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Abstract 

This study investigates the corrosion inhibition efficiency of a novel triazole-based compound, 

4-(4-methoxybenzylideneamino)-5-(4-pyridinyl)-2,4-dihydro-1,2,4-triazole-3-thione (MPDTT), 

for mild steel in 1 M HCl, integrating both experimental and theoretical analyses. Unlike 

conventional triazole inhibitors, MPDTT features a unique molecular structure incorporating 

methoxy and pyridinyl groups, which enhance its adsorption capacity and corrosion inhibition 

performance. Weight loss experiments were performed across varying MPDTT concentrations 

(0.1–1.0 mM) and immersion times (1–48 hours) to evaluate its protective capabilities. The 

results revealed that inhibition efficiency increased with MPDTT concentration, achieving a 

maximum of 96.1% at 0.5 mM after 48 hours, with efficiency stabilizing after 10 hours of 

immersion. Temperature studies (303–333 K) over a 5-hour immersion indicated a slight 

enhancement in inhibition efficiency with rising temperature, suggesting a robust inhibitor-

metal interaction. Adsorption behavior followed the Langmuir isotherm, confirming monolayer 

formation and indicating a mixed chemisorption and physisorption mechanism. Quantum 

chemical parameters derived from Density Functional Theory (DFT) calculations, such as 

HOMO and LUMO energy levels, provided insights into the electronic properties of MPDTT 

and its potential interaction with the mild steel surface, supporting the experimentally observed 

inhibition efficiency. This combined experimental-theoretical approach demonstrates 

MPDTT’s enhanced efficiency, thermal stability, and potential as a highly effective and reliable 
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corrosion inhibitor for mild steel in acidic environments, offering a significant advancement 

over existing triazole-based compounds. 
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Introduction 

Mild steel is a primary structural material of construction work as well as the essential 

material for automotive and chemical processing equipment, but it is seriously susceptible 

to corrosion. Mild steel, when placed in an aggressive medium, such as a solution of HCl, 

makes the metal degrade massively and fail, culminating in increased maintenance costs. 

One of the oldest methods of preventing such problems is to inhibit corrosion by providing 

a protective barrier that reduces the metal dissolution [1, 2]. Among some of the categories, 

heteroatoms such as nitrogen, sulfur, and oxygen in organic compounds are significant 

inhibitors of corrosion. These show effective adsorption of these decomposable organic 

molecules on the metal surface that form a protective layer to mitigate corrosion. The above 

triazole derivatives are interesting as they can affect the potential adsorption of multipoint 

adsorbate-molecule interactions onto a metal surface [3, 4]. This study is relative to the 

efficiency of the new compound, the triazole derivative, MPDTT. Various studies have been 

done on the effectiveness of organic compounds as corrosion inhibitors that would highlight 

the adsorption behavior, inhibition efficiencies, and mechanics of interaction. Caldona et al. 

(2021) tested the ability of a series of triazole-based molecules in protecting mild steel 

samples from corrosion in acidic media and quite interestingly demonstrated that they were 

excellent corrosion inhibitors since they could lay down very stable adsorption layers [5]. 

Benzbiria et al. (2023) highlighted the role of heterocyclic compounds containing nitrogen 

and sulfur, demonstrating improved corrosion resistance due to chemisorption [6]. Rasheeda 

et al. (2022) confirmed that the adsorption of organic inhibitors often follows the Langmuir 

isotherm, indicating monolayer adsorption on the metal surface [7]. Shenoy et al. (2022) 

studied temperature influences and noted that inhibition efficiencies for certain compounds 

increase with rising temperature due to stronger adsorptive interactions [8]. Berrissoul et al. 

(2022) utilized Density Functional Theory (DFT) to analyze molecular properties of 

inhibitors, such as HOMO and LUMO energies, which correlate with adsorption efficiency 

[9]. Ouakki et al. (2022) observed stabilization in inhibition efficiency after prolonged 

immersion, attributed to equilibrium adsorption [10]. Sun et al. (2022) explained the dual 

adsorption behavior-chemisorption and physisorption-in heterocyclic inhibitors, enhancing 

overall corrosion protection [11]. Ghaderi et al. (2022) demonstrated that electron-donating 

groups, such as methoxy, improve inhibitor performance by enhancing electron density at 

the adsorption sites [12]. Kaban et al. (2021) emphasized the industrial relevance of 

developing environmentally friendly and efficient inhibitors for mild steel corrosion in acidic 

environments [13]. Damej et al. (2021) investigated the synergistic role of functional groups 
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in inhibitors, highlighting their importance in enhancing adsorption stability [14]. These 

studies collectively underscore the critical role of molecular structure, adsorption isotherms, 

and environmental parameters in designing effective corrosion inhibitors. However, the 

exploration of MPDTT, a triazole derivative with unique functional groups, remains 

underexplored, presenting a gap in the literature. 

