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Abstract 

In the realm of materials science and corrosion mitigation, the utilization of inhibitors has 

garnered substantial attention for safeguarding metal assets. This research delves into the 

proficient utilization of 4-phenyl-1-(phenylsulfonyl)-3-thiosemicarbazide (PP-3-T) as a 

corrosion inhibitor for mild steel in hydrochloric acid (HCl) solutions, as evaluated through 

weight loss measurements. The investigation reveals that the incorporation of PP-3-T into 

the HCl medium engenders a significant enhancement in the corrosion resistance of mild 

steel, attributed to the formation of a protective barrier via PP-3-T molecule adsorption. A 

notable finding of this study is the independence of the corrosion inhibition efficiency on 

variables such as PP-3-T concentration, immersion time, and temperature. The best 

inhibition efficiency of 96.1% for mild steel immersed in 1 M HCl solution is achieved in 

the presence of 0.5 mM PP-3-T. Furthermore, the inhibitory effect diminishes significantly 

as immersion time is extended from 10 to 48 hours at a constant PP-3-T concentration, 

highlighting the time-sensitive nature of the inhibition process. Alterations in temperature 

within the range of 303 to 333 K exhibit negligible impact on inhibition efficiency, 
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indicating the robustness of the corrosion protection mechanism. The adsorption isotherm 

analysis accentuates the adherence of PP-3-T to the Langmuir adsorption model on mild 

steel, emphasizing the layer formation of the protective barrier. Insights from Density 

Functional Theory (DFT) quantum chemical calculations reveal critical molecular attributes 

of PP-3-T governing its corrosion inhibition potential. Parameters such as adsorption energy 

(ΔE), highest occupied molecular orbital energy (EHOMO), lowest unoccupied molecular 

orbital energy (ELUMO), energy gap (Egap), as well as chemical reactivity indices 

encompassing total hardness (η), electronegativity (χ), and electron density transfer (ΔN), 

elucidate the corrosion inhibition mechanism of PP-3-T. In essence, this comprehensive 

study unveils the corrosion inhibition efficiency of PP-3-T for mild steel in HCl 

environments and elucidates the molecular underpinnings that govern its anti-corrosive 

prowess. These findings contribute to the expanding knowledge base concerning corrosion 

protection strategies and offer potential avenues for designing novel and efficient corrosion 

inhibitors. 
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1. Introduction 

Corrosion, an inevitable natural process, has far-reaching implications on various industries, 

infrastructure, and materials. It is a phenomenon where metals deteriorate due to chemical 

or electrochemical reactions with their environment. The economic impact of corrosion is 

colossal, with maintenance costs, material replacement, and productivity losses amounting 

to billions of dollars annually. Therefore, effective strategies to mitigate corrosion are 

imperative [1–3]. Corrosion inhibitors have emerged as a vital approach to combat the 

detrimental effects of corrosion. These compounds, when introduced into corrosive 

environments, interact with metal surfaces to impede or slow down the corrosion process. 

The application of inhibitors not only extends the service life of metals but also curtails the 

need for frequent maintenance and replacements, leading to significant economic savings 

[4–6]. This research embarks on the exploration of 4-phenyl-1-(phenylsulfonyl)-3-

thiosemicarbazide (PP-3-T) as a potential corrosion inhibitor for mild steel in hydrochloric 

acid (HCl) solutions. Mild steel, despite its widespread use, is highly susceptible to 

corrosion, particularly in acidic environments [7, 8]. Hydrochloric acid, a strong mineral 

acid, is commonly encountered in industrial processes and contributes substantially to 

corrosion-related challenges. The corrosive nature of HCl underscores the urgency for 

effective inhibition strategies to protect mild steel surfaces [9–11]. The rationale behind 

investigating PP-3-T as a corrosion inhibitor lies in its structural and chemical attributes that 

suggest it could form a protective layer on metal surfaces. The presence of sulfonamide and 

thiosemicarbazide functional groups in PP-3-T indicates potential reactivity with metal ions 

https://dx.doi.org/10.17675/2305-6894-2024-13-1-22
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and capacity for surface adsorption. The molecular structure of PP-3-T prompts inquiries 

into its inhibitive properties and its potential effectiveness in mitigating corrosion in HCl 

environments. Hydrochloric acid (HCl) is a versatile and widely utilized chemical compound 

with numerous applications across various industries. Its strong acidic properties and 

corrosive nature make it indispensable in industrial processes. One of its primary uses is in 

metal cleaning and pickling, where it removes oxides, scales, and other impurities from metal 

surfaces, preparing them for subsequent treatments or coatings. HCl is also employed in the 

production of numerous chemicals, such as chlorine, which serves as a fundamental raw 

material for manufacturing plastics, solvents, and disinfectants. In the petroleum industry, 

HCl is utilized for oil well acidizing, a process that involves injecting acid solutions into 

wells to dissolve rocks and enhance oil and gas production. In the steel industry, it aids in 

the conversion of iron ore into iron, and further into steel, through processes like the pickling 

of steel sheets to remove surface oxides and contaminants. HCl finds applications in the 

production of food additives, pharmaceuticals, textiles, and more. Despite its pivotal role, 

the aggressive nature of HCl can cause significant corrosion challenges, necessitating the 

development of effective corrosion inhibition strategies to preserve the integrity of 

equipment and structures. 

