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Abstract 

This study investigates the potential of 5-Amino-1,3-diphenylpyrazole and nitrogen-
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enriched 5-hydroxy-1,3-diphenylpyrazole to inhibit corrosion of mild steel in acidic 

environments. A comprehensive approach combining weight loss measurements and 

Density Functional Theory (DFT) calculations was employed to analyze the inhibitory 

effect under various concentrations, immersion times, and temperatures. At an optimal 

concentration of 0.5 mM, 5-Amino-1,3-diphenylpyrazole displayed an impressive 94.7% 

inhibition efficiency, while 5-hydroxy-1,3-diphenylpyrazole achieved 86.4% efficiency at 

303 K after 10 hours of exposure. Both compounds exhibited a mixed-type inhibition 

behavior, with increasing efficiency observed at higher concentrations. DFT calculations 

provided insights into the interaction between the molecules and the metal surface, along 

with their electronic properties, aiding in understanding the corrosion inhibition process. 

The investigation revealed that Langmuir isotherms govern the adsorption mechanism, 

and the calculated thermodynamic parameters suggest a complex interplay at the 

metal/solution interface, involving both chemisorption and physisorption. These findings 

provide valuable knowledge about the mechanisms of corrosion inhibition by these 

molecules, paving the way for the development of effective strategies to protect mild 

steel in corrosive environments. 

 

Keywords: corrosion, inhibitor, adsorption, isotherm, physisorption mechanisms. 

 

1. Introduction 

Metals, the backbone of our modern world, face a constant adversary – corrosion. This 

relentless process of degradation silently eats away at their integrity, posing a significant 

threat to infrastructure, machinery, and overall economic well-being. Imagine bridges 
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crumbling, pipelines leaking, and industrial equipment failing; the global cost of 

corrosion paints a grim picture, estimated at a staggering 2.5 trillion dollars annually. 

This translates to a hefty chunk, roughly 3.4 % of the world's entire economic output [1, 

2]. The impact of corrosion extends far beyond mere financial implications. Its insidious 

nature jeopardizes the safety and functionality of critical structures across various 

industries [3]. Pipelines transporting essential resources like oil and gas become 

susceptible to breaches, bridges supporting heavy traffic risk structural failure, and 

industrial equipment vital for manufacturing processes experiences malfunctions. These 

consequences not only disrupt daily life but also pose environmental hazards and hinder 

economic progress [4-7]. Among the environments that accelerate corrosion, acidic 

solutions present a particularly daunting challenge. Imagine the harsh conditions within 

industrial settings where processes often involve the use of strong acids like hydrochloric 

acid (HCl). These acidic environments wreak havoc on metal surfaces, necessitating the 

development of effective strategies to combat this destructive force [8, 9]. The scientific 

community has embarked on a relentless pursuit of solutions to mitigate corrosion. One 

promising approach involves the utilization of corrosion inhibitors. These specialized 

chemicals act like shields, forming a protective layer on the metal surface, thereby 

hindering the aggressive attack by corrosive agents [10]. Researchers have explored 

various types of corrosion inhibitors, with organic compounds emerging as a particularly 

promising class. These molecules, often characterized by the presence of nitrogen, 

oxygen, or sulfur atoms, possess the unique ability to bond with metal surfaces, offering 

effective protection. Additionally, the inherent versatility of organic chemistry allows for 

the tailoring of these molecules' structures for specific applications [11, 12]. This study 
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delves into the potential of two specific organic compounds, 5-Amino-1,3-

diphenylpyrazole and 5-hydroxy-1,3-diphenylpyrazole, as potential corrosion inhibitors 

for mild steel in acidic environments. The presence of nitrogen atoms in their structures 

piques scientific interest, as these atoms are known to play a crucial role in the inhibition 

process. 

To gain a comprehensive understanding of how these molecules inhibit corrosion, the 

study adopts a two-pronged approach. First is experimental techniques, which represent a 

well-established method called weight loss measurement, will be employed to assess the 

effectiveness of the inhibitors under varying conditions, including concentration, 

immersion time, and temperature. This approach provides valuable real-world insights 

into the inhibitors' performance [13-14]. Second, Density Functional Theory (DFT) 

calculations will be utilized to delve deeper into the world of atoms and molecules. This 

powerful computational tool sheds light on the interactions between the inhibitors and the 

metal surface, along with their electronic properties and adsorption behavior. By 

simulating these interactions at the microscopic level, DFT offers valuable insights into 

the underlying mechanisms governing the inhibition process [15]. 