Corrosion of mild steel in acidic environments, such as those encountered during 

pickling and industrial cleaning processes, leads to significant material loss and operational 

inefficiencies [15, 16]. Current inhibitors often exhibit limitations in terms of stability, cost, 

and efficiency, particularly under varying immersion times and temperatures [17]. 

Additionally, the lack of systematic integration of theoretical and experimental analyses 

limits the comprehensive understanding of inhibitor performance.  

The environmental impact of corrosion inhibitors is a crucial factor when considering 

their potential for industrial applications. In this study, 4-(4-methoxybenzylideneamino)-5-

(4-pyridinyl)-2,4-dihydro-1,2,4-triazole-3-thione (MPDTT) was designed with a focus on 

both efficiency and environmental safety. The molecular structure of MPDTT incorporates 

eco-friendly functional groups, such as methoxy and triazole rings, which are known for 

their relatively low toxicity and biodegradability compared to traditional corrosion inhibitors 

containing heavy metals or toxic halogens. MPDTT’s synthesis avoids the use of hazardous 

reagents and solvents, aligning with green chemistry principles. The functional groups 

present in MPDTT enhance its adsorption onto the mild steel surface, allowing effective 

inhibition at lower concentrations (maximum efficiency achieved at 0.5 mM). This reduces 

the overall chemical load required for corrosion protection, thereby minimizing its 

environmental footprint. Moreover, triazole-based compounds, including MPDTT, are 

reported to exhibit low aquatic toxicity and a reduced tendency for bioaccumulation, making 

them safer alternatives for large-scale industrial applications. The absence of heavy metals 

and persistent organic pollutants in MPDTT’s structure further supports its classification as 

an environmentally friendly inhibitor. Considering its high inhibition efficiency, low 

effective concentration, and eco-friendly profile, MPDTT presents a sustainable solution for 

corrosion prevention in industries such as oil and gas, chemical processing, and water 

treatment. Future work will focus on conducting detailed ecotoxicological assessments and 

life cycle analyses to fully validate MPDTT’s environmental compatibility for widespread 

industrial use. 

The novelty of this study lies in the design, synthesis, and comprehensive evaluation of 

MPDTT (Figure 1) as a novel and highly efficient corrosion inhibitor for mild steel in acidic 

environments. Unlike conventional triazole-based inhibitors, MPDTT incorporates unique 

functional groups-specifically the methoxy and pyridinyl moieties-that enhance its electron-

donating and accepting capabilities, leading to superior adsorption and inhibition 

performance. This work distinguishes itself by integrating experimental and theoretical 

approaches to thoroughly assess the corrosion inhibition behavior of MPDTT. The 

experimental investigation includes weight loss measurements, temperature-dependent 

studies, and adsorption isotherm analysis, providing a detailed understanding of MPDTT’s 
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interaction with the mild steel surface. The study further employs Density Functional Theory 

(DFT) calculations to explore the electronic properties of MPDTT, offering molecular-level 

insights into its inhibition mechanism. A key novelty of this research is the demonstration 

of MPDTT’s exceptional inhibition efficiency (up to 96.1% at 0.5 mM) achieved at lower 

concentrations compared to similar triazole-based inhibitors, alongside its stability across a 

range of temperatures. The combination of high efficiency, strong adsorption, and thermal 

stability positions MPDTT as a promising next-generation corrosion inhibitor, addressing 

existing gaps in the development of cost-effective, efficient, and environmentally friendly 

inhibitors for industrial applications. 

The specific objectives are: 

1. To evaluate the inhibition effectiveness of MPDTT with different concentrations 

and contact periods via weight screen tests. 

2. Testing the effect of temperature on inhibiting efficiency to determine thermal 

stability as well as performance. 

3. Study adsorption characteristics of MPDTT in various adsorption isotherm 

models. 

4. Perform quantum chemical calculations to understand the molecular properties 

and adsorption mechanisms of MPDTT. 

5. Reliance of experimental investigation in theoretical analysis for the 

acknowledgement of potential alone on the practical corrosion protective natures 

of MPDTT. 

 
Figure 1. The chemical structure of tested inhibitor. 

Experimental Section 

Material and sample preparation  

The mild steel specimens used in this study had the following weight composition: 0.21% 

carbon (C), 0.05% sulfur (S), 0.05% manganese (Mn), 0.38% silicon (Si), 0.09% phosphorus 

(P), 0.01% aluminum (Al), and the remainder being iron (Fe). To ensure consistency, the 

samples were prepared in uniform dimensions of 3×2×0.2 cm. The surfaces of the 

specimens were polished sequentially using sandpapers with grit sizes ranging from 360 to 

3000 to achieve a smooth and uniform finish. After polishing, the samples were thoroughly 
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cleaned following ASTM G1-03 [18] guidelines to remove any residual contaminants or 

surface oxides. 

Solution preparation  

A 1 M hydrochloric acid (HCl) solution was prepared by diluting concentrated HCl (37%) 

with bi-distilled water. MPDTT was dissolved in the acidic solution at concentrations of 0.1, 

0.2, 0.3, 0.4, 0.5, and 1 mM for the corrosion inhibition studies. 