Organic corrosion inhibitors have emerged as a promising solution to counteract the 

adverse effects of corrosion. These inhibitors are compounds composed of carbon atoms and 

other elements, often possessing functional groups that can interact with metal surfaces. 

Organic inhibitors act by adsorbing onto the metal’s surface, forming a protective layer that 

impedes the corrosive attack [12–15]. Their effectiveness lies in their ability to modify the 

electrochemical reactions occurring at the metal-solution interface. Organic inhibitors offer 

several advantages, including ease of application, compatibility with various materials, and 

the potential for tailor-made inhibitor design. These inhibitors can be fine-tuned to target 

specific corrosion environments and types of metals [16]. Organic inhibitors find 

applications in various industries, including oil and gas, automotive, and aerospace, where 

protection against corrosion is crucial to ensure safety and maintain functionality [17, 18].  

Thiosemicarbazide derivatives have attracted significant attention as corrosion 

inhibitors due to their molecular properties. Thiosemicarbazides contain the thioamide  

(–C(=S)–NH2) functional group, which contributes to their ability to adsorb onto metal 

surfaces. These derivatives have demonstrated considerable inhibitory effects on various 

metal corrosion processes, including those occurring in acidic environments. The structural 

characteristics of thiosemicarbazide derivatives enable their interaction with metal ions and 

the formation of protective layers [19–21]. These compounds can create a barrier between 

the metal surface and the corrosive environment, effectively impeding the progression of 

corrosion. Furthermore, the design flexibility of organic molecules allows for modifications 

that can enhance their adsorption capacity and tailor their performance for specific 

applications. In the context of this study, the exploration of 4-phenyl-1-(phenylsulfonyl)-3-

thiosemicarbazide (PP-3-T) as a corrosion inhibitor for mild steel in HCl solutions taps into 

the potential of thiosemicarbazide derivatives. The incorporation of PP-3-T offers the 
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opportunity to leverage its molecular attributes to effectively mitigate corrosion and 

safeguard metal assets in aggressive environments, further expanding the repertoire of 

organic corrosion inhibitors. 

The primary objective of this research is to comprehensively evaluate the corrosion 

inhibition efficiency of PP-3-T for mild steel immersed in HCl solutions. By employing 

weight loss measurements, the study aims to quantify the extent to which PP-3-T retards the 

corrosion process. Additionally, the research endeavors to elucidate the underlying 

adsorption mechanism that facilitates the protective barrier formation on mild steel surfaces. 

The structure of this article is organized to provide a coherent progression of insights. 

Following this introduction, the experimental methodology section outlines the procedures 

employed to conduct corrosion experiments, prepare the inhibitor, and analyze the collected 

data. Subsequently, the results section presents the outcomes of the corrosion inhibition 

experiments, including the effects of PP-3-T concentration, immersion time, and temperature 

on inhibition efficiency. The discussion section then delves into the interpretation of the 

results, comparing them with existing corrosion inhibition studies and explaining the 

observed trends. Furthermore, this section scrutinizes the applicability of the Langmuir 

adsorption model to the adsorption behavior of PP-3-T on mild steel surfaces. The 

integration of Density Functional Theory (DFT) quantum chemical calculations into the 

analysis is expounded upon, revealing the molecular attributes of PP-3-T that contribute to 

its corrosion inhibition potential. In conclusion, this research aspires to contribute to the 

realm of corrosion science by shedding light on the efficacy of PP-3-T as a corrosion 

inhibitor for mild steel in HCl solutions. The potential of PP-3-T to form a protective barrier, 

coupled with its adsorption behavior and molecular attributes, render it a fascinating 

candidate for corrosion mitigation. By scrutinizing its inhibitive properties and mechanism, 

this study aims to extend the horizons of corrosion inhibition strategies, offering insights for 

future research and practical applications. 

 
Figure 1. The chemical structure of PP-3-T. 

2. Experimental Methodology 

2.1. Preparation and characterization of mild steel specimens 

Mild steel specimens from metals company which has the composition percentage C=0.21, 

Si = 0.38, Mn = 0.05, P = 0.09, Al=0.01 and Fe = 99.21%, were carefully prepared to ensure 

uniformity and consistency in the experimental setup. The mild steel samples, with dimensions 

of 4.5×1×0.02 cm, in accordance with ASTM G1-03 protocol [22], were initially 
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mechanically polished to a mirror-like finish using fine-grit abrasive papers. This step was 

crucial to eliminate any pre-existing surface irregularities that could influence the corrosion 

behavior. Subsequently, the specimens were thoroughly cleaned using acetone, followed by 

rinsing with deionized water to remove any residual contaminants. The prepared samples were 

then air-dried to prevent the formation of oxide layers before the commencement of 

experiments. The characterization process involved surface profiling using profilometry to 

verify the smoothness and consistency of the prepared specimens [23–25]. 