This combined approach is crucial for not only evaluating the effectiveness of the chosen 

inhibitors but also for unraveling the intricate dance between these molecules and the 

metal surface. Understanding the fundamental mechanisms that govern the inhibition 

process is essential for the rational design of even more potent corrosion inhibitors in the 

future [16, 17]. The knowledge gained from this research is expected to contribute 

significantly to the development of robust and long-lasting protection strategies for mild 

steel in acidic environments. By understanding the science behind corrosion inhibition at 
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a fundamental level, the study aims to pave the way for the design of more effective and 

targeted solutions, ultimately fostering the development of a more sustainable and 

corrosion-resistant future for our infrastructure and machinery. This study embarks on a 

detailed investigation into the potential of 5-amino-1,3-diphenylpyrazole and 5-hydroxy-

1,3-diphenylpyrazole (Figure 1) to combat corrosion in mild steel exposed to acidic 

environments. These molecules, particularly intriguing due to the presence of nitrogen 

atoms, hold promise as effective corrosion inhibitors. 

 

Figure 1: Chemical structures of the investigated molecules: (a) 5-amino-1,3-

diphenylpyrazole and (b) 5-hydroxy-1,3-diphenylpyrazole. 

 

The inhibitory mechanisms of 5-amino-1,3-diphenylpyrazole and 5-hydroxy-1,3-

diphenylpyrazole against mild steel corrosion in acidic environments were thoroughly 

explored through weight loss techniques and Density Functional Theory (DFT) analysis. 

Complementing these methods, Scanning Electron Microscopy (SEM) was employed to 

investigate the inhibitors' effects on mild steel in HCl solution. In the existing body of 

literature, multiple studies underscore the effectiveness of corrosion inhibitors, 

particularly those containing nitrogen, oxygen, π-bonds, resonance effects, and 

heteroatoms, in combating HCl-induced corrosion of mild steel. It is widely 

acknowledged that inhibitors possessing a combination of these elements exhibit superior 

inhibitory performance compared to those with only one of them. The prevailing 
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assumption is that the adsorption mechanism primarily involves the nitrogen and oxygen 

atoms within the synthesized pyrazoles [18]. 

Numerous scholarly works emphasize the significance of organic corrosion inhibitors 

featuring electron donor atoms such as phosphorus, sulfur, oxygen, and nitrogen for 

surface adsorption on metals, thereby safeguarding against acidic solutions. Among these 

heteroatoms, nitrogen demonstrates notable inhibitive efficacy, followed by phosphorus, 

sulfur, and oxygen. Natural plant extracts have attracted interest due to their excellent 

qualities, which include affordability, renewable nature, biodegradability, and 

environmental friendliness. However, organic inhibitors may encounter challenges 

related to limited solubility in polar electrolytes due to their inherent hydrophobic nature 

[19]. Typically, organic corrosion inhibitors comprise nitrogen, hydrophobic hydrocarbon 

chains, sulfur, and oxygen moieties in their molecular structures. The effectiveness of 

these inhibitors hinges on various factors, such as molecular size, aromaticity, bonding 

atoms or groups (π or σ), charge distribution, and electronic structure. Computational 

chemistry techniques like DFT have proven invaluable in elucidating the inhibitory 

properties of organic compounds [20]. 

The inhibitory efficiency of 5-amino-1,3-diphenylpyrazole and 5-hydroxy-1,3-

diphenylpyrazole was compared with other nitrogen-containing corrosion inhibitors for 

safeguarding mild steel against corrosion. For instance, a corrosion inhibitor, namely 7-

((1-(4-fluorobenzyl)-1H-1,2,3-triazol-4-yl)methyl)-1,3-dimethyl-3,7-dihydro-1H-purine-

2,6-dione [21], exhibited an inhibition efficiency of 86%. However, this compound 

exhibited lower efficiency compared to 5-amino-1,3-diphenylpyrazole. Similarly, 

corrosion inhibitors like 3,5-di(m-tolyl)-4-amino-1,2,4-triazole, 3-Salicylialidene amino-
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1,2,4-triazole phosphonate, 3-Benzylidene amino-1,2,4-triazole phosphonate, 3-p-nitro-

benzylidene amino-1,2,4-triazole phosphonate, and 1-Amino-3-methyl thio-1,2,4-triazole 

[22, 23], despite containing a triazole ring and amino group, exhibited much lower 

inhibition efficiencies (24, 63, 56, 69, and 43 %, respectively) compared to the studied 

inhibitors. Another study investigated the use of 3,5-bis(methylene 

octadecyldimethylammonium chloride)-1,2,4-triazole [24] as a corrosion inhibitor. 

