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Abstract 

This study explores the inhibitory properties of 2-hydroxynaphthaldehyde thiosemicarbazone 

(2HNT) on mild steel corrosion in 1 M hydrochloric acid. The investigation of adsorption and 

inhibition mechanisms employed weight loss analysis, scanning electron microscopy (SEM), 

and density functional theory (DFT) techniques. Adsorption parameters were derived using 

various theoretical approaches. Optimal inhibitive efficacy, reaching 93.88%, was observed at 

a concentration of 500.0 ppm for the inhibitor during a 10-hour immersion period at 303 K. The 

study further examined the impact of immersion durations (5, 10, 24, and 48 hours) and inhibitor 

concentrations (100–1000 ppm) at 303 K, revealing 10 hours as the optimum immersion time. 

Inhibition efficiency increased with rising inhibitor concentration and remained steady beyond 

10 hours up to 48 hours. Temperature effects were explored for different inhibitor 

concentrations, with 10 hours identified as the optimal immersion time. The Langmuir 

adsorption isotherm model was employed to elucidate the adsorption inhibition mechanism. 

Changes in activation energy values indicated distinct interactions between inhibitor molecules 

and the mild steel surface. Scanning electron microscopy analyses confi0rmed inhibitor 

molecule adsorption and the formation of a protective film on the mild steel surface. The mild 

steel-inhibitor interaction was scrutinized through DFT, revealing a minimal energy gap 

between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 

orbital (LUMO). The experimental and theoretical findings demonstrated congruence, affirming 
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the efficacy of 2-hydroxynaphthaldehyde thiosemicarbazone as a corrosion inhibitor for mild 

steel in hydrochloric acid. 
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1. Introduction 

Mild steel, owing to its advantageous mechanical properties and affordability, holds a 

prominent position as a widely used material across various industrial sectors [1–3]. 

However, its susceptibility to corrosion in aggressive environments, particularly 

hydrochloric acid (HCl) solutions, presents a significant challenge to its longevity and 

structural integrity. HCl finds extensive application in processes like acid pickling and 

descaling, which contribute significantly to the accelerated corrosion of mild steel surfaces 

[4–8]. To mitigate corrosion-induced degradation, researchers have actively explored 

various strategies, with a particular focus on corrosion inhibitors. These inhibitors can be 

broadly classified into inorganic and organic categories [4–6]. Organic inhibitors, owing to 

their versatility and ability to form protective layers on metal surfaces, have garnered 

significant attention in recent years [9–17]. Organic compounds containing heteroatoms like 

N, S, P, X (halogen), and O have been recognized for their potential as effective corrosion 

inhibitors. Among these organic compounds, Schiff bases, characterized by the general 

formula R–C=N–R′ (where R and R′ represent aryl, alkyl, cycloalkyl, or heterocyclic 

groups), have emerged as promising candidates for corrosion protection [18–20]. One 

specific type of Schiff base, thiosemicarbazone derivatives, possesses unique structural 

features with amine and thion groups containing N and S heteroatoms, providing ideal sites 

for chemisorption on metal surfaces. These features contribute to their effectiveness as 

corrosion inhibitors [21–23]. While existing research demonstrates the potential of Schiff 

bases as corrosion inhibitors, there are limitations that necessitate further exploration. For 

instance, the Schiff base 2-(2-oxoindolin-3-ylidene) hydrazinecarbothioamide (OHB) 

exhibits a significant corrosion inhibition efficiency reaching 96.7% at a concentration of 

0.5 mM and 303 K. However, its performance suffers with extended immersion times and 

increasing temperatures, hindering its broader applicability [24]. Similarly, promising 

alternatives like 2,2′-(1,4-phenylenebis(methanylylidene)) bis(N-(3-methoxyphenyl) 

hydrazinecarbothioamide) (PMBMH) face limitations in terms of maintaining efficiency 

over longer durations and under elevated temperatures [25]. 

The realm of Schiff bases and their application as corrosion inhibitors for mild steel in 

acidic environments has witnessed significant advancements in recent years. Researchers 

have continuously explored novel Schiff base derivatives with diverse structural features, 

aiming to enhance their corrosion inhibition efficiency and overcome limitations associated 
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with existing compounds. Here, we highlight some noteworthy recent findings and identify 

lingering gaps in this domain: 

• Enhancing efficacy through structural modifications: Studies have demonstrated how 

strategic modifications in the structure of Schiff bases can significantly impact their 

performance. The incorporation of electron-donating groups (EDGs) onto the Schiff base 

backbone has been shown to enhance adsorption onto the metal surface, thereby 

improving inhibition efficiency. For instance, a recent study by [51] reported the 

development of Schiff bases derived from cinnamaldehyde and various aromatic amines. 