2.2. Setup for weight loss measurements and corrosion experiments 

A bespoke corrosion testing setup was employed following NACE TM0169/G31 protocol 

[26] to conduct weight loss measurements and corrosion experiments. The mild steel 

specimens were suspended individually within the corrosion chamber using non-reactive 

nylon threads, ensuring they were fully immersed in the test solutions. The chamber was 

equipped with glass covers to prevent external contamination and maintain a controlled 

environment. The chosen immersion durations were meticulously timed to capture the 

corrosion process over specific intervals. The specimens were then retrieved, cleaned to 

remove any adhered corrosion products, and subjected to accurate weight measurements 

using an analytical balance. The difference in weight before and after immersion enabled the 

calculation of corrosion rates and the subsequent determination of inhibition efficiency [27]. 

The average rate of corrosion was calculated after being exposed in triplicate, and the 

rate of corrosion and inhibition efficiency were determined using the following equations 

(1, 2) [27–29]: 
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where W is the weight loss (mg) of the sample, a is the surface area of mild steel (cm2), d is 

the density of the mild steel coupon (g/cm3), and t is the exposure time (h). The corrosion 

rates in the absence and presence of the inhibitor were denoted as R0C  and R(i)C  respectively. 

The coverage area (θ) for both uninhibited and inhibited solutions was determined using 

the following equation (3) [27–29]: 
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Equation 3, which states θ, represents the coverage fraction (θ) on the metal surface, 

where CR(i) denotes the concentration of the inhibitor in the bulk solution after immersion, 

and R0C  represents the initial concentration of the inhibitor. It is important to note that 
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Equation 3 is applicable primarily to inhibitors of a blocking mechanism. In such 

mechanisms, the inhibitor molecules adsorb onto the metal surface to form a protective layer, 

effectively blocking the access of corrosive species to the metal surface. To further clarify, 

when inhibitors operate via a blocking mechanism, the coverage fraction (θ) signifies the 

proportion of the metal surface covered by inhibitor molecules. 

2.3. Procedure for preparing HCl solutions with varying concentrations of PP-3-T 

A hydrochloric acid (1 M) solution, with varying concentrations of PP-3-T (0.1, 0.2, 0.3, 

0.4, 0.5, and 1.0 mM), were prepared to assess the corrosion inhibition efficacy. High-purity 

hydrochloric acid was carefully diluted to achieve the desired HCl concentration (1 M) while 

maintaining the overall volume of the solution. Different aliquots of PP-3-T were precisely 

added to individual HCl solutions to achieve the predetermined inhibitor concentrations. 

Thorough mixing was ensured to attain uniform inhibitor distribution within the acidic 

medium [30]. 

2.4. Immersion conditions and temperature control 

The immersion conditions were meticulously controlled to maintain consistency throughout 

the experiments. The mild steel specimens were fully submerged within the prepared HCl-

PP-3-T solutions to ensure uniform exposure to the corrosive environment. Immersion 

periods were carefully chosen to cover different time intervals, such as 1, 5, 10, 24, and 

48 hours at 303 K, to examine the temporal influence on corrosion behavior. To investigate 

the effect of temperature on corrosion and inhibition efficiency, the experiments were 

conducted at varying temperatures within the range of 303 to 333 K for 5 hours as immersion 

time. A temperature-regulated chamber was employed to maintain the desired experimental 

temperatures, with periodic monitoring to ensure stability and accuracy. By meticulously 

adhering to these experimental methodologies, we aimed to obtain accurate and reliable data 

on the corrosion inhibition performance of PP-3-T for mild steel in hydrochloric acid 

solutions. These carefully executed procedures allowed us to systematically explore the 

influence of various factors on the corrosion process, providing valuable insights into the 

potential efficacy of PP-3-T as a corrosion inhibitor [31, 32]. 

2.5. DFT calculations 

Density Functional Theory (DFT) calculations were performed using the Gaussian 09 

software package to elucidate the molecular interactions between the corrosion inhibitor and 

the metal surface. The optimization of the inhibitor’s molecular structure in the gaseous 

phase was conducted using the B3LYP method, in conjunction with the basis set “6-

31G++(d,p)” [33, 34]. These calculations enabled the determination of fundamental 

electronic properties and the exploration of the inhibitor’s reactivity towards the metal 

substrate. Ionization potential (I) and electron affinity (A) were computed through 

Koopmans’ theorem, utilizing the highest occupied molecular orbital (EHOMO) and the lowest 
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unoccupied molecular orbital (ELUMO), respectively. This information provided valuable 

insights into the electron transfer processes underlying the corrosion inhibition mechanism. 

The corresponding equations (4) and (5) were employed for the calculation of I and A. 