Although it demonstrated high inhibition efficiency (98%), its high cost rendered it less 

favorable. In contrast, 5-amino-3-mercapto-1,2,4-triazole, while easy to synthesize and 

stable, exhibited an inhibition efficiency of 90 % [25], slightly lower than that of the 

studied inhibitor. 5-Amino-1,3-diphenylpyrazole displayed superior inhibitory efficiency 

compared to the aforementioned compounds and exhibited efficiency levels comparable 

to those described in [21-25]. Moreover, as the concentration of 5-amino-1,3-

diphenylpyrazole increased, the corrosion rate decreased, indicating an enhancement in 

inhibitive efficacy, possibly attributable to increased adsorption of the inhibitor on the 

mild steel surface with increasing concentration. 

 

2. Experimental 

2.1. Corrosive environment 

A 1 M hydrochloric acid (HCl) solution was prepared for this study. Analytical reagent-

grade HCl (37 %) was diluted with double-distilled water to achieve the desired 

concentration. 
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2.2. Weight loss measurements 

Experiments were conducted in a 1 M HCl solution, with and without the presence of the 

inhibitors: 5-amino-1,3-diphenylpyrazole and 5-hydroxy-1,3-diphenylpyrazole. Mild 

steel coupons were prepared as detailed in Table 1. These coupons were 45 mm × 25 mm 

× 0.2 mm in size and underwent thorough sanding using various grades of sandpaper, 

reaching a final grade of 1200. Each experiment utilized a 250 mL beaker containing 100 

mL of the 1 M HCl solution [26, 27]. 

Table 1. Chemical composition of the tested mild steel coupons. 

Element Composition (%) 

Carbon 0.210 

Manganese 0.050 

Silicon 0.380 

Aluminum 0.010 

Sulfur 0.050 

Phosphorus 0.090 

Iron Balance 

 

The pre-cleaned coupons were meticulously weighed before being submerged in the 1 M 

HCl solution. Exposure times varied from 1 to 120 hours, with experiments conducted in 

both the absence and presence of the inhibitors (5-amino-1,3-diphenylpyrazole and 5-

hydroxy-1,3-diphenylpyrazole) at different concentrations ranging from 0.1 mM to 1 

mM. After each exposure period, the coupons were retrieved from the solution, rinsed 

thoroughly with double-distilled water to remove any residual acid. Next, they were 

washed with acetone to eliminate any organic contaminants. Following a drying process 

in an oven, the coupons were weighed again using a high-precision electronic balance. 

The corrosion rate (in millimeters per year) and the protection efficiency (%) were 
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calculated using the weight loss data obtained and established equations (equations 1 and 

2) [28]. 

                       (1) 

                                      (2) 

 

equations 1 and 2 [28] are used to calculate the corrosion rate and this value, expressed in 

millimeters per year (mm/year), indicates the rate at which the metal deteriorates due to 

corrosion, and also protection efficiency (%) parameter, and this parameter reflects the 

effectiveness of the inhibitors in hindering the corrosion process. 

Variables in the Equations: 

• ∆W: Represents the weight loss of the coupon during the experiment (in grams). 

• A: Denotes the surface area of the coupon (in square centimeters). 

• t: Represents the exposure time of the coupon to the corrosive solution (in hours). 

• Wi: Represents the initial weight of the coupon before exposure (in grams). 

• Wf: Represents the final weight of the coupon after exposure (in grams). 

•  

2.3. Effect of temperature 

The influence of temperature on the corrosion process was investigated at four different 

temperatures: 303, 313, 323, and 333 K. Coupons with dimensions of 45 mm × 25 mm × 

0.2 mm were used in each test. The experiment setup involved a 250 mL beaker 

containing 100 mL of 1 M HCl solution as the corrosive medium. Similar to the previous 

section, clean coupons were weighed, immersed for 5 hours, and retrieved from the 

solution. This process was carried out in the absence and presence of the inhibitors at 

varying concentrations (0.1 to 1 mM) at each temperature. After exposure, the standard 
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cleaning procedure (rinsing, washing, drying, and reweighing) was followed. To ensure 

accuracy, each weight loss experiment was repeated three times [29, 30]. 