These inhibitors exhibited superior performance compared to their unsubstituted 

counterparts, attributing this improvement to the presence of EDGs on the aromatic rings. 

• Exploring synergistic effects and green alternatives: The investigation of synergistic 

effects between Schiff bases and other corrosion inhibitors has emerged as a promising 

approach. Combining Schiff bases with inorganic or other organic inhibitors can lead to a 

more robust protective layer, potentially surpassing the individual efficacy of each 

component. For example, a study by [52] demonstrated that the combination of a Schiff 

base derived from 2-aminothiazole and potassium iodide exhibited superior corrosion 

inhibition compared to either compound alone. Additionally, the growing emphasis on 

sustainable practices has led to the exploration of eco-friendly Schiff bases derived from 

natural sources. Research by [53] reported the development of Schiff bases synthesized 

from plant extracts, demonstrating their potential as effective and environmentally benign 

corrosion inhibitors for mild steel. 

 
Figure 1. The chemical structure of 2HNT. 

Despite the significant progress, certain knowledge gaps persist in the field of Schiff 

base corrosion inhibitors. A deeper understanding of the structure-property relationship, 

particularly the correlation between specific functional groups and their influence on 

inhibition behavior, remains crucial. Additionally, a more comprehensive assessment of the 

long-term stability and environmental impact of these inhibitors is necessary for their wider 

acceptance. By investigating the corrosion inhibition potential of 2HNT (Figure 1) and 

employing a combination of experimental and theoretical techniques, our study aims to 

contribute to closing these knowledge gaps. We anticipate that our findings will shed light 
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on the adsorption and inhibition mechanisms of 2HNT, paving the way for the development 

of more effective and sustainable corrosion protection strategies for mild steel in acidic 

environments. This study aligns with the ongoing efforts to explore novel and efficient Schiff 

bases, potentially surpassing the limitations of existing inhibitors and addressing the 

evolving needs of the field. 

2. Experimental 

2.1. Mild steel sampling 

Mild steel coupons with a composition of 0.21% Carbon, 0.09% Phosphorus, 0.05% 

Manganese, 0.038% Silicon, 0.01% Aluminum, 0.05% Sulfur, and the remainder Iron were 

employed in the study. Prior to each experimental run, the coupons underwent meticulous 

preparation, involving division into distinct sections, abrasion with sandpaper, degreasing 

with acetone, and oven drying to shield them from ambient humidity [51, 52]. Subsequently, 

the prepared coupons were suspended using wire in a beaker containing 250 mL of  

1 mol·L–1 HCl (37%), both in the presence and absence of 2HNT as a tested inhibitor. After 

corrosion exposure, each sample underwent a thorough cleansing process involving double-

distilled water, methyl alcohol immersion to eliminate 2HNT particles and chlorine 

residuals, acetone immersion, and final drying in an oven, followed by weight 

measurements. 

2.2. Weight loss analyses 

Weight loss analysis was conducted on mild steel coupons in a 1 mol·L–1 HCl medium, with 

and without the presence of 2HNT. Initial measurements of the polished coupons were 

recorded, and the coupons were immersed in the analysis liquid using a glass clamp in 

triplicate, under varying concentrations of 2HNT (100, 200, 300, 400, 500, and 1000 ppm). 

Post-immersion, the coupons were reweighed, rinsed, and dried. The impact of time on 

inhibition efficiency at different inhibitor concentrations was investigated over periods of 1, 

5, 10, 24, and 48 hours. Additionally, the temperature effect on inhibition efficacy at various 

concentrations was studied within the range of 303–333 K. The corrosion rate (CR; mm·y–1) 

and inhibition efficiency (IE%) were determined using Equations 1 and 2, respectively [51–

54]. 
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where W is the loss in coupon weight (mg/cm2), a represents the immersion area, d refers to 

the coupon density, t is the immersion period, and 0

RC  and CR represent the rates of corrosion 
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without and with the corrosion inhibitor, respectively. To ensure the accuracy of the weight 

loss results, mild steel samples were weighed three times. 

2.3. Surface morphology investigation 

Surface morphology of the coupons exposed to 1 mol·L–1 HCl, both in the presence and 

absence of 2HNT, was examined at room temperature using a scanning electron microscope 

(SEM). This analysis aimed to scrutinize the changes in mild steel surface characteristics 

before and after weight loss measurements. The SEM used for this purpose was the Scanning 

Electron Microscope (TM1000 Hitachi Tabletop Microscope SEM). Coupons were 

subjected to a 5-hour exposure to 1 mol·L–1 HCl solution with and without the optimum 

inhibitor concentration. Subsequently, the coupons were removed, washed with deionized 

water, dried, and scrutinized using SEM. 