 I=–EHOMO (4) 

 A=–ELUMO (5) 

Moreover, essential chemical descriptors, including electronegativity (χ), hardness (η), 

and softness (σ), were determined using equations (6–8) [35].  

 χ
2

I A
  (6) 
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2
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  (7) 
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These descriptors elucidated the inhibitor’s electronic properties and its potential to 

interact with the metal surface. The number of electrons transferred (∆N), a crucial parameter 

in understanding the inhibitor-metal interaction, was calculated using Equation (9) from 

reference. A tailored Equation (10) was derived to factor in the specific electronegativity of 

iron (Fe) and its hardness values [34, 35]. 
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2.6. Adsorption isotherm studies 

To gain a comprehensive understanding of the behavior of the studied inhibitor molecules, 

a series of adsorption isotherms were employed. These isotherms, encompassing Frumkin, 

Temkin, and Langmuir types, provide a profound insight into the adsorption behavior of the 

inhibitor on the metal surface. The application of different isotherms aids in discerning the 

extent of inhibitor coverage and its interaction with the corrosive environment. 

The Frumkin adsorption isotherm captures the effects of lateral interactions between 

adsorbed molecules, which can influence the adsorption behavior. It is expressed as follows 

(Equation 11) [36]: 

 
f

1 1 βμ
exp

n K RT
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where n is the surface coverage of the inhibitor, Kf is the Frumkin adsorption equilibrium 

constant, β is the lateral interaction coefficient, μ is the chemical potential of the inhibitor, R 

is the ideal gas constant, T is the temperature in Kelvin. 

The Temkin adsorption isotherm considers a linear decrease in adsorption energy with 

increasing coverage due to interactions between adsorbed molecules and the surface. It is 

expressed as in Equation 12: 

  bθln
RT

n Ae
b

  (12) 

where b is the Temkin isotherm constant related to heat of adsorption, A is the Temkin 

isotherm constant related to the equilibrium binding constant, θ is the fraction of occupied 

surface sites. 

The Langmuir adsorption isotherm assumes layer adsorption without lateral interactions 

and is a widely used model for corrosion inhibitors. It is expressed as in Equation 13: 

  
1inh

ads
θ

C
K C


   (13) 

where Kads is the Langmuir adsorption equilibrium constant, Cinh is the inhibitor 

concentration in the solution,  is the surface coverage. 

In line with our comprehensive approach, weight loss measurements were undertaken 

to assess the surface coverage of the inhibitor at varying concentrations within the corrosive 

media. This experimental data enabled a direct comparison with the theoretical predictions 

and provided validation for the calculated adsorption behavior. The insights gained from the 

adsorption isotherm studies were integral in unraveling the dynamic interplay between the 

inhibitor and the mild steel surface [37]. 

3. Corrosion Inhibition Results 

3.1. Presentation of weight loss data for mild steel in various PP-3-T solutions 

The weight loss measurements provided a tangible representation of the corrosion behavior 

of mild steel in different PP-3-T solutions. The recorded data showcased the dynamic 

interaction between the inhibitor and the metal surface, shedding light on the inhibitive 

properties of PP-3-T across varying conditions. These results, meticulously tabulated and 

plotted, presented the corrosion rates and surface coverage of the inhibitor at different 

inhibitor concentrations and exposure times [38]. 

3.2. Graphical representation of corrosion inhibition efficiency against PP-3-T 

concentration, immersion time, and temperature 

Graphical depictions vividly illustrated the corrosion inhibition efficiency of PP-3-T against 

varying concentrations of the inhibitor (Figure 2), immersion times (Figure 3), and 
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temperature fluctuations (Figure 4). Plots revealed trends that enabled a comprehensive 

assessment of the inhibitor’s performance under different experimental scenarios. The 

dependence of inhibition efficiency on these variables was graphically elucidated, 

facilitating a direct comparison and enabling the extraction of meaningful insights [39]. 

 
Figure 2. Corrosion rates and inhibition effectiveness of mild steel in hydrochloric acid 

solutions with and without the inhibitor after a 5-hour immersion period at 303 K. 

 
Figure 3. A comparison of corrosion rates and inhibition effectiveness in hydrochloric acid 

solutions with and without the inhibitor for a 5-hour immersion time at different temperatures. 

3.3. Discussion on the highest inhibition efficiency achieved and its significance 

The corrosion inhibition efficiency achieved through PP-3-T was of significant importance. 

A detailed discussion focused on the peak inhibition efficiency, notably reaching 96.1% in 

a 1 M HCl solution containing 0.5 mM PP-3-T. This achievement highlighted the potential 

of PP-3-T as an effective corrosion inhibitor, prompting an exploration into the factors 

contributing to this level of protection. The discussion delved into the molecular interactions 
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and surface coverage achieved by PP-3-T, considering its influence on inhibiting the 

corrosion process. 

 
Figure 4. A comparison of corrosion rates and inhibition effectiveness in hydrochloric acid 

solutions with and without the inhibitor for a 5-hour immersion time at different temperatures. 

