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his study investigates the corrosion inhibition performance of 5-(3-

methylphenyl)-4-((4-nitrobenzylidene)amino)-4H-1,2,4-triazole-3-thiol 

(MNATT) for mild steel in 1 M HCl, using both experimental weight loss 

techniques and Density Functional Theory (DFT) calculations. Weight loss 

experiments were conducted at MNATT concentrations ranging from 0.1 to 1.0 

mM and immersion times between 1 and 48 hours. The highest inhibition efficiency 

of 88.6 % was observed at 0.5 mM after 5 hours of immersion. A temperature-

dependent study conducted at 303-333 °K revealed a mild improvement in 

inhibition performance with rising temperature, indicating thermal stability of the 

adsorbed layer. Adsorption behavior followed the Langmuir isotherm, and the 

calculated standard free energy of adsorption (𝛥𝐺𝑎𝑑𝑠
𝑜 = –14.33 kJ·mol⁻¹) confirmed 

that the adsorption mechanism is physisorption. Complementary DFT analysis 

showed a HOMO-LUMO energy gap (ΔE = 3.532 eV) and identified electron-rich 

active sites, supporting the molecule’s ability to interact with the metal surface. 

These findings demonstrate that MNATT is a promising, low-concentration, 

surface-friendly corrosion inhibitor for mild steel in acidic environments. Prog. 

Color Colorants Coat. 18 (2025), 461-477© Institute for Color Science and 

Technology. 
 

 

 
 

1. Introduction 

Mild steel is one of the most widely utilized materials in 

various industrial sectors due to its excellent mechanical 

properties, ease of fabrication, and cost-effectiveness. 

However, its application is significantly challenged by 

its high susceptibility to corrosion, particularly in acidic 

media such as those encountered during cleaning, 

pickling, acidizing of oil wells, and industrial processing 

[1, 2]. Corrosion not only degrades the physical integrity 

of steel structures but also leads to considerable 

economic losses and safety hazards, reinforcing the 

importance of developing effective corrosion mitigation 

strategies [3, 4]. Among the numerous approaches 

available, the use of organic corrosion inhibitors has 

been widely adopted due to their ability to adsorb onto 

metal surfaces, forming protective films that impede 

corrosive agents [5, 6]. These inhibitors typically contain 

heteroatoms such as nitrogen, sulfur, and oxygen, which 

can donate lone-pair electrons to the metal surface and 

thus form coordinate bonds that reinforce surface 

protection [7]. Within this category, triazole-based 

inhibitors have attracted considerable interest due to 

their multisite adsorption capability-a result of the three 

nitrogen atoms in the triazole ring. These molecules 
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demonstrate strong affinity for metal surfaces, leading to 

the formation of a stable, protective monolayer [8]. 

Furthermore, triazole derivatives are often electron-rich, 

possess suitable π-systems for interaction with d-orbitals 

of metals, and are considered structurally tunable, 

allowing for targeted molecular design [9, 10].  

In this study, we investigate the corrosion inhibition 

potential of 5-(3-methylphenyl)-4-((4-nitrobenzylidene) 

amino)-4H-1,2,4-triazole-3-thiol (MNATT) on mild 

steel in 1 M HCl. MNATT was selected due to its 

unique molecular structure, which integrates a triazole 

core with functional moieties such as a nitro-substituted 

aromatic ring and a thiol group, known to enhance both 

adsorption behavior and electron donation capacity. 

Despite the extensive study of triazole derivatives, 

MNATT remains underexplored in the context of 

corrosion inhibition, presenting a novel opportunity for 

investigation. The corrosion inhibition efficiency of 

MNATT (Figure 1) is assessed using weight loss 

experiments over a range of concentrations (0.1-1.0 

mM), immersion periods (1-48 hours), and temperatures 

(303–333 K). The study also employs Langmuir 

adsorption isotherm modeling and evaluates thermo-

dynamic parameters to determine the nature of 

adsorption. In parallel, Density Functional Theory  

(DFT) calculations are carried out to examine the 

electronic structure of MNATT-specifically HOMO-

LUMO energies, molecular softness, and charge 

distribution-to correlate theoretical descriptors with 

experimental performance.  

Shenoy et al. highlighted how higher temperatures 

can enhance adsorption for certain inhibitors, indicating 

thermal activation of surface interaction [11]. Berrissoul 

et al. linked molecular orbital energies (HOMO-LUMO 

gap) with adsorption tendency using DFT analysis [12]. 

Ouakki et al. noted stabilization in inhibition efficiency 

with extended immersion, which could be explained by 

 

 

Figure 1: MNATT molecular structure. 

 

equilibrium adsorption-there is no clear explanation for 

this; refer to relevant theories [13]. Sun et al. observed 

dual adsorption behavior of physisorption and 

chemisorption of N-heterocyclic inhibitors, which 

contributed to enhanced corrosion protection [14]. 

Studies by Ghaderi et al. and Kaban et al. emphasized 

the role of substituents (e.g., electron-donating groups) 

and the need for environmentally safe corrosion 

inhibitors [15, 16]. Damej et al. discussed the synergistic 

traits of some functional groups in inhibitors that helped 

to stabilize adsorption and reduce adsorption time for 

better protection [17]. Together, the last intertwined 

studies have outlined the importance of molecular 

structures, adsorption isotherms, and environmental 

constituents in the modeling of new corrosion inhibitors. 

The statement "In spite of extensive studies on the 

synthesis and application of various inhibitors, MNATT 

remains an unexplored candidate" further calls for a 

deeper view of MNATT.  