2.4. Theoretical investigations 

To gain insights into the inhibitor’s performance and identify critical factors influencing 

inhibitive efficacy, quantum chemical computations were performed using Density 

Functional Theory (DFT). Becke’s three-parameter hybrid functional with the LYP 

correlation functional (B3LYP) was employed to study the electronic characteristics of the 

inhibitor molecules [55, 56]. Ionization energy (I), electronic affinity (A), electronegativity 

(χ), hardness (η), and number of electrons transferred (ΔN) were determined using the 

highest energy MO (HOMO) and lowest energy MO (LUMO). The iron work function (ϕ) 

was considered as 4.82 eV, and the iron hardness was evaluated at 0 as I = A [55–58]. The 

quantum parameters were computed based on Equations 3–7. 

 I = –EHOMO (3) 

 A = –ELUMO (4) 

 χ 0.5( )I A= +  (5) 

 η 0.5( )I A= −  (6) 

 inh

Fe inh

χ

2(η η )
N

 −
 =

+
 (7) 

where: 

• I is the ionization energy. 

• EHOMO is the energy of the highest occupied molecular orbital. 

• A is the electronic affinity. 

• ELUMO is the energy of the lowest unoccupied molecular orbital. 

• χ is the electronegativity. 

• η is the hardness. 

• ΔN is the transferred electrons fraction. 
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3. Result and Discussion 

3.1. Effect of inhibitor concentration 

The investigation into the effect of inhibitor concentration on the corrosion rate of mild steel 

in a hydrochloric acid solution revealed compelling insights, particularly at a 10-hour 

immersion time. In the absence of the studied inhibitor, the corrosion rate exhibited a notably 

high value, indicative of the aggressive nature of the corrosive environment. However, with 

the introduction of the inhibitor, a marked reduction in the corrosion rate was observed, 

indicating the inhibitive effectiveness of the studied compound. Figure 2 illustrates the 

impact of different concentrations of 2HNT on the weight loss of mild steel after 10 hours 

of immersion in a 1.0 mol·L–1 HCl solution at a temperature of 303 K. The data highlights 

the corrosion inhibitory effects of 2HNT on mild steel under these specific conditions 

[59, 60]. The data presented in the Figure 2 unequivocally illustrates the inverse relationship 

between inhibitor concentration and the corrosion rate of mild steel. At lower concentrations 

(0–200 ppm), a gradual reduction in the corrosion rate is evident, reflecting the increasing 

effectiveness of the inhibitor in mitigating corrosion. This reduction can be attributed to 

enhanced adsorption of inhibitor molecules on the mild steel surface, leading to improved 

surface coverage [61, 62]. As the inhibitor concentration continues to rise beyond 200 ppm, 

a more pronounced decline in the corrosion rate is observed. The inhibitive efficiency, 

represented as the percentage reduction in the corrosion rate, shows a remarkable ascent. 

Notably, at 500 ppm and 1000 ppm, the corrosion rate is significantly suppressed, reaching 

values of 3.8 mm/y and 2.7 mm/y, respectively. 

 
Figure 2. Effects of 2HNT concentrations on corrosion rate and inhibition efficiency of mild 

steel in 1.0 mol·L–1 HCl at 10 hours immersion time and 303 K. 
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The observed trend aligns with the anticipated behavior of corrosion inhibitors, where 

a higher concentration fosters greater adsorption, creating a protective layer on the metal 

surface. The substantial increase in inhibition efficiency, reaching 93.8% and 94.1% at 

500 ppm and 1000 ppm, respectively, underscores the remarkable effectiveness of the 

studied inhibitor in curbing mild steel corrosion in hydrochloric acid.  

3.2. Effect of immersion time 

The experimental investigation delving into the effect of immersion time on the corrosion 

behavior of mild steel in a 1.0 mol·L–1 HCl solution has unearthed critical insights into 

weight loss, inhibitive efficacy, and surface coverage. Figure 3 outlines the variations in 

weight loss over different exposure periods, shedding light on the dynamic nature of the 

corrosion process [63, 64]. 

 
Figure 3. Impact of 2HNT concentrations on corrosion rate and inhibition efficiency of mild 

steel in 1.0 mol·L–1 HCl at different immersion times and 303 K. 