3.4. Insights into the effect of immersion time on corrosion inhibition 

The temporal aspect of corrosion inhibition was thoroughly investigated by studying the 

effect of immersion time on inhibition efficiency. As immersion periods were extended from 

10 to 48 hours, the corrosion inhibition efficiency exhibited a significant decrease (Figure 3). 

The acquired data enabled a detailed examination of this time-dependent phenomenon, 

shedding light on the dynamic nature of the inhibitor’s protective layer. The discussion of 

these findings encompassed the potential factors leading to diminishing inhibition over time, 

such as inhibitor desorption or changes in the composition of the protective layer. Through 

the presentation, graphical representation, and comprehensive discussion of these corrosion 

inhibition results, this study unraveled the dynamics of PP-3-T’s performance as a corrosion 

inhibitor for mild steel in HCl solutions. The interplay between varying concentrations, 

immersion times, and temperature variations provided a comprehensive understanding of 

PP-3-T’s inhibitive capabilities, emphasizing its potential in practical corrosion mitigation 

strategies [42, 43]. 

3.5. Adsorption mechanism 

Adsorption, a fundamental phenomenon in surface chemistry, plays a pivotal role in the 

corrosion inhibition process. When a corrosion inhibitor is introduced into a corrosive 

environment, it can adsorb onto the metal surface, forming a protective layer. This layer acts 

as a barrier that shields the metal from aggressive ions and electrochemical reactions, 

effectively retarding the corrosion process. Understanding the adsorption mechanism 

provides insights into the interaction between the inhibitor molecules and the metal surface, 

elucidating the foundation of effective corrosion inhibition. The Langmuir adsorption model, 
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a widely employed theoretical framework, offers valuable insights into the adsorption 

behavior of corrosion inhibitors. It postulates that adsorption occurs through the occupation 

of specific sites on the metal surface, with the formation of a barrier layer. The model 

assumes a reversible equilibrium between the adsorbed and unadsorbed inhibitor molecules. 

The Langmuir equation (Equation 13), serves as the cornerstone of this model, where Cinh is 

the inhibitor concentration, θ is the fraction of occupied surface sites, Kads is the adsorption 

equilibrium constant, and C represents the concentration of unadsorbed inhibitor in solution 

[44]. 

Applying the Langmuir model (Figure 5) to the case of PP-3-T on mild steel provides 

insights into its adsorption behavior. The Langmuir parameters, such as the adsorption 

equilibrium constant Kads and the maximum surface coverage (θmax), were determined 

through analysis of experimental data. These parameters offer quantifiable measures of the 

strength of the inhibitor-metal interaction and the extent of inhibitor coverage on the metal 

surface. However, it’s essential to acknowledge the limitations of this approach, particularly 

when constructing the adsorption isotherm from mass loss data. The accuracy of the 

adsorption isotherm constructed from mass loss data may be compromised due to various 

factors, including uncertainties in the experimental conditions, potential variations in 

inhibitor concentration during the immersion process, and the assumption of a uniform 

corrosion rate over time. Therefore, while the Langmuir model provides valuable insights 

into the adsorption behavior, it’s crucial to interpret the results with caution and acknowledge 

the inherent uncertainties. 

In the adsorption isotherm analysis presented here, the intercept, slope, and R-Square 

values (Table 1) collectively contribute to the interpretation and validation of the Langmuir 

adsorption model’s applicability to the adsorption mechanism of the inhibitor on the metal 

surface. These values guide our understanding of the adsorption equilibrium, the strength of 

interaction, and the degree of conformity between theoretical predictions and experimental 

observations. Furthermore, the calculated Langmuir parameters facilitated the determination 

of thermodynamic parameters, such as the adsorption equilibrium constant (Kads) and the 

standard Gibbs free energy of adsorption  0

adsG , at different temperatures (303 K, 313 K, 

323 K, and 333 K). These parameters (Equation 14) provide insights into the spontaneity 

and feasibility of the adsorption process and underscore the temperature dependence of the 

adsorption mechanism [47, 48]. 

  0

ads adsln 55.5G RT K    (14) 

where R is the universal gas constant, T is the temperature in Kelvin, and 55.5 is the molar 

volume of water.  
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Figure 5. Langmuir adsorption isotherm for the tested inhibitor. 

Chemisorption involves strong chemical bonds formed between the inhibitor molecules 

and the metal surface. It often results in a more stable and permanent protective layer on the 

metal, leading to higher inhibition efficiencies. In the Langmuir adsorption model, a negative 
0

adsG  value indicates spontaneous chemisorption. The more negative the 
0

adsG  value, the 

stronger the adsorption and the greater the stability of the inhibitor-metal complex. 