Weight loss analysis  

Weight loss experiments were performed to evaluate the corrosion inhibition efficiency of 

MPDTT, following ASTM G1 standards [18]. The tests were conducted at a controlled 

temperature of 303 K, with mild steel strips fully immersed in solutions containing the 

inhibitor. The initial and final weights of the specimens were measured using a precision 

digital balance at predetermined intervals of immersion (1, 5, 10, 24, and 48 hours). To study 

the effect of temperature, additional experiments were conducted at 313, 323, and 333 K, 

maintaining a fixed immersion time of 5 hours. The weight loss (in milligrams) was 

calculated as the difference between the initial and final weights of the specimens [19–22]. 

Each experiment was conducted in triplicate to ensure reproducibility and accuracy. The 

corrosion inhibition efficiency (IE%) and corrosion rate (CR, in g·m⁻²·h⁻¹) were calculated 

using the following Equations 1 and 2: 

 0 i
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where W0 and Wi represent the weight losses of mild steel in 1 M HCl without and with the 

inhibitor, respectively, W is the weight loss in milligrams, A is the exposed surface area of 

the steel specimen (in cm²), t is the immersion time (in hours), and D is the density of mild 

steel. 

Theoretical studies  

Quantum chemical calculations were performed using Gaussian 09 software to investigate 

the electronic properties of the MPDTT molecule. The molecular structure was optimized 

using the B3LYP functional with the 6-31G++(d,p) [23–25] basis set. Based on Koopmans’ 

theorem [26], the ionization potential (I) and electron affinity (A) were calculated, which are 

directly related to the highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) energies, respectively (Equations 3–7): 

 EHOMO=−I (3) 

 ELUMO=−A (4) 
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Additional molecular descriptors such as electronegativity (χ), hardness (η), and 

softness (σ) were derived using the equations. 

To evaluate charge transfer interactions between the inhibitor and the metal surface, the 

fraction of electrons transferred (ΔN) was calculated as Equation 8: 
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Hence, the absolute hardness of bulk iron (η) sets 0 as its elemental value while absolute 

required electronegativity lies at 4.5 eV. For these values, calculations provide good insight 

into the electronic interactions governing the adsorption of MPDTT on the steel mild surface 

and highly supported by experimental observations. 

Results and Discussion 

Effect of inhibitor concentration on corrosion rate and inhibition efficiency of MAPTT at 

303 K 

The effect of MPDTT concentration on corrosion rate (CR) and inhibition efficiency (IE%) 

on mild steel in 1 M HCl at 303 K is shown in Figure 2. It can be observed that, with 

increasing inhibitor concentration, the corrosion rate decreased significantly by improving 

inhibition efficiency. At a inhibitor concentration of 0.1 mM, its CR rate also fell down to 

4.93 g·m–²·h–¹ which is 0.82 g·m–²·h–¹ with an inhibitory efficiency of 40.1%. By further 

increasing the concentration to 0.5 mM, performance results were realized at the corrosion 

rate of 0.34 g·m–²·h–¹, producing the maximum inhibition rates of 92.7%. There was a small 

improvement in inhibition efficiency, which was found near 1.0 mM. In this instance, the 

corrosion rate recorded a value within 0.33 g·m–²·h–¹ to yield a high efficiency of 94.3%. 

Generally, data tend to confirm that MPDTT significantly inhibits corrosion at relatively 

lesser degrees of concentration. An observation indicates that the excellence is reinforced 

due to the adsorption of MPDTT molecule onto the mild steel surface. This forms a 

protective layer with the acidic medium that will keep the metal from falling off [27]. This 

kind of behaviour has already been shown in previous studies on triazole derivatives 

according to which an inhibition efficiency typically increases with concentration until a 

saturation point is reached. 
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Figure 2. Effect of MPDTT concentration on corrosion rate and inhibition efficiency of mild 

steel in 1 M HCl at 303 K. 

Influence of immersion time and inhibitor concentration on corrosion inhibition efficiency 

of MAPTT at 303 K 

Figure 3 below illustrates the end result of the performed research on the effect of times on 

the CR and IE% for various concentrations of MPDTT. At 0.1 mM the corrosion rate 

decreased from 1.07 g·m–²·h–¹ after 1 h to 0.57 g·m–²·h–¹ after 5 h resulting to 30.4% and 

54.6% increases in inhibition efficiency, respectively. The same trend occurred at higher 

concentrations of 0.5 mM: the inhibition efficiency dropped from 0.51 g·m–²·h–¹ to 

0.28 g·m–²·h–¹ within the first and the fifth hours with a corresponding total decrease of 

96.1%; finally, the highest of 1 mM registered a further decrease in the corrosion rate, 

bringing the value to 0.27 g·m–²·h–¹ for after 5 h, with an inhibition efficiency of 97.1%. 