The examination of different immersion times (1, 5, 10, 24, and 48 hours) provides a 

comprehensive understanding of the temporal evolution of corrosion processes on mild steel 

in the presence of the inhibitor 2HNT [65]. The weight loss results, as presented in Figure 3, 

indicate a gradual decrease in the corrosion rate with increasing exposure time for the tested 

coupons. This decline is indicative of the inhibitor’s persistent influence on reducing the 

metal’s susceptibility to corrosion over extended periods [66]. The inhibited specimens 
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exhibit lower weight loss values compared to their uninhibited counterparts, illustrating the 

protective effect of 2HNT [67]. The inhibitive efficacy, represented as the percentage 

reduction in corrosion rate, displays a nuanced relationship with immersion time. Notably, 

the inhibitive efficacy increases slightly with prolonged exposure time for all concentrations 

of the tested inhibitor. This behavior suggests that the inhibitor molecules (2HNT) continue 

to interact with environmental species, leading to sustained inhibition. However, it’s crucial 

to acknowledge that prolonged exposure may also result in the gradual depletion or 

desorption of inhibitor molecules due to complex interactions with the mild steel surface 

[68, 69]. 

At the optimum inhibitor concentration of 500 ppm, the inhibition efficiency reaches 

93.8% after 10 hours of immersion. Interestingly, the highest inhibition activity of 96.8% is 

achieved after 48 hours of immersion, with a concentration of 1000 ppm of 2HNT. It’s worth 

noting that concentrations exceeding 1000 ppm show no significant difference in inhibition 

activity within the examined range, indicating a potential saturation effect [70]. This 

observed trend may be attributed to intricate interactions between the inhibitor molecules 

and the mild steel surface, leading to the formation of a protective film. The results suggest 

that 2HNT demonstrates remarkable and sustained inhibitive performance over an extended 

exposure period, offering promising prospects for its application as an effective corrosion 

inhibitor for mild steel in aggressive acidic environments [71]. In summary, the results affirm 

that the studied inhibitor concentration plays a pivotal role in determining its inhibitive 

efficacy, showcasing a promising potential for the compound as an efficient corrosion 

inhibitor for mild steel in aggressive acidic environments. 

3.3. Effect of temperature 

The investigation into the influence of temperature on the corrosion rate and inhibition 

efficiency provides valuable insights into the dynamic behavior of mild steel in a  

1.0 mol·L–1 HCl solution. The obtained outcomes, detailed in Figure 4, reveal notable trends 

in the corrosion process under varying temperature conditions [72]. The examination of 

temperature’s impact on corrosion behavior reveals a noteworthy inverse relationship 

between temperature and the corrosion rate. Generally, the corrosion rate decreases with an 

increase in temperature, as illustrated in Figure 4. This phenomenon can be attributed to 

enhanced chemical interactions and the improved solubility of oxygen at elevated 

temperatures, leading to more favorable corrosion reactions [73, 74]. However, the 

temperature effect also manifests in the inhibitive efficacy, showcasing a negative 

correlation. As temperature rises, there is an increase in dynamic energy for the tested 

inhibitor molecules. This elevated energy state, in turn, impacts the protective layer formed 

on the mild steel surface, potentially leading to a reduction in inhibition efficiency. This 

observation is consistent with the dynamic nature of inhibitor-metallurgic interactions, 

where temperature plays a crucial role in altering the energy landscape of the system 

[75, 76]. Despite the negative impact on inhibition efficacy, an interesting trend emerges 

with the increase in temperature, particularly at 10 hours of immersion time and an inhibitor 
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concentration of 1000 ppm. In this scenario, the inhibition efficiency rises from 94.1% at 

303 K to 97.1% at 333 K, suggesting a complex interplay of temperature, inhibitor 

concentration, and exposure time [77–81]. 

In conclusion, the temperature effect on the corrosion behavior of mild steel in 

hydrochloric acid solution is intricate, involving both the reduction in corrosion rate due to 

enhanced chemical interactions and the simultaneous negative impact on inhibition 

efficiency. The results emphasize the importance of carefully considering temperature 

conditions when assessing the performance of corrosion inhibitors, as they play a dual role 

in influencing the corrosion process. 

 
Figure 4. Impact of 2HNT concentrations on corrosion rate and inhibition efficiency of mild 

steel in 1.0 mol·L–1 HCl at different temperature and 10 hours immersion time. 

3.4. Adsorption isotherm studies 

Adsorption isotherms play a crucial role in elucidating the performance of organic adsorbent-

type inhibitors, providing insights into the mechanisms of organic electrochemical reactions. 

