 

The optimized molecular structure enabled the calculation of various important 

parameters, such as dipole moment, ionization potential (I), electron affinity (A), and the 

energy band gap (Egap=EHOMO–ELUMO). These parameters collectively contribute to 

understanding the stability and interaction between the adsorbed inhibitor and the metallic 

substrate, represented by the energy gap (E) between HOMO and LUMO [19]. In conclusion, 

the quantum chemical calculations provide a comprehensive assessment of the inhibitory 

properties of indole and IMBH molecules. The evaluation of various quantum parameters 

sheds light on their electron-donating and accepting abilities, stability, and inhibitory 

performance. The insights gained from these calculations contribute significantly to the 

understanding of the inhibition mechanism and pave the way for the development of efficient 

corrosion control agents for practical applications in diverse industrial settings.  

 Indole IMBH 

OPT 

  

HOMO 

 
 

LUMO 

 
 

Figure 10. The geometric molecular structures and atomic contributions in the highest 

occupied molecular orbital HOMO and lowest unoccupied molecular orbital LUMO for Indole 

and IMBH were calculated using the B3LYP/6-3111G technique. 
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Mechanism of inhibition 

The inhibition mechanism of IMBH on the corrosion of mild steel in HCl solutions (0.2 M, 

0.4 M, and 0.6 M) is attributed to the adsorption of IMBH molecules at the mild steel-

solution interface. The adsorption process involves a combination of physical and chemical 

interactions between the organic inhibitor, IMBH, and the surface of the mild steel. Physical 

adsorption and chemical adsorption are the two primary forms of interaction contributing to 

the adsorption of IMBH molecules on the mild steel surface. Physical adsorption involves 

weak van der Waals forces, whereas chemical adsorption involves the formation of a strong 

covalent bond between the inhibitor molecules and the metal surface. Several factors 

influence the adsorption process, thereby affecting the inhibitory efficiency of IMBH. The 

nature of the alloy, the chemical composition of the inhibitor molecules, the electrolyte form 

(HCl concentration), the environmental temperature, and the morphology of the mild steel 

specimen all play crucial roles in determining the extent of inhibitor adsorption and corrosion 

inhibition [20–23]. 

The alloy nature of mild steel influences the surface properties and reactivity, thereby 

affecting the adsorption capability of IMBH molecules. Different alloy compositions may 

have varying degrees of affinity for the inhibitor, leading to differences in inhibitory 

performance. The chemical composition of IMBH plays a crucial role in determining its 

adsorption characteristics. The presence of functional groups, such as –C=N– and 

heterocyclic structures, enables IMBH to form coordination complexes with the metal 

surface, contributing to the formation of a protective adsorption layer. The electrolyte form, 

represented by the concentration of HCl, influences the corrosive aggressiveness and the 

adsorption behavior of the inhibitor. Higher HCl concentrations can enhance the corrosive 

attack, making the adsorption of IMBH even more critical for effective corrosion protection. 

Environmental temperature also affects the adsorption process. Higher temperatures can lead 

to increased molecular mobility, facilitating adsorption of IMBH on the mild steel surface. 

Furthermore, the morphology of the mild steel specimen can impact the surface area 

available for inhibitor adsorption. A higher surface area provides more active sites for IMBH 

adsorption, potentially leading to improved corrosion inhibition. In conclusion, the 

mechanism of inhibition of IMBH on mild steel corrosion involves the adsorption of IMBH 

molecules at the mild steel-solution interface. Physical and chemical adsorption interactions 

contribute to the formation of a protective adsorption layer on the metal surface, which 

effectively reduces the corrosion rate. The inhibitory efficiency is influenced by various 

factors, including the alloy nature, chemical composition of the inhibitor, electrolyte form, 

environmental temperature, and specimen morphology. Understanding the underlying 

mechanism is crucial for optimizing the use of IMBH as a promising corrosion control agent 

in diverse industrial applications. Figure 11, represents the suggested inhibition mechanism. 
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Figure 11. The suggested mechanism of inhibition of IMBH molecules. 

4. Conclusion 

In conclusion, this study investigated the corrosion inhibition potentials of IMBH for mild 

steel in HCl solutions. The synthesized IMBH and its precursor, indole-3-carboxyaldehyde, 

were characterized using various spectroscopic techniques, including proton nuclear 

magnetic resonance (1H NMR), carbon-13 nuclear magnetic resonance (13C NMR), and 

Fourier transform infrared spectroscopy (FT-IR), confirming the successful synthesis of the 

inhibitor.  

The electrochemical studies provided valuable insights into the inhibitory performance 

of IMBH. Tafel measurements revealed that the addition of IMBH led to a significant 

decrease in the corrosion rate of mild steel in different concentrations of HCl. The inhibitory 

efficiency increased with rising concentrations of IMBH, demonstrating its effective 

protection against corrosion. The superior inhibitory performance of IMBH was attributed 

to the presence of –C=N– and heterocyclic groups in its molecular structure, providing 

additional adsorption centers on the mild steel surface. Surface analysis using SEM further 

confirmed the formation of a protective layer of IMBH molecules on the mild steel surface, 

hindering the corrosive attack and reducing the formation of corrosion products. Quantum 

chemical calculations provided valuable theoretical insights into the inhibition mechanism. 

The calculated HOMO and LUMO energies indicated the ability of IMBH to donate and 

accept electrons, respectively, thereby contributing to the formation of the protective 

adsorption layer. The low energy gap (ΔE) suggested the remarkable inhibitive efficiency of 

IMBH. Moreover, the values of global hardness (η), global softness (σ), and fractional 

number of electrons transferred (ΔN) were consistent with the experimental results, further 

confirming the effectiveness of IMBH as a corrosion inhibitor. 

Overall, IMBH emerged as a promising corrosion inhibitor for mild steel in HCl 

environments. The combination of experimental studies and quantum chemical calculations 

provided a comprehensive understanding of its inhibitory performance and inhibition 
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mechanism. The presence of –C=N– and heterocyclic groups in IMBH’s molecular 

structure played a pivotal role in enhancing its inhibitory efficiency by forming a protective 

adsorption layer on the mild steel surface. This research contributes to the development of 

efficient corrosion control strategies for industrial applications, ensuring the longevity and 

reliability of mild steel components in aggressive environments. Future studies can further 

explore the practical applicability of IMBH as a corrosion inhibitor in real-world industrial 

settings and investigate its performance in diverse corrosive media and under different 

operating conditions. 
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