Results clearly establish a time-dependent improvement in inhibition efficiency whereby, 

with longer times of immersion, improvement is stabilized [28]. The MPDTT molecule’s 

attractive nature is reflected in its potential to form a strength coherent bonding on the 

surfaces of materials over the extent of immersion times. Inhibition efficiencies were found 

to stabilize after the lengthy immersion times, following equilibrium adsorption and are well 

described by the Langmuir adsorption isotherm. 
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Figure 3. Influence of immersion time and MPDTT concentration on corrosion inhibition 

efficiency at 303 K. 

Temperature-dependent corrosion inhibition efficiency of MAPTT for mild steel in 1 M HCl 

solution 

The study was carried out on the corrosion inhibition efficiency due to temperature of 

MPDTT in the range of temperature 303 K to 333 K, as shown in Table 3 and used in 

Figure 4. At 0.1 mM, corrosion rate decreased from 0.82 g·m–2·h–1 to 0.57 g·m–2·h–1 from 

303 K to 333 K, enhancing inhibition efficiencies from 38.3% to 56.8%. The same behavior 

was observed with greater concentrations in the ideal case. For example, at 0.5 mM, the 

corrosion rate decreased from 0.36 g·m–2·h–1, with a resultant decrease to 0.29 g·m–2·h–1 at 

333 K, affording a maximum 93.7% inhibition effectiveness. The highlight of these results 

emanates from 1 mM as the corrosive rate is recorded at its lowest value of 0.28 g·m–2·h–1 

at 333 K and higher inhibition efficiency up to 96.8%. Thus, the increase in temperature 

seems to increase the strength of MPDTT molecules to absorb/bound in a more stable way 

on the surface of mild steel [29]. From these results, it is a combined adsorption mechanism 

covering both physisorption and chemisorption. These experimental results are chiefly 

consistent with the Langmuir adsorption isotherm, which concludes that MPDTT is 

undoubtedly a good inhibitor of corrosion in mild steel, over the range of temperatures. 



 Int. J. Corros. Scale Inhib., 2025, 14, no. 2, 437–459 445 

  

 

 
Figure 4. Temperature-dependent corrosion inhibition efficiency of MPDTT for mild steel in 

1 M HCl solution. 

Longer immersion times show that the reaction of MPDTT molecules is possibly 

graphene taking this mild steel surface and establishing more inhibition efficiency. The more 

immersion times go by the molecule of the inhibitor, able to provide more protection. The 

fact that efficiency is stabilized at 10 hours shows that particles have produced or developed 

a kind of equilibrium adsorption, such that no noteworthy increase in surface coverage 

happens anymore. This is quite in consistency with the adsorption behavior of triazole 

derivatives in similar studies. Temperature effects on inhibition efficiency show that the 

effect of higher temperatures is to increase adsorption capacity on mild steel surface because 

MPDTT molecules are capable of potentially establishing a strong interfacial interaction 

with steel [30, 31]. The increased efficiency with rising temperatures indicates that the 

mechanism is chemisorption dominated, which means that the sorption interactions with the 

metal surface become stronger. This explains an almost insignificant increase of corrosion 

rate under higher-temperature conditions, implying that the protective film is quite solid, 

being formed through MPDTT. The agreement with the Langmuir isotherm model highlights 

the monolayer adsorption of MPDTT on the steel surface and emphasizes its efficacy against 

temperature change corrosion. 
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Adsorption isotherm analysis 

Langmuir adsorption isotherm model was used to study the adsorption behavior of MPDTT 

on the mild steel surface, assuming a monolayer adsorption without any interaction between 

adsorbed molecules. The degree of surface coverage (θ) was calculated based on weight loss 

measurements using the relation θ=(W0–Wᵢ)/W0, where W0 and Wᵢ represent the weight loss 

in the absence and presence of the inhibitor, respectively. This approach assumes that the 

inhibitor predominantly functions via a blocking mechanism, where adsorbed molecules 

prevent direct contact between the metal surface and the corrosive environment. While this 

method provides a practical estimation of surface coverage, it is acknowledged that it may 

not fully capture complex adsorption phenomena, such as multilayer formation or chemical 

bonding interactions. The adsorption behavior following the Langmuir isotherm supports the 

assumption of monolayer coverage and the direct correlation between inhibition efficiency 

and surface coverage. 

The equation becomes linearized expression of Langmuir: 

inh
inh

ads

1

θ

C
C

K
= +  

where Cinh is inhibitor concentration (mM), θ is the surface coverage, and Kads denotes the 

adsorption equilibrium constant.  

From the plot of Cinh/θ versus Cinh (Figure 5), the slope and intercept were determined 

to calculate Kads. The standard free energy of adsorption (ΔGads) was calculated using the 

following equation: 

ΔGads=–RT ln(Kads·1000), 

where R=8.314 J/mol·K, T=303 K, and Kads from calculations. 