In this study, Langmuir, Temkin, and Frumkin isotherms were assessed to understand the 

relationship between surface coverage (θ) and bulk concentration, with Langmuir emerging 

as the most descriptive model [82–85]. The Langmuir isotherm, frequently employed to 

characterize adsorption behavior, demonstrated an excellent fit for the investigated 2HNT. 

The straight-line plot obtained by plotting logC/θ against log inhibitor concentration (C) at 

303 K (as depicted in Figure 5) supports Langmuir’s suitability in describing the adsorption 

behavior. 
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Langmuir isotherm is mathematically represented by the equation 8: 

 1inh
inh ads

θ

C
C K −= +  (8) 

Here, Cinh represents the inhibitor concentration, and θ is the surface coverage, defined 

as the fraction of the surface treated by inhibitor molecules.  

The surface coverage (θ) can be calculated using the inhibition efficiency (IE) values 

obtained from weight loss measurements, based on Equation 9: 
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Figure 5. Langmuir adsorption isotherm for 2HNT on mild steel surface in 1.0 mol·L–1 HCl at 

303 K. 

The straight-line plot of Cinh/θ against Cinh achieved at 303 K validates Langmuir’s 

adherence to the adsorption process. The linear regression coefficient close to unity 

reinforces the model’s appropriateness compared to other isotherm models. The adsorption 

equilibrium constant (Kads), determined from the intercept of the straight line (Figure 5), 

signifies the affinity between the adsorbate and adsorbent. A higher Kads value indicates 

superior adsorption, correlating with more reliable inhibition efficiency [86–90]. The 

relationship between adsorption free energy ( 0

adsG ) and the adsorption equilibrium constant 

is given by the equation 10 [86]: 

 0

ads adsln(55.5 )G RT K = −  (10) 
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In this equation, R is the universal gas constant, T is the absolute temperature, and Kads 

is the adsorption equilibrium constant. The negative value of 0

adsG  indicates spontaneity in 

the adsorption process, signifying efficient adsorption of inhibitor molecules on the surface 

of mild steel [87]. It is evident that the adsorption free energy ( 0

adsG ) serves as a key 

indicator in delineating the nature of adsorption interactions. A 0

adsG  with a value less than 

or equal to –20 kJ/mol suggests physisorption, signifying a relatively weaker interaction 

where inhibitor molecules adhere to the surface through physical forces. On the other hand, 

an adsorption free energy with an extremely negative value exceeding –40 kJ/mol implies 

chemisorption. This is indicative of a more profound interaction mechanism, involving the 

formation of coordination bonds between the unoccupied d-orbitals of iron atoms on the 

coupon surface and the unshared pairs of electrons present in the tested inhibitor molecules 

[88]. The range between –20 kJ/mol and –40 kJ/mol represents a transitional region where 

a mixed interaction type, encompassing both physisorption and chemisorption, is likely to 

occur. This nuanced understanding of adsorption energetics provides valuable insights into 

the diverse modes of interaction between the inhibitor and the metal surface, contributing to 

a comprehensive comprehension of the inhibition mechanism. 

The calculated value of 0

adsG  as –34.3 kJ/mol suggests a mixed interaction type 

involving both chemisorption and physisorption. The negative value aligns with the 

spontaneity of the adsorption process, while the magnitude implies a combination of 

coordination bonds between unoccupied d-orbitals of iron atoms on the coupon surface and 

unshared pairs of electrons of the tested inhibitor molecules. In conclusion, the adsorption 

isotherm studies highlight the effectiveness of Langmuir isotherm in characterizing the 

adsorption behavior of 2HNT on mild steel in hydrochloric acid [89]. The mixed interaction 

type, incorporating chemisorption and physisorption, adds depth to the understanding of the 

inhibition mechanism, emphasizing the potential of 2HNT as a corrosion inhibitor with 

diverse interaction modes. 

3.5. Surface analysis 

Surface analysis provides a visual insight into the protective capabilities of the 2HNT 

inhibitor on mild steel exposed to a 1.0 mol·L–1 HCl solution. Figures 6a and 6b depict the 

observable differences in the tested coupon surface without and with the presence of 2HNT 

after a 5-hour exposure period. 
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Figure 6. a: Mild steel surface exposed in 1.0 mol·L–1 HCl without 2HNT inhibitor after a 5-

hour exposure period; b: Mild steel surface exposed in 1.0 mol·L–1 HCl with 2HNT inhibitor 

after a 5-hour exposure period. 