Thus, this work not only contributes a new 

molecular candidate to the field but also integrates both 

experimental and theoretical perspectives to provide 

comprehensive insight into its inhibition behavior. This 

study aims to: 

1- Investigate the effect of MNATT concentration and 

immersion time on corrosion inhibition efficiency 

using weight loss analysis. 

2- Evaluate the influence of temperature (303-333 °K) 

on inhibition performance and extract activation 

parameters. 

3- Analyze the adsorption mechanism of MNATT 

using Langmuir isotherm modeling and thermo-

dynamic calculations. 

4- Employ DFT calculations to assess molecular 

properties (HOMO, LUMO, ΔE, ΔN) and link them 

to observed inhibition behavior. 

 

2. Experimental 

Steel specimens with a composition of 0.21 % carbon, 

0.05 % sulfur, 0.05 % manganese, 0.38 % silicon, 0.09 

% phosphorus, 0.01 % aluminum, and the rest iron were 

utilized in this investigation. Each specimen was 

machined to dimensions of 3×2×0.2 cm. The steel 

surfaces were progressively polished using silicon 

carbide abrasive papers of increasing grit sizes to 

achieve a smooth finish. After polishing, the specimens 

were rinsed with distilled water and acetone. This 

preparation was performed regarding ASTM G1-03 
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standards for cleaning and preparing and also evaluate 

coupons of corrosion test [18]. A 1 M of tested solution 

was prepared through dilution HCl 37 % with water (bi-

distilled). The corrosion inhibitor (MNATT was 

purchased from Sigma Aldrich Malaysia), was dissolved 

in the acidic solution to obtain concentrations of 0.1, 0.2, 

0.3, 0.4, 0.5, and 1.0 mM for the corrosive inhibitive 

study. 

 

2.1. Weight loss experiments 

Measurements of mass lost were conducted to assess 

behavior of tested coupons in 1 M HCl and the 

inhibitive performance of MNATT. Pre-weighed 

coupons were in 100 mL of the test solutions were 

fully immersed (5, 10, 24, and 48 hours) at specified 

MNATT concentrations. The tests were also conducted 

at varied temperature of 303, 313, 323, and 333 K,  

with 5 hours as exposure time. Post immersion, 

specimens were withdrawn, treated with light brushing 

to shun covering corrosion products as per ASTM G1-

03 recommendation, washed with bi-distilled water, 

dried, and weighed afresh [18, 19]. Each weight loss 

experiment was performed in triplicate, and average 

values were reported with deviations within ±2%. By 

applying the equations 1 and 2 given below: 
 

𝐶𝑅 =
∆𝑚

𝐴×𝑡
 (1) 

 

IE% =
𝐶𝑅0−𝐶𝑅

𝐶𝑅0
× 100 (2) 

 

Where ∆m represents mass loss (g), A refer to aria 

of studied surface (m2), and t is exposure periods (h).  

 

2.2. DFT  

DFT were conducted to gain insight into electron 

properties of MNATT contributing to its anticorrosive 

mechanism. The molecular geometry of MNATT was 

established with the help of the function named B3LYP 

with 6-31G++ (d, p) basis set [20]. Using Koopmans's 

theorem [21], HOMO and LUMO of the optimized 

geometry were determined, from which the electron 

affinity (A) ionization potential (I) were evaluated 

(equations 3-7). Information about the tendency of 

molecules to either donate or accept electrons and its 

relevance for interactions with metallic surfaces is 

indicated by these orbital energies [22]. 
 

EHOMO = −I (3) 
 

ELUMO = −A (4) 
 

χ = (I + A) / 2 (5) 
 

η = (I - A) / 2 (6) 
 

𝜎 =  1 / 𝜂 (7) 
 

To assess transfer interaction charges between 

MNATT and metallic surface, The ΔN was evaluated 

employee formula 8: 
 

ΔN = (χFe - χinhibitor) / (2 × (ηFe + ηinhibitor)) (8) 
 

In these calculations, the absolute hardness (η) of 

bulk iron is considered to be zero, and its absolute 

electronegativity (χ) is taken as 7.0 eV [23]. 

The flowchart presented in Figure 2 outlines the 

structured methodology employed in this study to 

evaluate the corrosion inhibition performance of 

MNATT for mild steel in 1 M HCl. The process begins 

with the preparation of mild steel specimens and 

continues with weight loss experiments conducted 

under varying concentrations, immersion durations, 

and temperatures. Based on the recorded mass loss, the 

inhibition efficiency is calculated and assessed under 

diverse experimental conditions. The experimental 

results are then used to interpret the adsorption 

behavior of MNATT, specifically through Langmuir 

isotherm modeling, which assumes monolayer 

adsorption on the metal surface. From this, 

thermodynamic parameters such as standard free 

energy of adsorption are estimated to determine 

whether the adsorption process is physical or chemical 

in nature. In parallel, DFT (Density Functional Theory) 

calculations are performed to obtain key electronic 

descriptors of the MNATT molecule, including 

HOMO-LUMO energy levels, molecular softness, and 

electrostatic potential distribution. These theoretical 

insights are used to identify active sites and predict 

adsorption affinity. The findings from both the 

experimental and computational approaches are finally 

integrated to provide a comprehensive interpretation of 

MNATT’s inhibitory mechanism and to correlate the 

electronic structure of the molecule with its observed 

corrosion protection performance. 
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Figure 2: Workflow of the experimental and theoretical methodology for corrosion inhibition assessment of MNATT. 

 

3. Results and Discussion 

3.1. Influence of MNATT concentration on 

CR and IE  

Herein, we investigates the impact of varying 

concentrations MNATT on the CR and IE% of metal in 

HCl at 303 K. The data, as illustrated in Figure 3, 

demonstrate a clear relationship between MNATT 

concentration and its inhibitory performance.  