 

2.4. Adsorption isotherms and understanding inhibitor-metal interactions 

Understanding the chemical interactions of organic inhibitors with metal surfaces 

requires an analysis of adsorption isotherms. This section explores the adsorption 

behavior of the chosen inhibitors (5-amino-1,3-diphenylpyrazole and 5-hydroxy-1,3-

diphenylpyrazole) on mild steel in a 1 M HCl environment. The investigation involves 

analyzing the relationship between the corrosion rate and the extent to which the inhibitor 

covers the metal surface (represented by θ, the reciprocal of inhibition efficiency). This 

analysis is performed by fitting the data into various mathematical models (Langmuir, 

Frumkin, Temkin, Freundlich, and Flory-Huggins) expressed in linear form (equations 3-

7). 

 

                                                            (3) 

                                                (4) 

                                                                                    (5) 

                                                                  (6) 

                                                        (7) 

Where: 

• Degree of Surface Coverage (θ): This value indicates the extent to which the 

inhibitor molecules occupy the metal surface. 

• Corrosion Rate (C): This parameter reflects the rate at which the metal 

deteriorates due to corrosion. 
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• Equilibrium Adsorption Constant (Kads): This constant quantifies the strength of 

the interaction between the inhibitor and the metal surface. 

The benefits of adsorption isotherms are that analyzing the data obtained through these 

models allows researchers to gain a deeper understanding of the inhibitor-metal surface 

interaction, and by determining the adsorption constants and the maximum coverage 

values, scientists can obtain quantitative information crucial for designing more effective 

corrosion inhibitors. 

 

2.5. Scanning electron microscopy (SEM) 

A TM1000 Hitachi Tabletop Microscope was used to perform SEM analysis on mild 

steel samples. These samples were immersed in a 1 M HCl solution for 3 hours at 303 K, 

both in the absence and presence of the corrosion inhibitors at a concentration of 0.5 mM. 

This technique allows for the visualization of the microstructures and surface 

morphologies of the samples, providing insights into the inhibitor's influence on the metal 

surface. 

 

2.6. Computational details 

Software called Gaussian 03 was used to determine the optimized molecular structures 

(ground-state geometries) of the investigated molecules. A specific set of mathematical 

functions (6-31G++(d,p)) was employed to describe the electronic structure of the atoms 

within the molecules. The B3LYP functional, a combination of two established methods, 

was utilized to calculate various properties like the Highest Occupied Molecular Orbital 

(HOMO), energy the Lowest Unoccupied Molecular Orbital (LUMO) energy and 
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additional physical properties. Specific equations 8-12 were used to calculate several 

parameters, including HOMO, LUMO, energy gap (∆E), electronic negativity (η), 

electronegativity difference (σ), absolute electronegativity (χ), and charge transfer (∆N) 

[31, 32]. 

 

                                                                              (8) 

                                                                        (9) 

                                                                                                         (10) 

                                                                         (11) 

                                                                                         (12) 

 

Electronegativity reflects an atom's ability to attract electrons toward itself in a chemical 

bond. The absolute electronegativity values of the metal and inhibitor are denoted by 

symbols  and , respectively. Hardness refers to a material's resistance to 

permanent shape changes from external pressure. The absolute hardness values of the 

metal and inhibitor are represented by symbols ηFe and ηinh, respectively.  

The charge transfer (∆N) parameter quantifies the movement of electrons between the 

metal and the inhibitor molecule during the adsorption process. In the case of iron (Fe), 

the equation for ∆N can be expressed as equation 13 ( ). 