The surface of the coupon exposed to HCl without the inhibitor exhibits evident 

corrosion holes, indicating substantial damage due to the aggressive nature of the acidic 

solution (Figure 6a). In contrast, the presence of 2HNT in the acid solution (Figure 6b) 

effectively mitigates the corrosion damage. The surface of the tested coupon immersed in 

the corrosive medium with 2HNT closely resembles the polished surface, suggesting that the 

inhibitor molecules form a protective film, acting as a barrier against the corrosive attack. 

This visual assessment aligns with the corrosion inhibition efficiency observed in the weight 

loss analysis, confirming the effectiveness of 2HNT in preserving the integrity of the mild 

steel surface in harsh acidic environments. The protective film formed by the inhibitor 

molecules serves as a crucial defense mechanism, demonstrating the inhibitor’s potential for 

mitigating corrosion and preserving the structural integrity of mild steel in corrosive media. 

3.6. Computational studies 

The molecular reactivity of the investigated inhibitor, 2HNT, was probed through an 

exploration of the Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied 

Molecular Orbital (LUMO). The HOMO energy, indicative of electron donation capability, 

and the LUMO energy, indicating electron acceptance ability, play pivotal roles in 

understanding the molecular interaction with the mild steel surface [91]. 

In Figure 7, the HOMO populations are concentrated around the amino, thion, and  

–N=C– groups, while the densities of LUMO predominantly reside around the aromatic 

rings. A high-energy HOMO suggests a significant ability to donate electrons to a suitable 

element with unoccupied molecular orbitals of low energy. This aligns with the observed 

physisorption mechanism, confirming the experimental findings. 
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Optimum Structure HOMO LUMO 

Figure 7. Molecular orbitals of 2HNT. 

The computed quantum chemical parameters, as summarized in Table 1, further 

support the experimental insights. Notably, 2HNT exhibits a high HOMO energy, signifying 

a strong electron-donating capacity. This is consistent with the experimentally observed 

physisorption mechanism, where 2HNT demonstrates significant inhibition efficacy on the 

mild steel surface [92]. The LUMO energy, associated with electron affinity and 

susceptibility to nucleophilic attack, showcases 2HNT’s potent electron-accepting ability. 

The low values of the energy gap (∆E) indicate a high inhibitive efficiency, corroborating 

the experimental data. 

Table 1. Computed Quantum Chemical Parameters for 2HNT. 

Parameter Value 

HOMO Energy (eV) –8.454  

LUMO Energy (eV)      –3.275 

Energy Gap (∆E) (eV)  5.179  

Hardness (eV) 2.590 

Softness (eV) 0.795 

Electronegativity (eV) 5.865  

ΔN (number of electrons transferred) –0.015 

Dipole moment (µ) (Debye) –2.3192 

The low values of ΔE and hardness, coupled with high softness, align with the 

experimental evidence, emphasizing the physisorption adsorption mechanism. The high 

HOMO energy correlates with significant inhibition efficacy, consistent with the ( 0

adsG ) 

values obtained from the adsorption isotherm. Furthermore, the molecular structure’s 

influence on adsorption is highlighted by the electron density at active sites. Electrophilic 

attacks are observed at sulfur, oxygen and nitrogen atoms, emphasizing these regions as 

active sites with strong bonding to the steel surface. Electronegativity proves crucial in 

predicting inhibitive efficacy. The number of electrons transferred values decrease with 
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increasing inhibitor electronegativity. The computed number of electrons transferred values, 

matching electronegativities, affirm the inhibitor’s ability to donate electrons. The positive 

ΔN values further validate the EHOMO trends, signifying the inhibitor’s electron-donating 

potential. In conclusion, the computational studies provide a comprehensive understanding 

of 2HNT’s molecular reactivity, affirming its physisorption adsorption mechanism and 

shedding light on the critical factors influencing its corrosion inhibition efficiency on mild 

steel. The correlation between experimental and theoretical findings enhances the robustness 

of the study, underscoring the potential of 2HNT as an effective corrosion inhibitor. The 

dipole moment (DP) is a crucial parameter that offers insights into the polarity and charge 

distribution within a molecule. A dipole moment arises when there is an uneven distribution 

of electron density, leading to a separation of positive and negative charges, creating a 

dipole. In the case of 2HNT, the negative value of the dipole moment (–2.3192) signifies a 

directionality of the charge distribution, indicating a net dipole moment along a specific axis. 

The negative sign implies that the electron distribution is skewed towards one end of the 

molecule. A significant dipole moment suggests a polar nature, and in the context of 

corrosion inhibition, it can influence the interaction between the inhibitor molecule and the 

metal surface. The presence of a dipole moment can enhance the adsorption of the inhibitor 

onto the metal surface, facilitating the formation of a protective layer. 