The data indicate a significant reduce in CR with 

increasing MNATT concentration, followed by a an 

increases in inhibitive performance. At 0.1 mM 

MNATT, the IE is 36.7 %, which increases to 88.6 % 

at 0.5 mM. A further increase to 1.0 mM results in a 

marginal rise in efficiency to 90.4 %, suggesting that 

the optimal concentration for MNATT is around 0.5 

mM. MNATT mechanism is primarily due to its 

adsorption, forming a protective barrier that impedes 

corrosive attack. The heteroatoms and π-electrons in 

the triazole structure enhance adsorption affinity 

through donor-acceptor interactions with the vacant d-

orbitals of iron atoms. The adsorption behavior of 

MNATT can be analyzed using adsorption models, that 

demonstrates the nature of the MNATT and the metal 

surface interactions [24].  

In this context, to further evaluate the adsorption 

behavior of MNATT on mild steel in 1 M HCl, 

multiple adsorption isotherm models were tested, 

including Langmuir, Temkin, and Freundlich models. 

Among these, the Langmuir adsorption isotherm 

provided the best linear correlation with the 

experimental data, as evidenced by the highest 

regression coefficient (R² = 0.9669). This indicates that 

the adsorption of MNATT follows a monolayer 

adsorption mechanism on a homogeneous metal 

surface with no interaction between adsorbed species. 

In contrast, the Temkin and Freundlich models 

exhibited significantly lower R² values, suggesting that 

they do not describe the system as accurately. The 

relatively poor fit of these models indicates that 

adsorption does not occur on heterogeneous sites and 

lateral interactions between inhibitor molecules are 

minimal. Therefore, the Langmuir isotherm model was 

selected as the most appropriate to describe the 

adsorption behavior of MNATT, further confirming 

that physisorption is the dominant mechanism under 

the studied conditions. Langmuir isotherm is 

represented by the equation 9: 
 

𝐶

θ
=

1

𝐾
+ 𝐶 (9) 

 

Where C is the MNATT concentration, Ɵ 

represents surface coverage (which can be 

approximated by IE % /100), and K is constant of 

equilibrium.  

A straight-line yield from plot C/Ɵ against C, if the 

adsorption follows Langmuir model, with the slope 

value equal one. Also 1/K and intercept have the same 

value. Figure 4 illustrates the Langmuir adsorption 

isotherm plot for the adsorption of MNATT on mild 

steel in 1 M HCl at 303 °K. The linear relationship 

obtained between Cinh/θ and Cinh, with a high 

correlation coefficient (R² = 0.9669), indicates that the 

adsorption of MNATT follows the Langmuir 

adsorption isotherm model [25]. This suggests that 

MNATT forms a monolayer on mild steel surface, with 

uniform adsorption sites and no significant interactions 

between adsorbed molecules. 
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Figure 3: Impact of MNATT concentration on CR and IE % of mild steel. 

 

 
Figure 4: Plot of Langmuir Isotherm for MNATT Adsorption. 

 

Constant of adsorption equilibrium K can be 

determined from the intercept. A higher K value 

indicates stronger adsorption affinity of MNATT 

molecules towards metallic surface. ∆Gads
o was 

evaluated employee Eq. 10: 
 

∆𝐺𝑎𝑑𝑠
𝑜 = −𝑅𝑇 ln (55.5𝐾) (10) 

 

where 𝑅 is constant of gas, T refere to the 

temperatures in Kelvin, and 55.5 represents water 

molar concentration. 

The calculated ∆Gads
o value provides insight into 

nature adsorption process. ∆Gads
o values up to -20 

kJ·mol⁻¹ are consistent with physisorption, involving 

electrostatically interactions between inhibitor 
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molecules and the substrate. Values more negative than 

-40 kJ·mol⁻¹ indicate chemisorption, involving transfer 

between the inhibitor molecules and the substrate to 

form a coordinate type of bond [26-28]. In this study, 

the calculated ∆Gads
o value suggests that the adsorption 

of MNATT on the mild steel surface occurs. The 

calculated ∆Gads is -14.33 kJ·mol⁻¹. This negative value 

indicates that the adsorption process is spontaneous. 

Since the magnitude is less than -20 kJ·mol⁻¹, it 

suggests that the adsorption mechanism follows 

physisorption, where the MNATT interacts with metal 

surface primarily through electrostatic forces rather 

than chemical bonding. 

The adherence of MNATT to the Langmuir model 

implies that: 

1. Single-layer adsorption occurs, meaning that once a 

molecule is adsorbed, no further adsorption takes 

place at that site. 

2. No interaction exists between adjacent adsorbed 

molecules, suggesting that the adsorption process is 

independent of lateral interactions. 

3. The adsorption is homogeneous, meaning all active 

sites on the steel surface exhibit equal affinity for 

MNATT molecules. 

 

3.2. Influence of inhibitor concentration 

and immersion periods on corrosion rate 

and efficiency at 303 °K 

Figure 5 presents CR and IE% of mild steel in 1 M HCl 

at 303 °K, with different MNATT dosage and 

immersion times. Data elucidate the effect of both 

MNATT dosage and exposure duration on the 

protected performance of MNATT from corrosion. 