Comparing the calculated 
0

adsG  values for each temperature (303 K, 313 K, 323 K, and 

333 K) to a reference value (commonly around –20 to –40 kJ/mol for chemisorption), we 

can infer the mechanism. If the calculated 
0

adsG  values are in the range of this reference, it 

suggests chemisorption might be occurring. However, if they are closer to zero or slightly 

positive, it indicates physisorption (weaker interactions) [49, 50]. Based on the calculated 
0

adsG  values (Table 1), all these values are quite negative, suggesting a spontaneous 

adsorption process. These values also fall within the range expected for chemisorption, 

indicating that the adsorption mechanism of PP-3-T onto mild steel in HCl solution is likely 

dominated by mixed physical and chemical adsorption. The trend of increasingly negative 
0

adsG  values with higher temperatures is also consistent with chemisorption, as higher 

temperatures typically favor stronger chemical bonding interactions. 

In conclusion, the calculated 
0

adsG  values strongly suggest that the adsorption 

mechanism of PP-3-T on mild steel involves chemisorption, indicating a strong and stable 

interaction between the inhibitor molecules and the metal surface. This outcome aligns with 

the observed high inhibition efficiencies and validates the protective potential of PP-3-T as 

a corrosion inhibitor. However, it’s important to acknowledge the inherent uncertainties 

associated with the adsorption isotherm constructed from mass loss data and interpret the 

results with caution. 
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Table 1. Adsorption isotherm parameters. 

Parameter 303 K 313 K 323 K 333 K 

Intercept 0.082±0.019 0.087±0.02 0.080±0.027 0.162±0.062 

Slope 0.95±0.037 0.961±0.04 1.0±0.053 1.0±0.1 

R-Square (COD) 0.994 0.993 0.989 0.940 

0

ads
G  –36.54 kJ/mol –36.69 kJ/mol –37.13 kJ/mol –37.59 kJ/mol 

3.6. Molecular insights 

3.6.1. DFT quantum chemical calculations and evaluated parameters 

Density Functional Theory (DFT) quantum chemical calculations provide valuable insights 

into the electronic structure and properties of molecules, shedding light on their potential as 

corrosion inhibitors. In this study, DFT calculations were employed to evaluate various 

parameters that play a crucial role in understanding the molecular ability of PP-3-T as a 

corrosion inhibitor. ΔE (Energy Gap) represents the energy difference between the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), 

indicating the stability of the molecule. The energy of the highest occupied molecular orbital 

(EHOMO), providing information about the electron-donating ability of the molecule. The 

energy of the lowest unoccupied molecular orbital (ELUMO), indicating the electron-accepting 

ability of the molecule. The energy gap between EHOMO and ELUMO, offering insights into the 

molecule's reactivity. η (Hardness), represents the resistance of the molecule to electron 

addition or removal, indicative of its stability [34–36]. χ (Electronegativity) reflects the 

molecule’s tendency to attract electrons, influencing its reactivity. ΔN (Number of Electrons 

Transferred), provides information about the extent of electron transfer between the inhibitor 

and the metal surface [51–53]. In this study, the calculated values were as follows:  

EHOMO=–8.771 eV, ELUMO=–1.154 eV and ∆E=7.617 eV. The calculated parameters η, χ, 

and ΔN were also obtained in Table 2. 

Table 2. The quantum chemical parameters. 

Parameter Value 

EHOMO –8.771 eV 

ELUMO –1.154 eV 

∆E 7.617 eV 

η –3.808 eV 

χ –4.962 eV 

ΔN 2.178 
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3.6.2. Correlation of quantum chemical results with experimental observations 

The obtained DFT quantum chemical parameters hold significance in deciphering the 

molecular mechanism underlying the corrosion inhibition process. The negative ΔE 

indicates that PP-3-T is thermodynamically stable. The substantial energy gap (Egap) signifies 

the molecule’s reactivity and potential for interaction with metal surfaces. The values of 

EHOMO and ELUMO elucidate PP-3-T’s electron-donating and electron-accepting abilities 

(Figure 6), respectively, suggesting its potential to interact with the metal surface. The 

calculated hardness (η) and electronegativity (χ) values provide insights into the stability and 

reactivity of the molecule, reinforcing its capacity to engage in interactions with metal atoms. 

Furthermore, ΔN, which signifies the extent of electron transfer, offers insights into the 

adsorption mechanism. A higher ΔN indicates a stronger interaction between the inhibitor 

and the metal surface, affirming the formation of a protective layer. The correlation of these 

quantum chemical results with experimental observations, such as inhibition efficiency and 

adsorption isotherm data, validates the theoretical predictions. The agreement between the 

calculated parameters and the experimentally observed inhibition performance supports the 

idea that PP-3-T’s adsorption onto the mild steel surface plays a crucial role in its corrosion 

inhibition ability [52, 53]. 

  

 

Optimized Structure HOMO LUMO 

Figure 6. Optimized structure, HOMO and LUMO of PP-3-T. 

In conclusion, the DFT quantum chemical calculations provide a deeper understanding 

of the molecular attributes that enable PP-3-T to function as an effective corrosion inhibitor. 

The correlation between these calculations and experimental data underscores the validity of 

the proposed adsorption mechanism and substantiates the potential of PP-3-T as a practical 

solution for corrosion mitigation. 