                                                                                              (13) 

 

3. Results and discussion 

3.1. Effect of inhibitor concentrations 

The influence of inhibitor concentration on the corrosion rate of mild steel in 1 M HCl 
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solution was investigated at various temperatures (303, 313, 323, and 333 K) using 5-

amino-1,3-diphenylpyrazole and 5-hydroxy-1,3-diphenylpyrazole. Figure 2 a and b 

showcases the effectiveness of these inhibitors. As the concentration increases at 303 K, 

the inhibition efficiency rises significantly. Without any inhibitors (0 mM concentration), 

the corrosion rate of mild steel was 4.31 mm/year. At an optimal concentration of 0.5 

mM, 5-amino-1,3-diphenylpyrazole considerably reduced the corrosion rate to 0.31 

mm/year at 303 K [33, 34]. A similar trend was observed with 5-hydroxy-1,3-

diphenylpyrazole, achieving a corrosion rate of 0.36 mm/year at its optimal 

concentration. This concentration-dependent decrease in weight loss highlights the 

effectiveness of both inhibitors in protecting mild steel from corrosion in hydrochloric 

acid. The experiment confirms that both inhibitors hinder corrosion. As the concentration 

increases, the corrosion rate decreases, and the inhibition efficiency improves [35, 36]. 

Notably, at 0.5 mM concentration and after a 10-hour exposure, 5-amino-1,3-

diphenylpyrazole and 5-hydroxy-1,3-diphenylpyrazole achieved impressive inhibition 

efficiencies of 94.7% and 86.4%, respectively. The presence of nitrogen atoms in 5-

amino-1,3-diphenylpyrazole and the combination of oxygen and nitrogen atoms in 5-

hydroxy-1,3-diphenylpyrazole likely contribute to their inhibitory properties. These 

elements facilitate a strong interaction with the mild steel surface. Furthermore, these 

compounds' intrinsic stability and resonance effect increase how efficient they are at 

inhibiting corrosion. 
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Figure 2: The variation of corrosion rate (CR) and inhibition efficiency (IE %) with 

different concentrations of (a) 5-amino-1,3-diphenylpyrazole and (b) 5-hydroxy-1,3-

diphenylpyrazole and the experiment was conducted for 5 hours at 303 K on mild steel 

immersed in 1 M HCl solution. 

 

Both inhibitors effectively reduce corrosion, but 5-amino-1,3-diphenylpyrazole shows 

slightly better performance across various concentrations and temperatures. This 

difference might be due to the unique interactions between the inhibitor molecules and 
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the metal surface, influenced by their distinct chemical structures. 

 

3.2. Effect of exposure time 

The impact of immersion time on corrosion behavior was studied using weight loss 

measurements. Figure 3 shows the results for various exposure durations (1, 5, 10, 24, 48, 

and 120 hours) in the presence of both inhibitors. Corrosion rates decrease with 

increasing inhibitor concentration and exposure time, indicating a time-dependent effect 

[38, 39]. At a concentration of 0.1 mM, both inhibitors show a significant decrease in 

corrosion rate after 10 hours compared to 1 hour, highlighting the progressive protection 

with time. Inhibition efficiencies follow a similar trend, increasing with longer exposure 

durations [40]. At the optimal concentration of 0.5 mM, both inhibitors exhibit 

impressive inhibition efficiencies after 10 hours, demonstrating their sustained 

effectiveness. Notably, the efficiencies remain stable after 24 hours, suggesting a 

potential saturation point in the inhibitory action. This plateau effect indicates that 

extending exposure time beyond a certain point might not significantly improve 

inhibition. The observed stability after 24 hours is crucial for practical applications, 

suggesting a consistent and optimized inhibitor-metal interaction. Understanding this 

equilibrium state is important for optimizing inhibitor usage and making informed 

decisions about exposure times in real-world scenarios [41]. 
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Figure 3: Corrosion rates and inhibition efficiencies of mild steel exposed to (a) 5-

amino-1,3-diphenylpyrazole and (b) 5-hydroxy-1,3-diphenylpyrazole at different 

concentrations and exposure times in 1 M HCl solution. 

 

Figure 4 explores the performance of both inhibitors over a longer exposure time (120 
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hours) to assess their effectiveness in long-term corrosion prevention. At a concentration 

of 0.1 mM, both inhibitors show a slight decrease in inhibition efficiency with extended 

exposure. This effect becomes more prominent at the optimal concentration (0.5 mM). 

After 120 hours, the inhibition efficiency of 5-amino-1,3-diphenylpyrazole drops from its 

initial value to 83%. Similarly, 5-hydroxy-1,3-diphenylpyrazole shows a decrease to 71% 

efficiency after 120 hours. Even after extended exposure, both inhibitors continue to 

show significant efficacy in reducing corrosion, although the noted decline. 