The negative value of the free energy of adsorption indicates that the adsorption process 

of MPDTT on the mild steel surface is spontaneous. A spontaneous process means that the 

inhibitor molecules have a natural tendency to adsorb onto the metal surface without external 

energy input. This is a critical factor for the practical applicability of corrosion inhibitors, as 

it suggests that the adsorption of MPDTT is thermodynamically favorable. The magnitude 

of ΔGads is essential in determining the nature of adsorption. For corrosion inhibitors, the 

adsorption mechanism can typically involve, physisorption which characterized by weak 

physical interactions such as van der Waals forces, with ΔGads values around −20 kJ/mol or 

less (closer to 0) and also chemisorption which characterized by strong chemical 

interactions, such as covalent bonding or charge sharing/transfer, with ΔGads values around 

−40 kJ/mol or lower. In this case, ΔGads=−21.78 kJ/mol falls between the typical ranges of 

physisorption and chemisorption. This intermediate value suggests that the adsorption 

process involves a combination of both mechanisms, physisorption component which 

represents weak physical interactions between the MPDTT molecules and the mild steel 

surface, such as van der Waals forces, and also represents initial attachment of inhibitor 
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molecules via electrostatic interactions. This ensures that the inhibitor molecules cover a 

large surface area, forming a uniform protective layer. The second mechanism is 

chemisorption component, which represents stronger interactions occur due to the functional 

groups in MPDTT, such as nitrogen, sulfur, and oxygen atoms, which can donate lone-pair 

electrons or form covalent bonds with vacant d-orbitals of the metal atoms. The 

chemisorption ensures a stable and robust bond between the inhibitor and the metal surface, 

preventing desorption and enhancing long-term protection [32, 33]. 

The strong adherence to the Langmuir isotherm model further supports the conclusion 

of a combined adsorption mechanism. The Langmuir isotherm assumes uniform monolayer 

adsorption (All adsorption sites on the surface are equivalent, and only one layer of inhibitor 

molecules is formed), no lateral interaction (There is no significant interaction between 

adsorbed molecules) and finally the fit to the Langmuir isotherm confirms that MPDTT 

forms a uniform, stable monolayer on the steel surface, effectively preventing contact 

between the aggressive acidic solution and the mild steel. The combination of physisorption 

and chemisorption enhances this stability and coverage. 

 
Figure 5. Langmuir adsorption isotherm plot for MPDTT on mild steel in 1 M HCl solution. 

DFT and quantum chemical insights into the corrosion inhibition mechanism of MAPTT 

The quantum chemical analysis of MPDTT was performed using Density Functional Theory 

(DFT) to gain deeper insights into its electronic structure and its relationship with corrosion 

inhibition efficiency. The key quantum descriptors, including the energies of the Highest 

Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital 

(LUMO), electronegativity (χ), global hardness (η), softness (σ), and the fraction of electrons 
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transferred (ΔN), were calculated and analyzed to understand the inhibitor’s reactivity and 

interaction with the mild steel surface. The HOMO energy level indicates the ability of 

MPDTT to donate electrons to the vacant d-orbitals of the metal surface. A higher (less 

negative) EHOMO facilitates electron donation, enhancing the adsorption strength of the 

inhibitor. In this study, MPDTT displayed a moderately high EHOMO, suggesting strong 

electron-donating capabilities, which promotes chemisorption onto the mild steel surface. 

Conversely, the LUMO energy level (ELUMO) represents the molecule’s ability to accept 

electrons. A lower ELUMO allows MPDTT to accept electrons from the filled d-orbitals of the 

metal, contributing to back-donation interactions. This dual donor-acceptor behavior 

enhances the stability of the inhibitor-metal complex. The energy gap (ΔE) serves as a 

critical indicator of molecular reactivity. A smaller energy gap implies higher reactivity and 

better adsorption potential. MPDTT exhibited a moderate ΔE, indicating a balanced 

reactivity that favors strong interaction with the metal surface while maintaining molecular 

stability [34, 35]. This results in an increase in the molecule’s chemisorption efficiency in 

that electrons in the HOMO are transferred to the vacancies of other d-orbitals of the metal 

(Figure 6). It is, therefore, apparent that for molecules that possess a higher EHOMO, the 

formation of the strong bonds with the metallic surface is expected. This increases the 

strength of adsorption, as does the building of a more stable protective layer that would 

function well against corrosion. This is the orbital in which the electrons can be accepted. 

The LUMO energy equals, which is the reflection that can accept an electron from the metal. 

The most common feature found in plants is that the chemical bonds are weak and the atoms 

are not fully bonded, thus representing the future source of the material. A molecule with 

lower LUMO energy (more negative) can accept electrons easier through back-donation 

from the metal surface. Such an interaction greatly improves the stability of inhibitor-metal 

bonds and energy of molecule to adsorb most power industrially strong. Plants and leaves 

are beneficial because they close the gaps of these chemical reactions in reducing emissions 

from the “probable” sources of fuels. The small energy gap indicates high chemical reactivity 

and a greater likelihood of electron transfer. Such molecules can more easily interact with 

the metal surface, making them effective corrosion inhibitors. Large energy gap indicates 

high stability and low reactivity [36, 37]. While this reduces the molecule’s ability to transfer 

electrons, it enhances its resistance to decomposition in aggressive environments, 

contributing to long-term protection. The spatial distribution of electron density in the 

HOMO and LUMO (Figure 6) also affects the molecule’s interaction with the metal surface. 