Results show that as the concentration of MNATT 

increases, the corrosion rate consistently declines at all 

immersion times. For instance, at a 1-hour immersion, 

the corrosion rate decreases from 1.11 g·m⁻²·h⁻¹ at 0.1 

mM MNATT to 0.43 g·m⁻²·h⁻¹ at 1.0 mM. Also, the 

corrosion inhibition efficiency was evaluated with a 

28.5-69.2% increase at the highest corrosion time; this 

trend prominently indicates that higher concentrations 

of MNATT would improve development of a stable 

protective film through adsorption on the metal 

surface, with consequent findings for a further decrease 

in corrosion. The effect of case exposure was found to 

be that increased MNATT concentration and a reduced 

corrosion rate are attributed to prolonged exposure; 

 

 

Figure 5: CR and IE % of MNATT at 303 °K. 
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longer exposure times associated with higher inhibition. 

For 0.3 mM MNATT, the corrosion rate decreases from 

0.86 g·m⁻²·h⁻¹ at 1 hour to 0.46 g·m⁻²·h⁻¹ at 52 hours; 

the inhibition efficiency varies from 57.6 to 77.7 %. This 

suggests MNATT molecules adsorption onto surface of 

metal develops as time passes, culminating in more 

effective corrosion protection. The combined effects of 

MNATT concentration and immersion time flax up in a 

synergistic behavior of inhibition from the immersions 

of corrosion. At low concentrations of MNATT, i.e., 0.1 

mM, the inhibition efficiency increased slowly at longer 

immersion times and at the end of 48 h was 47.5 %. On 

the other hand, higher concentrations of MNATT, i.e., 

1.0 mM, travelled in the range of more than 90 % 

inhibition after just 5 h and experienced very few points 

of gain from the other extended period. This indicates 

that although extended immersion time generally 

enhances the inhibition efficiency of MNATT, the most 

effective protection can be achieved within shorter 

exposure periods when higher inhibitor concentrations 

are employed [29]. All of these trends observe  

the adsorption behavior of MNATT molecules on the 

mild steel surface. With the increase in inhibitor 

concentration, both sides of MNATT molecules become 

engulfed in corrosion on the steel surface, thus leading to 

corroded sites of activity and a reduction in corrosion 

rate. Over time, the adsorbed layer becomes compact 

and firm, attesting to the efficacy of that layer because of 

the encasement of the neutralized steel surface. The data 

suggest that possible saturation is being reached in the 

adsorption process at higher concentrations (0.5 mM and 

above), as indicated by very little gain (in inhibition 

efficiency) [30] beyond this concentration and associated 

immersion times. Similar studies have reported that the 

inhibition efficiency of organic inhibitors increases with 

concentration and immersion time, up to a certain point, 

beyond which the effect plateaus. For instance, Shukla 

and Ebenso [31] observed that the inhibition efficiency 

of streptomycin on mild steel in 1 M HCl increased with 

inhibitor concentration but decreased with rising 

temperature, suggesting physisorption as the primary 

mechanism. In the present study, the sustained increase 

in IE with both concentration and immersion period, 

without a significant decrease at prolonged exposures, 

indicates a stable and efficient adsorption of MNATT on 

surface steel [32]. The comprehensive analysis of Figure 

4 underscores the efficacy of MNATT as a anticorrosion 

compound for steel in HCl. Both increased concentration 

and prolonged immersion time contribute to enhanced 

corrosion protection, with higher concentrations. 

 

3.3. Temperature-dependent corrosion inhibition 

efficiency of MNATT for mild steel in 1 M HCl 

solution 

The data presented in Figure 6 provide a comprehensive 

analysis of the temperature-dependent corrosion IE of 

MNATT for mild steel in HCl. The study examines 

various concentrations of MNATT (0.1 to 1.0 mM) 

across a temperature range from 303 to 333 °K, with a 

constant immersion period of 5 hours. 

Data suggests a strong relationship between MNATT 

concentration, temperature, and rates of corrosion. CR of 

mild steel was observed to decrease at higher 

temperatures from 303 to 333 °K with MNATT 

concentration being kept constant. On the opposite side, 

a rise in temperature has been characterized by 

increasing inhibition efficiency (IE %) with higher 

influences for the inhibition process such as temperature, 

time, and concentration of MNATT. Taking 0.3 mM 

concentration for MNATT, IE % scaled up from 69.7 % 

at 303 °K to 84.3 % at 333 °K. This trend signifies 

increased adsorption of MNATT on to the surface of 

mild steel sites and probably effective inhibition of this 

corrosive event at higher temperatures. On the other 

hand, IE% increases gradually with temperature but did 

not exceed the surrounding temperature under those of 

chemisorption conditions. The more the temperature 

increases, the better the adsorption efficiency (a 

heightening of the chemisorption process) between the 

inhibitor molecules traversed by the metal surface; 

higher temperature should be supportive. Higher heat 

aids in the activation of the process, which, in turn, 

causes an increase in inhibition efficiency [33]. All the 

temperatures studied have, without a doubt, been 

accompanied by an increase in MNATT inhibition 

efficiency with an increase in concentration brought 

forth to study among 0.1 and 1.0 mM at 303 °K; the 

increase in IE % at concentrations of 0.1 and 1.0 mM 

has been, respectively, 36.7, and 90.4 %. For 333 °K, the 

same behavior was observed in the inhibition efficacy 

jumping to a maximum for 1.0 mM with 92.1 % IE. The 

increase in concentration of the inhibitor molecules 

would increase the coverage on the surface of metal, 

offering an effective barrier action against corrosion. 
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Figure 6: CR and IE% of MNATT at different temperatures. 

 

Upon further evaluation of the change in IE % with 

temperature associated with MNATT adsorption on mild 

steel, it is being further implied that adsorption is an 

endothermic process characteristic of chemisorption. 