 

 

Figure 4. Inhibition efficiencies of mild steel exposed to (red color) 5-amino-1,3-

diphenylpyrazole and (red color) 5-hydroxy-1,3-diphenylpyrazole at different 

concentrations and 120 hour as exposure times in 1 M HCl solution 

 

While both inhibitors remain effective after extended exposure (120 hours), their 

inhibition efficiency slightly weakens. This suggests potential limitations for long-term 

use. Factors like inhibitor depletion, environmental changes, or film alterations might 

contribute to this decrease. Despite the decrease, these inhibitors show promise for real-

world scenarios requiring long-term protection, such as pipelines or structures in harsh 
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environments. Further studies are needed to understand the mechanisms behind the 

efficiency decrease over longer durations. 

 

3.3. Temporal trends, practical implications, and comparative analysis 

Studies reveal that the effectiveness of both inhibitors (5-amino-1,3-diphenylpyrazole and 

5-hydroxy-1,3-diphenylpyrazole) changes over time. As exposure time increases, their 

ability to hinder corrosion (inhibition efficiency) improves. This suggests the formation 

of a protective layer on the metal surface, gradually slowing down the corrosion process 

[42, 43]. This time-dependent behavior is particularly relevant for situations requiring 

long-term corrosion protection, such as pipelines, industrial equipment, and structures 

exposed to harsh environments. Comparing the two inhibitors, 5-amino-1,3-

diphenylpyrazole generally shows slightly better performance at various exposure 

durations. Based on exposure conditions, this comparison aids in selecting the best 

inhibitor for a certain application [44, 45]. The chosen range (1 to 120 hours) allows 

researchers to firstly examine both short-term and long-term corrosion behaviors; this 

time frame captures the initial stages of corrosion and potential changes in corrosion rates 

over time and secondly; this duration is feasible for setting up experiments, collecting 

data, and ensuring efficient research within a reasonable timeframe. Many industrial and 

environmental settings involve exposure to corrosive agents for varying durations (hours 

to days). Studying corrosion within this range provides insights applicable to real-world 

situations, like the corrosion of building materials. This time frame enables comparison 

with previous studies in corrosion inhibition, facilitating the identification of trends and 

potential variations in corrosion behavior under similar conditions. Selecting exposure 
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times from 1 to 120 hours offers a comprehensive understanding of corrosion behavior 

and the effectiveness of inhibitors over different durations [46, 47]. 

 

3.4. Effect of Temperature 

Figure 5 explores how temperature impacts the corrosion-inhibiting properties of 5-

amino-1,3-diphenylpyrazole and 5-hydroxy-1,3-diphenylpyrazole. Different temperatures 

(303, 313, 323, and 333 K) were tested in a 1 M HCl solution to gain insights into the 

"thermal behavior" of these inhibitors. As expected, corrosion rates steadily increase with 

rising temperature. This aligns with the established principle that higher temperatures 

intensify corrosive processes. Interestingly, despite the rising corrosion rates, both 

inhibitors exhibit remarkable stability in their inhibition efficiencies across all 

temperatures. This resilience signifies their consistent inhibitory action, even under 

challenging conditions of elevated temperatures.The stability of inhibition efficiency with 

temperature suggests that the protective layer formed by the inhibitors on the metal 

surface is thermally stable. These layer likely functions by creating a physical barrier 

between the metal and the corrosive environment. This temperature resilience makes 

these inhibitors suitable for real-world applications where temperature fluctuations are 

unavoidable [48, 49]. This is particularly relevant in industries like: 

• Chemical processing: Reactors and pipelines often operate at elevated 

temperatures. 

• Power generation: Boilers and heat exchangers experience significant temperature 

variations. 
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• Oil and gas exploration: Pipelines and equipment encounter varying temperatures 

throughout their lifecycle. 

While both inhibitors demonstrate stability, further investigations are necessary to 

understand the underlying mechanisms responsible for their temperature resistance. This 

could involve analyzing the composition and structure of the protective layer formed at 

different temperatures and, investigating the interaction between the inhibitor molecules 

and the metal surface under varying thermal conditions. The ability to maintain 

substantial inhibition efficiency at elevated temperatures positions these inhibitors as 

promising candidates for corrosion prevention in diverse industrial settings. Their 

robustness offers reliable solutions for various practical applications. 
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Figure 5. Corrosion rate and inhibition efficiency dynamics under varied temperature and 

inhibitor concentrations for (a) 5-amino-1,3-diphenylpyrazole and (b) 5-hydroxy-1,3-

diphenylpyrazole. 