If the HOMO is concentrated on atoms such as nitrogen, sulfur, or oxygen (heteroatoms with 

lone pairs), these atoms serve as active sites for electron donation to the metal surface. If the 

LUMO is distributed over the molecule’s π-system, it facilitates the acceptance of electrons 

from the metal surface via π-back-donation, stabilizing the adsorption. 



 Int. J. Corros. Scale Inhib., 2025, 14, no. 2, 437–459 449 

  

 

 

 

 

The optimized structure HOMO LUMO 

Figure 6. The optimized structure, HOMO and LUMO for the tested inhibitor. 

The ability of a molecule to act as a corrosion inhibitor depends on the synergistic 

contributions of HOMO and LUMO. The HOMO contribution indicates electron donation 

forms a chemical bond with the metal, anchoring the inhibitor to the surface. LUMO 

contribution indicates electron acceptance stabilizes the adsorption by facilitating charge 

redistribution. The electron configuration and energy levels of the HOMO and LUMO play 

a decisive role in determining the effectiveness of a corrosion inhibitor. MPDTT with the 

HOMO moderately high and LUMO energies quite low, together with a well-positioned 

energy gap, assures a highly balanced capacitive compatibility for donation and acceptance 

of the electron. These all prove to be very compatible for the electron’s strong and lasting 

impact on the iron mild steel surface crediting the efficiency as an inhibitor in court. An 

attempt was made to assess MPDTT’s capability as a corrosion inhibitor through its 

molecular orbit energy levels as well as quantum chemical parameters derived from these 

[38, 39]. The calculated data clearly indicated large energy gap (ΔE=5.58 eV) for the highest 

stability of MPDTT and resistance to electronic excitations.  

Global hardness (η) and softness (σ) further describe the reactivity of MPDTT. A lower 

hardness and higher softness correlate with enhanced electron-donating and accepting 

abilities, which facilitate efficient adsorption on the metal surface. MPDTT’s calculated 

softness indicates its high polarizability, allowing it to adapt its electronic distribution upon 

adsorption, leading to a stronger inhibitor-metal bond. Electronegativity (χ) reflects the 

tendency of MPDTT to attract electrons during interaction with the metal. The moderate 

electronegativity of MPDTT suggests an optimal balance between electron donation and 

acceptance, which is favorable for forming a stable adsorption layer. The fraction of 

electrons transferred (ΔN) between the inhibitor and the metal surface was also evaluated. A 

positive ΔN indicates that MPDTT donates electrons to the metal, enhancing adsorption 

through chemisorption. The calculated ΔN for MPDTT confirmed its effective electron-

donating nature, aligning with the experimental observations of high inhibition efficiency. 

The strong correlation between the quantum chemical parameters and experimental findings 
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underscores the role of MPDTT’s electronic structure in its corrosion inhibition 

performance. The combination of favorable HOMO-LUMO energy levels, optimal 

electronegativity, high softness, and effective electron transfer capacity explains the 

molecule’s high inhibition efficiency and strong adsorption on the mild steel surface. This 

high-stable condition is very beneficial in paying back to the corrosion inhibition because it 

reduced any kind of reactions that otherwise be associated with the inhibitor. The 

electronegativity of MPDTT (χinhibitor=5.265 eV) can show a higher attraction toward 

electrons for higher gains in interaction with the metal surface by donation as well as back-

donation of electron. The hardness (η=2.79 eV) tells about the resistance of MPDTT toward 

electron deformation, which reveals the stability of MPDTT as a chemical one, on the other 

hand, softness (σ=0.358 eV–1) makes the molecule relatively easy in sharing its electrons 

and enhances adsorption onto a metal surface. ΔN=–0.137, a small negative value, shows 

that MPDTT has acted as an electron acceptor while interacting with the mild steel. This 

suggests that the inhibitor predominantly interacts with the steel through electron back 

donation, thereby leading to a stable adsorption. A combination of high hardness and 

electronegativity along with the calculated ΔN in MPDTT results in mixed adsorption 

mechanism, involving chemisorption which is a strong chemical bonding and physisorption 

weak physical interactions. The chemisorption ensures the good adhesion to the metal 

surface, while, for physisorption, help in the formation of the protective monolayer. The 

quantum chemical analysis of MPDTT exposed great efficacy of this molecule for protecting 

mild steel from corrosion. Ability for donating and accepting electrons along with favorable 

hardness, softness, and energy-gap properties will allow MPDTT to enjoy a strong and stable 

adhesion with the metal surface, thus mitigating corrosion. The findings corroborate the 

experimental observations and confirm the theoretical suitability of MPDTT as a potent 

inhibitor. 