This observation of the positive impact of temperature as 

regards the IE% amplifies the overall support for the 

input that the higher temperatures would be favorable to 

the generation of chemical bonds between the inhibitor 

molecules and the metal surface; it improves the 

efficiency of the inhibition [34]. Here, the temperature 

effect on IE% implies that the adsorption process is 

facilitated at higher temperatures, typically evidence  

of chemisorptive interactions. The temperature-

dependent behavior can be correlated with the behavior 

of some other organic inhibitors. Some research work on 

thiourea derivatives showed an decrease in inhibition 

with increasing temperature and a chemisorption 

mechanism. Information gathered from the summary of 

Figure 5 suggests that both temperature and MNATT 

concentration play a significant role in the corrosion 

inhibition efficacy for mild steel in 1 M HCl medium. 

To better understand the temperature dependence of the 

corrosion inhibition process by MNATT, activation 

parameters were extracted from Arrhenius and transition 

state plots. These parameters include the activation 

energy (Ea), enthalpy of activation (ΔH), and entropy of 

activation (ΔS), all of which offer insight into the nature 

of the inhibitor-metal interaction. The Arrhenius 

equation (Eq. 11) was used in the form: 
 

ln 𝐶𝑅 = ln 𝐴 −
𝐸𝑎

𝑅𝑇
 (11) 

 

while the transition state equation used was (Eq. 

12): 
 

ln
𝐶𝑅

𝑇
= ln

𝑘𝐵

ℎ
+

∆𝑆∗

𝑅
−

∆𝐻∗

𝑅𝑇
 (12) 

 

The resulting data as in Table 1, show that Ea 

decreases with increasing inhibitor concentration, 

indicating that MNATT effectively reduces the energy 

barrier for corrosion inhibition. The negative values of 

ΔS suggest a decrease in disorder during the formation 

of the activated complex, while positive ΔH values 

confirm the endothermic nature of the corrosion 

inhibition process. Figure 7 shows the Arrhenius plot 

for the 0.5 mM concentration, illustrating the linear 

relationship between ln (CR) and 1/T. These findings 

are consistent with a physisorption mechanism, as 

indicated by the moderate Ea values and entropy 

trends. 
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Table 1: Activation parameters from temperature studies. 

Concentration (mM) Ea (kJ/mole) ΔH (kJ/mole) ΔS (kJ/mole.K) 

0.1 -3.75345 -6.3973 -40.02343 

0.2 -6.76031 -9.4041 -51.54909 

0.3 -4.52708 -7.1709 -46.91386 

0.4 -2.55429 -5.1981 -41.58424 

0.5 -3.61391 -6.2577 -47.24269 

 

 

Figure 7: Arrhenius plot for the 0.5 mM. 

 

3.4. DFT for MAPTT 

Parameters evaluated based on DFT calculations are 

very helpful to understanding electronic properties of 

MNATT and efficiency as an anti-corrosion 

compound. Molecular orbital analysis, in this case, 

HOMOs and LUMOs distribution, reveal information 

about the reactivity and adsorption on the metal surface 

of the inhibitor. HOMO energy as shown in Table S1, -

8.084 eV reveals that MNATT lies in being a moderate 

electron donor for the empty d-orbitals of Fe in mild 

steel. The delocalized HOMO orbitals are found 

around the triazole ring, sulfur, and nitrogen atoms, 

which indicated the vital role played by the 

heteroatoms in the adsorption process. The presence of 

nitrogen and sulfur on lone pairs supported a two-

coordination to Fe atoms, hence further increasing the 

inhibition efficiency. Higher HOMO energy indicates a 

greater tendency to donate electrons to the metal 

surface edging toward the protective layer formation. 

The HOMO distribution, as appeared in the molecular 

structure in Figure S1, indicates that the electrons are 

concentrated mostly around heteroatoms, signifying 

better attraction with Fe. The presence of a sulfur  

atom further strengthens adsorption due to soft-soft 

interactions with Fe atoms [35]. The LUMO energy  

(-4.552 eV) indicates the ability to accept electrons 

from the metal surface toward forming back-donation 

interactions. The shape of LUMO provided by the 

inhibitor-apparently-uses charge density from Fe, and 

hence further stabilizes the adsorption process. The 

smaller value of the LUMO energy facilitates strong 

back-donation from Fe. The HOMO-LUMO gap of 

3.532 eV is so less, pointing to high molecular 

reactivity and an adsorption mechanism that is highly 

suitable for inhibition. Thus, the delocalization of π-

electrons in the benzylidene system enhances electronic 

interactions with the metal surface. An energy gap of 

3.532 eV between the HOMO and LUMO is a leading 

factor that defines the chemical reactivity of the 

inhibitor. A smaller HOMO-LUMO gap implies a 
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higher electronic transition rate between the inhibitor 

and the metal surface, hence leading to an interactive 

adsorption with high inhibition efficiencies. Lower ΔE 

values are valuable indicators of stronger corrosion 

inhibition efficiency [36]. The narrow energy gap 

allows effective electron exchange, which stabilizes the 

inhibitor-metal interaction. 

Electronegativity (χ = 6.318 eV) suggests that 

MNATT has a strong tendency to attract electrons, 

which helps in stabilizing adsorption. Hardness (η = 

1.766 eV) is relatively low, implying that MNATT is a 

soft molecule, which enhances its adsorption efficiency 

on Fe surfaces. Softness (σ = 0.566 eV) is high, further 

confirming that the molecule can easily polarize and 

interact strongly with Fe atoms. The fraction of 

electrons transferred (ΔN = 0.556) indicates that 

MNATT donates charge to the Fe surface, confirming 

strong adsorption and surface interaction. Positive 

values of ΔN suggest spontaneous charge transfer, 

meaning that MNATT effectively adheres to the mild 

steel surface, forming a stable protective layer. 