 

3.5. Langmuir adsorption isotherm analysis: unraveling the molecular interaction 

The Langmuir adsorption isotherm is a helpful tool for studying how inhibitor molecules 

interact with metal surfaces. This analysis provides insights into how effectively the 

inhibitors (5-amino-1,3-diphenylpyrazole and 5-hydroxy-1,3-diphenylpyrazole) bind to 

the mild steel surface [50]. The analysis using the Langmuir isotherm confirms that both 

inhibitors effectively adsorb onto the mild steel surface, forming a protective layer that 

hinders corrosion. This finding aligns with the observed decrease in corrosion rates with 

increasing inhibitor concentrations. 
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3.5.1. 5-Amino-1,3-diphenylpyrazole: deciphering adsorption dynamics 

The Langmuir adsorption isotherm for 5-amino-1,3-diphenylpyrazole (Figure 6a) is 

expressed by the equation y = 0.06234 + 0.95944x, where 'y' represents the inhibition 

efficiency and 'x' denotes the inhibitor concentration. The statistical parameters reveal a 

high degree of correlation (R-Square = 0.99699), indicating the robustness of the 

Langmuir model in explaining the adsorption behavior. The positive slope (0.95944) 

suggests a direct proportionality between the inhibitor concentration and inhibition 

efficiency, reinforcing the monolayer adsorption mechanism proposed by the Langmuir 

model. The intercept (0.06234) provides insights into the efficiency at lower 

concentrations, showcasing that even at minimal inhibitor concentrations; there is a 

notable inhibitory effect. The data suggests a strong correlation between inhibitor 

concentration and its effectiveness in preventing corrosion (Figure 6a). As the 

concentration increases, the inhibition efficiency rises steadily. This indicates that more 

inhibitor molecules are attaching to the metal surface, forming a protective layer. Even at 

low concentrations, the inhibitor demonstrates a noticeable ability to reduce corrosion, 

highlighting its potential for practical applications. 

 

3.5.2. 5-Hydroxy-1,3-diphenylpyrazole: Unveiling adsorption characteristics 

For 5-hydroxy-1,3-diphenylpyrazole, the Langmuir adsorption isotherm (Figure 6b) is 

represented by the equation y = 0.13893 + 0.96908x. The statistical parameters exhibit a 

strong correlation (R-Square = 0.98879), affirming the applicability of the Langmuir 

model to describe the adsorption process. The positive slope (0.96908) signifies a direct 

relationship between the inhibitor concentration and inhibition efficiency, consistent with 
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monolayer adsorption behavior.The intercept (0.13893) indicates a notable inhibitory 

effect even at lower concentrations, supporting the Langmuir model's assertion of 

monolayer coverage at the metal surface. Similar to the first inhibitor, this molecule also 

exhibits a direct relationship between concentration and inhibition efficiency (Figure 6b). 

The data supports the idea that the inhibitor forms a single layer (monolayer) on the metal 

surface, effectively hindering corrosion. Like the previous inhibitor, even low 

concentrations show a positive impact on corrosion prevention. 

 

 

Figure 6. Langmuir adsorption isotherm analysis for (a) 5-amino-1,3-diphenylpyrazole 

and (b) 5-hydroxy-1,3-diphenylpyrazole. 



 

25 

 

The analysis confirms that the chosen model (the Langmuir isotherm) effectively 

describes how these inhibitors interact with the metal surface. As the inhibitor 

concentration increases, its effectiveness in preventing corrosion (inhibition efficiency) 

also increases. This suggests that more inhibitor molecules are attaching to the metal 

surface, potentially forming a single layer (monolayer). Even at low concentrations, both 

inhibitors show a positive impact on corrosion prevention, highlighting their potential for 

practical applications. An important factor is the stability of the inhibitor layer on the 

metal surface. This is determined by a property called "standard Gibbs free energy of 

adsorption." In this study, the calculated values for both inhibitors were negative, 

indicating that the adsorption process is spontaneous and the formed layer is stable. The 

calculated values in this study fall between the ranges for both physical and chemical 

adsorption, suggesting a combined mechanism might be at play [51-53]. 