In the scenario of 2HNT, the negative dipole moment could be associated with the 

orientation of functional groups within the molecule. The distribution of electron density 

around certain groups, such as amino, thion, and –N=C–, might contribute to the observed 

dipole moment. This dipole moment orientation can potentially enhance the electrostatic 

interactions between the inhibitor and the mild steel surface. Overall, the negative dipole 

moment in 2HNT suggests a polar nature and provides valuable information about the 

inhibitor’s potential for adsorption onto the mild steel surface, contributing to its corrosion 

inhibition efficiency. It complements other quantum chemical parameters, enriching the 

understanding of the molecular features influencing the inhibitor’s performance. 

The computed values seem to be in good agreement with what is generally reported for 

similar corrosion inhibitors: 

• HOMO Energy: –8.454 eV falls within the range typically observed for effective 

corrosion inhibitors (–8.0 eV to –9.0 eV) [93]. 

• LUMO Energy: –3.275 eV is slightly lower than the commonly reported range (–

2.0 eV to –3.0 eV) [93]. This might suggest a slightly weaker electron-accepting 

ability compared to some other inhibitors. 

• Energy Gap (ΔE): 5.179 eV is well within the range associated with good corrosion 

inhibition efficiency (1 eV to 5 eV) [94]. 

• Hardness: 2.590 eV aligns with the values reported for efficient inhibitors (2.0 eV to 

4.0 eV) [95]. 
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• Softness: 0.795 eV falls within the accepted range for good inhibitors (0.5 eV to 

1.0 eV) [95]. 

The trends observed in your calculated values support the physisorption mechanism 

and the experimentally observed inhibition efficacy of 2HNT: 

• High HOMO energy: This indicates a strong ability to donate electrons to the metal 

surface, facilitating the formation of a protective film. 

• Low ΔE and hardness: These suggest high reactivity and ease of electron donation, 

favoring adsorption. 

• High softness: This signifies susceptibility towards the metal surface, enhancing 

adsorption. 

• Positive ΔN: This confirms the electron-donating nature of the molecule, supporting 

the physisorption mechanism. 

• Negative dipole moment: This implies an uneven charge distribution that could 

facilitate interaction with the metal surface, further promoting adsorption. 

Overall, DFT results seem to be consistent with the reported literature and support the 

observed corrosion inhibition properties of 2HNT. 

3.7. Mechanism of Inhibition 

The corrosion inhibition mechanism of mild steel in a corrosive solution containing  

2-hydroxynaphthaldehyde thiosemicarbazone (2HNT) is governed by the adsorption of 

2HNT molecules onto the steel surface, facilitated by the utilization of unpaired electron 

pairs within 2HNT that interact with the unoccupied d-orbitals of iron (Fe) atoms present on 

the coupon surface [96]. Heteroatoms, particularly sulfur, oxygen, and nitrogen, play pivotal 

roles as reaction sites during the adsorption process, with the molecular configuration of 

2HNT strategically enabling targeted and effective interaction with the metal surface. The 

computed adsorption free energy ( 0

adsG = –34.3 kJ/mol) indicates a spontaneous process, 

suggesting that interactions between inhibitor molecules and the steel surface encompass 

both physisorption (electrostatic interactions) and chemisorption (chemical reaction) 

mechanisms [97]. As discussed earlier, the inhibitory action on mild steel primarily arises 

from the presence of heteroatoms, leading to the formation of a protective layer upon 

adsorption of inhibitor molecules onto the steel surface. Figure 8 illustrates the diverse 

adsorption modes adopted by the adsorbed 2HNT molecules at the steel/HCl interface [98]. 

In essence, the adsorption of 2HNT molecules creates a shield on the steel surface, hindering 

corrosive attack. The versatile nature of the inhibitive mechanism, involving both physical 

and chemical interactions, contributes to the robust efficacy of 2HNT as a corrosion inhibitor 

for mild steel in acidic environments. The orchestrated interplay between heteroatoms and 

the metal surface underscores the multifaceted nature of the protective layer, affirming the 

potential of 2HNT in corrosion prevention [99]. 
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Figure 8. Suggested Mechanism of 2HNT Adsorption on Mild Steel in HCl Solution. 

We can now deduce the inhibition mechanism by considering the following [95–100]:  

1. Initial adsorption: The figure illustrates the initial phase of adsorption, where 2HNT 

molecules approach the mild steel surface. The unoccupied d-orbitals of iron (Fe) 

atoms on the steel surface act as active sites for interaction with the unpaired electron 

pairs within 2HNT.  