The moderately high level of EHOMO and low 

level of ELUMO enable efficient electron donation and 

back-donation, facilitating strong adsorption on the 

metal surface. The low HOMO-LUMO gap (3.532 eV) 

suggests high reactivity and easy charge transfer, 

leading to higher inhibition efficiency. The high 

electronegativity and softness enhance adsorption by 

stabilizing the interaction with Fe atoms. The positive 

ΔN value confirms that charge transfer occurs from 

MNATT to the metal surface, ensuring strong 

protective layer formation. These findings strongly 

support the experimental inhibition efficiencies, where 

MNATT exhibits over 90% efficiency at optimal 

concentrations. The quantum chemical analysis 

confirms that the presence of heteroatoms (N, S), π-

electron delocalization, and charge transfer properties 

contribute significantly to the exceptional corrosion 

inhibition of MNATT for mild steel in acidic 

environments. 

Figure S2 represents the energy levels HOMO, 

LUMO, HOMO-1, and LUMO+1 of MNATT as 

determined through DFT. These energy levels provide 

insights into the electronic structure of the inhibitor and 

its efficiency in corrosion inhibition. HOMO-1 (-9.311 

eV), indicating additional sites capable of donating 

electrons but with less reactivity compared to HOMO. 

HOMO (-8.084 eV), primarily responsible for electron 

donation to the metal surface. LUMO (-4.552 eV), 

which determines the electron-accepting ability from 

the metal surface. LUMO+1 (-1.205 eV), influencing 

the molecular stability and secondary electronic 

transitions [37]. High HOMO Energy indicates strong 

electron-donating ability, facilitating adsorption onto 

the Fe surface. The molecular structure allows lone 

pairs from nitrogen and sulfur to form coordination 

bonds with Fe, stabilizing the adsorption layer. Low 

LUMO Energy (-4.552 eV) suggests efficient electron 

acceptance, supporting back-donation from Fe to the 

inhibitor molecule. The π-electron system in the 

benzylidene ring enhances adsorption by delocalizing 

electron density. Small HOMO-LUMO Energy Gap 

(ΔE = 3.532 eV) and a smaller gap indicates higher 

molecular reactivity, meaning MNATT readily donates 

and accepts electrons, leading to strong metal-inhibitor 

interactions. This enhances the surface coverage and 

protective film stability, directly correlating with 

higher inhibition efficiency. HOMO-1 (-9.311 eV) 

contributes additional electron-donating ability, but to a 

lesser extent than HOMO. LUMO+1 (-1.205 eV) 

suggests that MNATT has multiple electron-accepting 

centers, reinforcing the adsorption mechanism. The 

strong interaction between HOMO (electron donor) 

and Fe d-orbitals ensures effective surface adsorption, 

reducing corrosion. LUMO’s ability to accept electrons 

from Fe stabilizes the inhibitor layer, improving 

efficiency. The low HOMO-LUMO gap (3.532 eV) 

confirms high adsorption affinity, supporting 

experimental findings where MNATT exhibited over 

90% inhibition efficiency at optimal concentrations. 

 

3.5. Mulliken charges 

The Mulliken atomic charge as in Figure 8, distribution 

provides essential information on the electron density 

distribution within a molecule, thereby identifying the 

most probable sites for nucleophilic and electrophilic 

interactions with the metal surface. Figure 8 displays 

the Mulliken charges for each atom in the MNATT 

molecule, as calculated through Density Functional 

Theory (DFT) using the B3LYP/6-31G++(d,p) basis 

set. The analysis reveals that atoms with higher 

negative charges are more likely to participate in 

electrostatic interactions with the positively charged 

metal surface, facilitating adsorption. The nitro group 

(atoms O₁₆ and O₁₇) shows the highest negative charges 

(-0.876), making it a significant contributor to electron 

donation and a probable site for interaction with Fe²⁺ 

ions. The azomethine nitrogen (N₁₅) exhibits a strong 
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positive charge (1.119) due to polarization, potentially 

acting as a donor center during adsorption, particularly 

in coordination-type interactions. The triazole ring 

nitrogens (N₁, N₂, N₄) possess moderate negative 

charges (-0.115, -0.115, and 0.708), confirming their 

role in anchoring the molecule onto the metal surface. 

The sulfur atom (S₆), although moderately charged 

(0.003), still contributes due to its larger atomic radius 

and known affinity for iron, supporting synergistic 

adsorption behavior. The aromatic ring system, 

especially the substituted phenyl ring, contains carbon 

atoms with small but consistent negative charges (e.g., 

C₁₁ = −0.065, C₁₂ = −0.053), contributing to π-electron 

delocalization which may support physical adsorption 

(physisorption). The Mulliken charge distribution map 

confirms the multi-center adsorption ability of 

MNATT, where electron-rich sites such as nitrogen, 

oxygen, and sulfur atoms act as anchoring points 

during adsorption on the steel surface. This distribution 

supports the inhibitor’s efficiency by allowing 

simultaneous interaction at several sites, enhancing the 

stability and compactness of the adsorbed inhibitor 

layer. 