Suggested mechanism for corrosion inhibition by MAPTT 

The corrosion inhibition of mild steel by MPDTT in 1 M HCl can be attributed to the 

adsorption of MPDTT molecules onto the steel surface, forming a protective film that 

prevents direct interaction with the corrosive medium. The suggested mechanism involves 

both physical and chemical interactions. Initial Physical Adsorption (Physisorption) between 

MPDTT molecules and the mild steel surface is driven by weak van der Waals forces and 

electrostatic attraction. The electronegative nitrogen, sulfur, and oxygen atoms in MPDTT 

facilitate interaction with the positively charged metal surface, leading to physical adsorption 

[40]. Also, chemisorption occurs as the MPDTT molecules donate electrons from their 

highest occupied molecular orbital (HOMO) to the vacant d-orbitals of iron atoms on the 

steel surface. This is complemented by back-donation of electrons from the steel surface to 

the lowest unoccupied molecular orbital (LUMO) of MPDTT, stabilizing the interaction. 

The adsorbed MPDTT molecules form a monolayer on the steel surface, blocking active 

corrosion sites and isolating the metal from the acidic environment. The combination of 

physical and chemical interactions ensures robust and long-lasting protection. The presence 
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of the triazole ring, methoxy group, and pyridinyl substituent enhances the electron-donating 

and electron-accepting properties of MPDTT, facilitating strong adsorption. These 

functional groups also improve the inhibitor’s solubility and surface coverage, ensuring 

uniform protection. At higher temperatures, chemisorption becomes dominant, as increased 

thermal energy enhances the strength of chemical interactions between MPDTT and the steel 

surface [41]. This dual adsorption mechanism (physisorption and chemisorption) supported 

by quantum chemical parameters and adsorption isotherm analysis, confirms the high 

efficacy of MPDTT as a corrosion inhibitor for mild steel in acidic environments. 

Comparison of inhibition efficiency with similar inhibitors 

The inhibition efficiency of MPDTT was evaluated for its comparison with different reported 

triazole-based inhibitors in the literature to highlight the performance and advantages in 

inhibiting corrosion. 

Below are twelve studies that give closer insights into the efficiencies and mechanisms 

of the triazole-based inhibitors as follows: 

1. Benzotriazole derivatives: Shainy et al. (2019) conducted investigations on 

benzotriazole derivatives, which showed the inhibition efficiencies of about 90% in 

100 ppm concentration [42]. The high efficiency was attributed to a significantly strong 

nitrogen atom-mediated adsorption from trizole ring, with active sites at the mild steel 

and inhibitor surfaces. Like MPDTT, one more fundamental difference in benzotriazole 

derivatives is that these types of molecules can also form stable monolayers on the 

surface of steel; however, MPDTT exhibits better inhibitive efficiency due to a couple 

of additional functional groups, i.e. the methoxy and pyridinyl groups, which improve 

the reactivity of the molecule with an electron donation and acceptance of the electronic 

structure of the molecule, thus increasing its efficiency up to 96.1%. 

2. 5-Mercapto-1,2,4-triazole (MTT): Alkadir et al. (2021) demonstrated the inhibition 

efficiency of the inhibitor 5-MTT in a 1 M HCl medium up to 88% at 1.0 mM 

concentration [43]. The sulfur atoms in MTT play a critical role in its greater adsorption 

capacity on steel surface, bearing a thiol group, just as MPDTT shows, but the 

introduction of electron-donating and electron-withdrawing substituents in MPDTT, 

respectively, enhances adsorption and a more efficient inhibition at lower concentrations. 

3. 1,2,4-Triazole-5-thione derivatives: Moreover, Rehioui et al. argued in favor of 1,2,4-

triazole-5-thione, [44] which was around 90% inhibition in 1 M HCl. An analysis of the 

mechanism also demonstrated strong adsorption specific to the sulfur as well as nitrogen 

atoms of the triazole-thione moiety. The improved molecular design of MPDTT 

incorporating functional groups further enhances the electron transfer ability of the 

molecule, resulting in better surface coverage and greater inhibiting efficiency. 
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4. 3-Amino-5-mercapto-1,2,4-triazole: In a recent work by Sherif et al., the inhibition 

efficiencies [45] of 87% for this compound in 0.8 mM test concentration were reported. 

The amino and thiol groups make dual connection sites to hold on by physisorption as 

well as chemisorption. Apart from being more efficient, MPDTT, with its multiple 

functional groups, also demonstrated superior stability in thermal conditions across 

different temperatures.  

5. Functionalized triazoles: Faisal et al. (2018) had studied derivatives of triazoles, which 

are functionalized [46] with a number of different groups, providing very good inhibition 

efficiencies up to 89% in only 0.5 mM. In every type of functional groups, the adsorption 

strength is differentiated. Thus, MPDTT being equipped with more proton-donating 

potential (methoxy), as well as proton-withdrawing potential (pyridinyl), has the most 

optimized electronic structure, which is profoundly excellent in corrosion inhibition. 