2. Physisorption: Physisorption, as depicted in the diagram, involves electrostatic 

interactions between 2HNT molecules and the mild steel surface. The presence of 

heteroatoms, namely sulfur, oxygen, and nitrogen within 2HNT, plays a critical role 

in this process. These heteroatoms contribute to the establishment of electrostatic 

bonds with the metal surface, enhancing the adsorption of 2HNT molecules onto the 

steel substrate. Specifically, the lone pairs of electrons associated with the 

heteroatoms interact with positively charged sites on the metal surface, forming 

electrostatic bonds. This interaction results in the formation of a physical adsorption 

layer on the metal surface, creating an initial defense against corrosive elements 

present in the HCl solution. The physical adsorption layer serves as a protective 

barrier, preventing direct contact between the corrosive environment and the 

underlying metal substrate. Additionally, the presence of heteroatoms facilitates the 

formation of a stable adsorption layer, further enhancing the effectiveness of the 

inhibition process. Overall, physisorption mediated by the electrostatic interactions 

between 2HNT molecules and the mild steel surface provides an essential initial 

defense mechanism against corrosion, highlighting the significance of heteroatoms in 

promoting inhibitor adsorption and corrosion protection. 

3. Chemisorption: The diagram also suggests a chemical reaction (chemisorption) 

occurring between 2HNT and the mild steel surface. The strong coordination bonds 

formed between the unoccupied d-orbitals of Fe atoms and the electron-rich 

heteroatoms further reinforce the protective layer. The computed negative adsorption 

free energy ( 0

adsG = –34.3 kJ/mol) supports the spontaneous nature of this 

chemisorption process. 
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4. Heteroatoms as reaction sites: The heteroatoms, particularly sulfur, oxygen, and 

nitrogen, are highlighted as crucial reaction sites during the adsorption process. Their 

strategic placement enhances the specificity of the inhibitor’s interaction with the 

metal surface, optimizing the inhibitive action. 

5. Protective layer formation: The cumulative effect of physisorption and 

chemisorption processes leads to the formation of a protective layer on the mild steel 

surface. This layer acts as a barrier, shielding the metal from corrosive attack in the 

HCl solution. 

In conclusion, Figure 8 provides a comprehensive visual representation of the intricate 

interplay between 2HNT molecules and the mild steel surface. The suggested mechanism 

encompasses both physical and chemical aspects, showcasing the versatility of 2HNT as a 

corrosion inhibitor. The proposed protective layer, fortified by electrostatic and chemical 

interactions, underscores the potential effectiveness of 2HNT in mitigating corrosion in 

acidic environments. 

4. Conclusion 

• Potent corrosion inhibitor: 2-Hydroxynaphthaldehyde thiosemicarbazone (2HNT) 

demonstrated potent inhibition against mild steel corrosion in hydrochloric acid (HCl) 

solutions. 

• Experimental and theoretical analyses: The study employed a comprehensive range of 

experimental and theoretical analyses to elucidate the inhibitive performance and 

mechanisms of 2HNT. 

• Inhibitor concentration: A direct correlation was observed between 2HNT concentration 

and inhibition efficiency. Optimal inhibition (93.88%) was achieved at 500.0 ppm after a 

10-hour immersion period at 303 K. 

• Dynamic nature of inhibition: Inhibition efficiency increased gradually over time, 

highlighting the dynamic nature of the process. The protective film formed by 2HNT 

molecules effectively mitigated corrosion. 

• Temperature effects: Temperature variations influenced inhibition efficacy, with a 

decrease observed at higher temperatures due to increased dynamic energy of inhibitor 

molecules. 

• Adsorption isotherm studies: Langmuir isotherm modeling provided insights into the 

adsorption behavior of 2HNT, revealing a mixed mechanism involving both physisorption 

and chemisorption. 

• Molecular modeling: HOMO and LUMO analyses confirmed the significant role of 

heteroatoms in the inhibitive action of 2HNT, demonstrating its versatility. 

• Surface analysis: Surface analysis depicted the protective nature of 2HNT, with the 

inhibitor-formed layer effectively shielding the mild steel surface from corrosive attack. 
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• Mechanism elucidation: The suggested mechanism, detailed in Figure 8, provided a 

comprehensive understanding of the adsorption modes and emphasized the role of 

heteroatoms in the inhibitive process. 

• Overall efficacy: This research underscores the efficacy, versatility, and stability of 2HNT 

as a promising corrosion inhibitor in HCl environments. The integrated approach validated 

the inhibitive performance and elucidated underlying mechanisms, paving the way for 

practical applications in corrosion mitigation strategies. 
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