 

3.6. Surface properties and importance of SEM 

analysis in corrosion studies 

The surface morphology of mild steel before and after 

corrosion plays a crucial role in understanding the 

adsorption behavior of corrosion inhibitors. Scanning 

Electron Microscopy (SEM) is a powerful analytical 

technique used to examine surface modifications due to 

corrosion and inhibitor protection. SEM analysis 

provides high-resolution imaging of the steel surface at 

a microscopic level, allowing researchers to evaluate 

surface roughness and pitting formation due to 

corrosion, protective film formation in the presence of 

inhibitors and also comparative analysis of corroded 

and protected surfaces. The illustrative SEM-based 

analysis (Figure 9 a and b) conceptually depicts two 

key conditions of the steel surface. The 1st one when 

the mild steel surface after corrosion (without inhibitor) 

which represents the exposed to 1 M HCl, the steel 

undergoes severe degradation, leading to pitting, 

cracks, and rough surface formation. SEM analysis 

would typically reveal corrosion pits, increased surface 

roughness, and loss of metal structure due to 

dissolution. The 2nd one represents the mild steel 

surface after corrosion (with MNATT), in the presence 

of MNATT, a protective layer forms on the steel 

surface, reducing direct acid attack and minimizing 

corrosion effects. SEM images in such cases usually 

exhibit a relatively smooth surface, with a thin 

adsorbed inhibitor layer, effectively shielding the steel 

from aggressive chloride ions. 

 

 
Figure 8: Mulliken atomic charge distribution of MNATT molecule calculated using DFT (B3LYP/6-31G++(d,p)). 
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Figure 9: Conceptual illustration of SEM-based surface 

morphology analysis of mild steel after corrosion (a) 
without and (b) with MNATT Inhibitor. 

 

 

3.7. Suggested inhibitive mechanism  

The mechanism of MNATT molecules as in Figure 10 

follows an adsorption-based process, primarily governed 

by physisorption, as evidenced by the Langmuir model 

and the estimated standard ∆Gads
o (-14.33 kJ·mol⁻¹). 

∆Gads
o with negative value confirms spontaneous 

process, but its magnitude (>-20 kJ·mol⁻¹) indicates  

that the interactions between MNATT and the steel 

surface occurs via physisorption rather than chemical 

bonding. This suggests that the MNATT adhere to the 

substrate primarily through electrostatically interactions 

rather than forming covalent or coordinate bonds. 

Physisorption occurs when MNATT molecules interact 

with the (+) charged substrate via electrostatic forces. 

Since steel in acidic media (1 M HCl) is predominantly 

positively charged due to Fe dissolution (Fe → Fe²⁺ + 

2e⁻), the negatively charged functional groups in 

MNATT, such as the nitro (-NO₂), triazole (-N=N-), and 

thiol (-SH) groups, contribute to adsorption [38]. Van 

der Waals forces and dipole interactions also play a role 

in MNATT's adhesion to the steel surface. The 

Langmuir isotherm model, which best fits the adsorption 

behavior of MNATT, suggests that:  

1. The inhibitor forms a monolayer coverage over the 

substrate, to prevents direct contact between 

substrate corrosive species (Cl⁻ and H⁺ ions). 

2. The adsorption is reversible, as physisorption-based 

inhibitors can desorb under different conditions, 

such as temperature changes or dilution. 

3. No significant interactions between MNATT 

molecules, meaning each adsorption site behaves 

independently. 

 

 

 

Figure 10: Schematic representation of the physisorption-based corrosion inhibition mechanism of MNATT on mild steel 

in 1 M HCl. 
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As temperature increases, a slight enhancement in 

inhibition efficiency is observed, indicating that the 

adsorption remains effective but is not significantly 

strengthened by increasing thermal energy. This is 

consistent with physisorption, which is generally less 

sensitive to temperature changes than chemisorption. 

Higher MNATT concentrations lead to increased 

surface coverage, further validating the Langmuir 

isotherm assumption of monolayer adsorption. Beyond 

a concentration of 0.5 mM, the inhibition efficiency 

plateaus (~90.4 %), suggesting that adsorption sites are 

saturated, preventing further increases in protection. 

The HOMO energy level (-8.084 eV) indicates that 

MNATT can donate electrons, but the moderate energy 

prevents strong chemisorption. The LUMO energy  

(-4.552 eV) and small HOMO-LUMO gap (3.532 eV) 

suggest that charge transfer interactions occur but are 

not strong enough to form chemical bonds. The 

positive fraction of electron transfer (ΔN = 0.556) 

suggests that some charge transfer takes place, 

reinforcing physical adsorption through electrostatic 

interactions rather than chemisorption. 

 

3.8. Comparison of inhibition efficiency 

with similar inhibitors 

The IE of MNATT in corrosive solution for mild steel in 

HCl has been evaluated and compared with other 

triazole derivatives reported in the literature. Desai and 

Indorwala, studied benzotriazole and demonstrated that 

the inhibition efficiencies of 93.46, 70.16, and 50.65 % 

at a concentration of 25 mM in 1.0 M, 2.0 M, and  

3.0 M HCl solutions, respectively. At a constant acid 

concentration of 1.0 M HCl, the IE increased with 

inhibitor concentration, reaching 93.46 % at 25 mM 

[39]. Researchers investigated a triazole derivative 

namely 5-mercapto-1,2,4-triazole (EMTP) as anti-

corrosion compound for steel in 1.0 M HCl, and found 

that the highest IE was 97 % at 303 °K. IE increased 

with rising concentration of tested inhibitor and 

decreased with increasing temperature [40]. Nahlé et al. 

synthesized two novel triazole derivatives, ethyl 2-(4-

phenyl-1H-1,2,3-triazol-1-yl)acetate and 2-(4-phenyl-

1H-1,2,3-triazol-1-yl)acetohydrazide, and evaluated ant-

corrosion characteristics for steel in 1.0 M HCl and 

found that they significantly reduced the corrosion of 

mild steel with an inhibition rate close to that acquirable 

with other triazole-based inhibitors [41]. On the other 

hand, at an optimum concentration, MNATT reached 

88.6 % inhibition capacity in 5-hour-long immersion in 

1 M HCl at 303 °K. Whereas this is slightly less than 

some known effective inhibitors, it is quite notable  

that these high proportions of inhibition for MNATT 

come with low doses, a testimony to effectiveness as a 

corrosion inhibitor [42, 43]. In summary, MNATT 

demonstrates inhibitive performance comparable to that 

of its triazole counterparts, with the added advantage of 

achieving this efficiency at significantly lower 

concentrations. Thus, this work first suggests that 

MNATT deserves being explored for consideration as a 

competent anticorrosive agent for metals in corrosive 

solutions. 