3.6.3. Atomic charges 

Atomic charges play a pivotal role in understanding the distribution of electron density 

within a molecule, offering insights into its reactivity, interaction with other molecules, and 

its role as a corrosion inhibitor. In this study, atomic charges were calculated to gain a deeper 

understanding of how charge distribution influences the adsorption process of PP-3-T on 

mild steel (Figure 7). By employing quantum chemical calculations, the atomic charges of 

the atoms within PP-3-T were determined. These charges provide valuable information 
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about the electron-donating or electron-withdrawing nature of specific atoms. Particularly, 

charges on functional groups that are likely to interact with the metal surface can shed light 

on the nature of the inhibitor-metal interaction. The calculated atomic charges were used to 

predict regions of high electron density, indicating potential sites of interaction with the 

metal surface. Positive charges might indicate electron deficiency and propensity for 

electron acceptance, while negative charges might suggest electron-rich regions capable of 

donating electrons. Correlating these atomic charges with the experimental observations, 

such as adsorption isotherm behavior and inhibition efficiency, provides a holistic 

understanding of how charge distribution influences the adsorption mechanism [52, 53]. The 

comparison helps validate the theoretical predictions and elucidates the molecular-level 

interactions underlying the corrosion inhibition process. 

 
Figure 7. The atomic charges of PP-3-T. 

In summary, the calculated atomic charges offer a microscopic view of the charge 

distribution within PP-3-T, enabling a comprehensive analysis of its interaction with the 

metal surface. This insight contributes to unraveling the molecular mechanisms that govern 

the adsorption process and supports the overall understanding of PP-3-T’s efficacy as a 

corrosion inhibitor. 

4. Discussion and Interpretation 

4.1. Comparison analysis with previous studies 

Understanding the effectiveness of 4-phenyl-1-(phenylsulfonyl)-3-thiosemicarbazide (PP-3-

T) as a corrosion inhibitor for mild steel in hydrochloric acid (HCl) solutions requires a 

comprehensive examination of its performance in relation to other inhibitors investigated in 

previous studies. This section conducts a comparative analysis, highlighting similarities and 

differences between PP-3-T and other reported inhibitors to elucidate its specific attributes 

and potential advantages. Numerous studies have explored the corrosion inhibition 

properties of various compounds for mild steel in acidic environments. Among the inhibitors 

investigated, organic compounds such as benzotriazole (BTA) [54], 2-

mercaptobenzimidazole (MBI) [55], and 2-mercaptobenzothiazole (MBT) [56] have 

garnered significant attention due to their ability to form protective layers on metal surfaces 
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and mitigate corrosion effectively. Additionally, heterocyclic compounds like pyridine 

derivatives [57–70] and imidazole derivatives have shown promising inhibitory effects on 

mild steel corrosion in acidic solutions [71–76]. Comparing the inhibition efficiency of PP-

3-T with these established inhibitors provides insights into its relative performance and 

potential advantages. In a study by Bokati and Dehghanian (2018), BTA exhibited inhibition 

efficiencies ranging from 77% to 80% for mild steel corrosion in 1 M HCl solutions at 

various temperatures and concentrations. Similarly, MBI and MBT have demonstrated 

inhibition efficiencies exceeding 92% under comparable conditions, as reported by 

Mahdavian, with Ashhari. (2010) and also Soroush, with Khormali (2024) respectively. In 

contrast, PP-3-T exhibited remarkable inhibition efficiency, reaching up to 96.1% under 

specific conditions in this study. This outstanding performance suggests that PP-3-T may 

offer enhanced corrosion protection compared to traditional inhibitors like BTA, MBI, and 

MBT. The ability of PP-3-T to achieve such high inhibition efficiencies highlights its 

potential as a highly effective corrosion inhibitor for mild steel in HCl environments. 

One notable aspect of PP-3-T is its molecular structure, which contains phenylsulfonyl 

and thiosemicarbazide functional groups. These structural elements contribute to PP-3-T’s 

adsorption onto metal surfaces and the formation of a protective barrier against corrosion. 

The interaction between PP-3-T molecules and the metal surface is facilitated by the 

presence of electronegative atoms such as sulfur, nitrogen, and oxygen, which can form 

coordination bonds with metal ions. Comparing the molecular structures of PP-3-T and other 

inhibitors reveals notable differences in their chemical compositions and functional groups. 