6. Hybrid triazoles compounds: Hrimla et al. (2021) worked upon [47] designing 

associated hybrid triazole compounds, such as additional aromatic rings, which were 

highly effective with an inhibition efficiency of 92%, even at 1 mM. The idea of 

aromaticity enhances interaction of π-electrons with the steel surface. The basic structure 

of MPDTT consists of a conjugated system so that it would have a similar kind of 

interactions with the metal, but lesser efficiency in comparison with the chelating effect 

of the groups involved. 

7. Substituted benzotriazoles: Kuznetsov et al. (2018) characterized [48] substituted 

benzotriazole, which is having an 86% inhibition efficiency with an electron-donating 

group, methoxy, and MPDTT has an increased electron density at the adsorption sites 

too, in comparison to the above group of substances.  

8. Polymer-modified triazoles: Koh et al. (2017) studied polymer modified-triazole 

inhibitors and exhibited up to 93% efficiency due to high coverage [49] capacity on the 

surface. Even though there is no polymer modification in MPDTT, this does not hinder 

from being successful in surface coverage due to strong adsorption and electron-donor 

and electron-acceptor aspects.  

9. Heterocyclic triazole derivatives: Heterocyclic MOI hinders blanketing’s effectiveness 

in a compound, apart from other virtues – in this example, a study by Ghangas et al. 

(2023) concerning [50] heterocyclic systems finds 84% in efficiency levels for 

compounds with sulfur-containing groups, whereas the thiol group in MPDTT aligns 

properly with this ring function along with the converter from heterocyclic triazole.  

10. Environmentally friendly triazoles: Faisal et al. (2018) found triazole [51] inhibitors that 

were greener (88% efficiency at 1.0 mM) – even if the inhibitors were environmentally 

friendly, MPDTT can register superior performance with an outcome of 96.1% and has 

the added advantage of non-toxic functional groups.  

The comparison indicates superior inhibition efficiency of MPDTT compared to most 

of the reported triazole inhibitory inhibitors. Following parameters contributes to the 

exceptional achievement: 
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• Synergistic functional groups: The methoxy group donates electrons, increasing 

adsorption strength, while the pyridinyl group facilitates back-donation, stabilizing the 

inhibitor-metal interaction. 

• Lower required concentrations: MPDTT achieves higher efficiency (96.1%) at a lower 

concentration (0.5 mM) compared to many inhibitors requiring 1.0 mM. 

• Enhanced thermal stability: Unlike many inhibitors, MPDTT maintains high efficiency 

across a range of temperatures, making it suitable for industrial applications. 

• Optimized molecular structure: The combination of triazole-thione and aromatic 

substituents ensures both strong adsorption and uniform surface coverage. 

The findings underscore the potential of MPDTT as a next-generation corrosion 

inhibitor, combining high efficiency, environmental compatibility, and industrial 

applicability. This performance not only aligns with but surpasses the capabilities of many 

existing triazole-based inhibitors. 

Conclusion 

This study highlights the potential of MPDTT as a highly effective corrosion inhibitor for 

mild steel in 1 M HCl. The key findings and conclusions are summarized as follows: 

1. High inhibition efficiency: MPDTT achieved a maximum inhibition efficiency of 96.1% 

at a concentration of 0.5 mM after 48 hours of immersion. The efficiency increased with 

inhibitor concentration and stabilized after prolonged immersion periods. 

2. Thermal stability: The inhibition efficiency of MPDTT slightly improved with increasing 

temperature, indicating robust adsorption under elevated thermal conditions. This 

behavior highlights its suitability for industrial applications involving high-temperature 

environments. 

3. Adsorption behavior: The adsorption of MPDTT on the mild steel surface followed the 

Langmuir isotherm, confirming the formation of a uniform monolayer. The negative free 

energy of adsorption (ΔGads=–21.78 kJ/mol) indicates that the adsorption process is 

spontaneous and involves a combination of physisorption and chemisorption. 

4. Quantum chemical insights: Quantum chemical calculations revealed a moderate HOMO-

LUMO energy gap (ΔE=5.58 eV), high electronegativity (χ=5.265 eV), and good 

softness (σ=0.358 eV⁻¹), supporting the strong adsorption ability and interaction of 

MPDTT with the steel surface. 

5. Comparison with similar inhibitors: MPDTT outperformed many triazole-based inhibitors 

in terms of efficiency, thermal stability, and required concentration. Its synergistic 

functional groups, including methoxy and pyridinyl substituents, enhanced its adsorption 

properties and corrosion inhibition performance. 

Future Perspectives 

The results of this study suggest that MPDTT can serve as a promising candidate for 

corrosion inhibition in industrial settings. Future research could explore: 
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• The application of MPDTT in real-world environments, such as pipelines and storage 

tanks. 

• Eco-friendly synthesis methods to enhance its environmental compatibility. 

• Synergistic effects of MPDTT with other inhibitors to further improve efficiency and 

broaden its application scope. 

In conclusion, MPDTT demonstrates excellent corrosion inhibition properties, making 

it a viable and efficient solution for mitigating mild steel corrosion in acidic environments. 

This study paves the way for further exploration and industrial implementation of advanced 

triazole-based inhibitors. 
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