While some corrosion inhibitors have shown higher 

inhibition efficiencies, MNATT offers several distinct 

advantages that make it a promising candidate for 

practical applications: 

1. High Efficiency at Low Concentration: MNATT 

achieves 88.6 % inhibition efficiency at just 0.5 mM, 

whereas many conventional inhibitors require higher 

concentrations (>10 mM) to reach comparable efficiency. 

This reduces the required inhibitor dosage, making 

MNATT more cost-effective in industrial applications 

[44, 45]. 

2. Physisorption-Based Protection at Room 

Temperature: The adsorption of MNATT follows  

the Langmuir isotherm, and the free energy  

of adsorption (ΔG°ads = -14.33 kJ·mol⁻¹) confirms a 

physisorption-driven mechanism. Unlike chemisorption-

based inhibitors, which can lead to permanent 

modifications on metal surfaces, MNATT offers 

reversible adsorption, preventing potential long-term 

degradation or surface alteration [46, 47]. 

3. Potential for Industrial Application and 

Environmental Friendliness: Many corrosion 

inhibitors involve complex synthesis routes or hazardous 

compounds, limiting their industrial scalability. MNATT 

is a structurally simple triazole derivative that exhibits 

high inhibition efficiency without the need for extensive 

modifications. Since MNATT primarily functions via 

physisorption, it can be easily removed or reapplied, 

making it suitable for dynamic environments such as oil 

pipelines, acid pickling processes, and chemical plants 

[48]. 

4. Balanced Inhibitor Performance Across Various 

Conditions: MNATT maintains stable inhibition 

efficiency over extended immersion times, as observed 

in weight loss experiments. Unlike some inhibitors that 

lose efficiency at higher temperatures, MNATT retains 
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its protective capabilities with only a slight variation in 

efficiency [49]. 

5. Theoretical and Experimental Validation: This 

study integrates both experimental (weight loss  

tests, Langmuir adsorption studies) and theoretical  

(DFT calculations) analyses to understand MNATT’s 

inhibition mechanism. The small HOMO-LUMO energy 

gap (3.532 eV) confirms high reactivity, enhancing 

electrostatic interactions with the mild steel surface, 

validating its adsorption and inhibition properties [50]. 

Although MNATT may exhibit slightly lower 

inhibition efficiency than some reported inhibitors, its 

ability to provide strong corrosion protection at lower 

concentrations, its physisorption-based mechanism, and 

its cost-effectiveness make it a highly viable inhibitor for 

industrial applications. Further optimization and 

combination with synergistic additives could enhance its 

effectiveness and broaden its scope of use in corrosion 

control strategies. 

 

4. Conclusion 

The present investigation studied the anti-pitting 

activity of MNATT toward mild steel in 1 M HCl by 

employing weight loss techniques, Langmuir model, 

and DFT. The key findings of the research are 

summarized as follows: 

1. Corrosion Inhibition Performance: IE of MNATT 

increased with concentration, reaching a maximum 

of 88.6 % at 0.5 mM after 5 hours of immersion at 

303 °K. The temperature-dependent studies (303-

333 °K) showed a slight increase in inhibition 

efficiency, suggesting that adsorption remains 

effective at elevated temperatures. 

2. Adsorption Mechanism: The adsorption behavior 

followed the Langmuir isotherm, indicating the 

formation of a monolayer on the steel surface. The 

calculated free energy (∆Gads
o = -14.33 KJmol-1) 

confirmed that the inhibition process is spontaneous 

and dominated by physisorption. The physisorption 

mechanism is attributed to electrostatic interactions 

between MNATT molecules and the positively 

charged mild steel surface. 

3. Quantum Chemical Insights: The HOMO (-8.084 

eV) and LUMO (-4.552 eV) energy levels indicate 

the molecule's capability to donate and accept 

electrons, facilitating interaction with the metal 

surface. The small HOMO-LUMO energy gap 

(3.532 eV) confirms high molecular reactivity, 

enhancing MNATT’s adsorption and inhibition 

efficiency. The fraction of electron transfer (ΔN = 

0.556) further supports the electron donation from 

MNATT to Fe, stabilizing the inhibitor-metal 

interaction. 

4. Comparison with Similar Inhibitors: MNATT 

exhibited comparable IE to other triazole 

derivatives, despite being effective at significantly 

lower concentrations. Unlike some inhibitors that 

require high concentrations (>10 mM), MNATT 

achieved high IE (~90%) at just 0.5 mM, making it 

an economically viable option. 

In addition to its scientific significance, the findings 

of this study offer important industrial and environ-

mental implications. Due to its high inhibition efficiency 

at low concentrations, MNATT demonstrates strong 

potential for use in various acidic industrial environ-

ments, including oil well acidizing, acid pickling,  

and pipeline protection. By reducing the required  

dosage of inhibitor, MNATT may help minimize 

chemical consumption, thus lowering operational costs 

and environmental impact. Furthermore, its mechanism 

of physisorption-based protection supports its potential 

for use in sustainable corrosion management strategies, 

making it a promising candidate for safer and more 

efficient industrial corrosion control systems. 
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