For instance, BTA contains a triazole ring, which is known for its strong adsorption 

properties on metal surfaces. In contrast, MBI and MBT feature benzimidazole and 

benzothiazole moieties, respectively, which contribute to their inhibitory effects through the 

formation of coordination complexes with metal ions. Despite these structural differences, 

PP-3-T shares similarities with other inhibitors in terms of their mechanism of action and 

adsorption behavior. Like BTA, MBI, and MBT, PP-3-T functions by adsorbing onto the 

metal surface and forming a protective layer that impedes the corrosive attack of HCl. The 

Langmuir adsorption model, commonly used to describe the adsorption behavior of 

inhibitors, provides insights into the interaction between PP-3-T molecules and the metal 

surface. The Langmuir adsorption isotherm, applied to the case of PP-3-T in this study, 

revealed a close correlation between experimental data and theoretical predictions, 

validating the model’s applicability to the adsorption mechanism of PP-3-T. The 

determination of Langmuir parameters, including the adsorption equilibrium constant (Kads) 

and the maximum surface coverage (θmax), further elucidated the adsorption behavior of PP-

3-T and its interaction with the metal surface. Furthermore, density functional theory (DFT) 

calculations offered valuable insights into the molecular attributes of PP-3-T governing its 

corrosion inhibition potential. Parameters such as adsorption energy, highest occupied 

molecular orbital energy (EHOMO), and lowest unoccupied molecular orbital energy (ELUMO) 

provided quantitative measures of PP-3-T’s reactivity towards the metal substrate and its 

electron-donating/accepting abilities. 
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In conclusion, the comparative analysis of PP-3-T with other reported inhibitors 

underscores its notable performance as a corrosion inhibitor for mild steel in HCl solutions. 

While traditional inhibitors like BTA, MBI, and MBT have shown considerable inhibition 

efficiencies, PP-3-T demonstrates enhanced corrosion protection under specific conditions. 

Its specific molecular structure and adsorption behavior contribute to its effectiveness in 

mitigating corrosion and offer promising avenues for further research and practical 

applications in corrosion control strategies. 

4.2. Corrosion inhibition mechanism of PP-3-T 

The corrosion inhibition mechanism of PP-3-T for mild steel in hydrochloric acid (HCl) 

solution is analyzed in detail, integrating experimental measurements, theoretical models, 

and computational simulations. The key findings and implications are summarized below. 

The independence of inhibition efficiency on variables like PP-3-T concentration, 

immersion time, and temperature suggests a robust adsorption mechanism. This behavior 

indicates that the inhibitor’s active sites readily and uniformly cover the metal surface, 

forming a consistent protective layer. Such uniform coverage contributes to the inhibition's 

stability across different conditions. The adherence of PP-3-T’s adsorption behavior to the 

Langmuir model holds significance, signifying a barrier layer adsorption process where 

molecules occupy specific sites on the metal surface, forming a protective layer. The 

consistency of the model with real-world observations validates the assumptions of 

reversibility and equilibrium between adsorbed and unadsorbed species. DFT-calculated 

parameters provide molecular-level insights into the corrosion inhibition mechanism of PP-

3-T. Parameters such as EHOMO, ELUMO, hardness (η), electronegativity (χ), and ΔN 

collectively illuminate the inhibitor’s reactivity, electron-donating/accepting ability, and 

potential for charge transfer. These parameters align well with the experimental data, 

confirming the molecule’s suitability for adsorption onto the metal surface. The combination 

of experimental findings, adherence to the Langmuir model, and insights from DFT 

calculations strengthens our comprehension of PP-3-T’s corrosion inhibition mechanism, 

paving the way for further studies. These insights offer a comprehensive understanding of 

the inhibition mechanism, supporting its practical application in corrosion control. 

5. Conclusion 

In this study, we conducted an investigation into the corrosion inhibition properties of PP-3-T 

for mild steel in hydrochloric acid (HCl) solution. By integrating experimental 

measurements, quantum chemical calculations, and theoretical models, we aimed to 

elucidate the mechanism underlying PP-3-T’s effectiveness as a corrosion inhibitor. Our 

findings reveal several key insights. Experimental data demonstrate a significant 

improvement in corrosion resistance with the presence of PP-3-T, achieving an inhibition 

efficiency of up to 96.1%. Importantly, this inhibition efficiency remains consistent across 

varying PP-3-T concentrations, immersion times, and temperatures. While the adherence to 

the Langmuir adsorption model suggests the formation of a barrier layer, we acknowledge 
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that this interpretation may be subject to assumptions and theoretical predictions. DFT-

calculated parameters provide additional insights into PP-3-T’s corrosion inhibition potential 

by elucidating its electron-donating/accepting abilities and charge distribution. PP-3-T 

exhibits potent efficacy as a corrosion inhibitor for mild steel in HCl solution, underscoring 

its stability and practical applicability. The adsorption mechanism, driven by chemisorption 

and facilitated by the high negative charges of oxygen and nitrogen atoms, supports the 

molecule’s protective nature on the metal surface. The implications of our research extend 

to corrosion mitigation strategies across industries. PP-3-T’s demonstrated ability to form a 

protective barrier against corrosive environments presents a promising avenue for 

developing corrosion-resistant coatings and treatments. Moreover, achieving high inhibition 

efficiencies at relatively low concentrations of PP-3-T signifies its economic feasibility for 

large-scale applications. While our study provides valuable insights, opportunities for further 

research exist. Investigating the long-term stability of the PP-3-T protective layer under 

extended exposure to aggressive environments could offer insights into its durability.  
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