The calculated values in this study (  for 5-amino-1,3-

diphenylpyrazole and  for 5-Hydroxy-1,3-diphenylpyrazole) align with 

the characteristics of both physical adsorption and chemisorption processes. The standard 

Gibbs free energy of adsorption ( ) is determined by the equation 14: 

                                  (14) 

Where: 

•  is the gas constant ( )), 

•  is the absolute temperature ( ), 

•  is the equilibrium adsorption constant. 

The negative values of  affirm the effectiveness of 5-amino-1,3-diphenylpyrazole 

and 5-hydroxy-1,3-diphenylpyrazole as corrosion inhibitors in 1 M HCl solution, 

highlighting their ability to form stable adsorbed layers on the mild steel surface. 
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3.6. SEM investigations 

Scanning electron microscopes (SEM) provide high-resolution images of the metal 

surface, allowing us to directly observe the effects of the inhibitors. The surface untreated 

sample (Figure 7a) appears rough and damaged, with signs of corrosion products. This 

confirms the aggressive nature of the acidic environment. In contrast, samples treated 

with inhibitors as in Figures 7b and 7c show significantly smoother surfaces with fewer 

signs of damage. This indicates the formation of a protective layer by the inhibitors. 

Combining the findings from the Langmuir isotherm analysis and SEM observations, it's 

evident that both inhibitors effectively form a stable layer on the metal surface, shielding 

it from the corrosive effects of the acidic environment. 

 

Figure 7. SEM of mild steel (a) without and with (b) 5-amino-1,3-diphenylpyrazole and 

(c) 5-hydroxy-1,3-diphenylpyrazole at 0.5 mM concentrations and 3 h as exposure time 

in 1 M HCl solution. 

 

3.7. DFT theoretical chemical calculations 

In this study, the application of Density Functional Theory (DFT) provides valuable 

insights into the electronic structure of the inhibitors, 5-amino-1,3-diphenylpyrazole and 

5-Hydroxy-1,3-diphenylpyrazole. The HOMO and LUMO energy levels, along with 

various calculated parameters, shed light on the electronic characteristics influencing the 

inhibition efficiencies.The HOMO-LUMO energy gap (∆E) is a crucial parameter 

indicating the stability of a molecule [54, 55]. The calculated parameters (Table 2) 
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contribute to the understanding of inhibitor-metal surface interactions. A smaller HOMO-

LUMO gap (∆E) indicates higher stability, while global hardness (η) and softness (σ) 

reflect the ability of the inhibitor to donate or accept electrons. The electronegativity (χ) 

signifies the tendency to attract electrons.Inhibitors with appropriate values of these 

parameters tend to exhibit enhanced inhibition efficiencies. The calculated ∆N values 

suggest that both inhibitors possess characteristics favorable for effective adsorption, 

contributing to their corrosion inhibition properties. The combination of DFT calculations 

and experimental data provides a comprehensive insight into the mechanisms governing 

the inhibitory action of these compounds [56, 57]. 

Table 2. The quantum chemical parameters. 

Parameter Discussion 
5-Amino-1,3-

diphenylpyrazole 

5-Hydroxy-1,3-

diphenylpyrazole 

∆E 

Both inhibitors exhibit 

similar energy gaps, 

indicating comparable 

reactivity towards the metal 

surface. 

−6.792 eV −6.899 eV 

η 

The negative values suggest 

both inhibitors tend to 

accept electrons, influencing 

their inhibitory capabilities. 

− 3.396 eV −3.449 eV 

σ 

The small magnitude 

implies both inhibitors are 

relatively soft, responding 

more readily to changes in 

electron density. 

−0.2949 eV-1 −0.2900 eV-1 

 

Both inhibitors possess 

similar values, reflecting 

their ability to donate 

4.935 eV 4.513 eV 
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electrons to the metal 

surface. 

∆N 

The positive values suggest 

a tendency to withdraw 

electrons, aligning with their 

electron-accepting nature. 

0.3036 0.3035 

 

The quantum parameters derived from DFT calculations offer a detailed insight into the 

electronic features of 5-amino-1,3-diphenylpyrazole and 5-hydroxy-1,3-

diphenylpyrazole. While both inhibitors share similarities in several aspects, the subtle 

variations in these parameters play a crucial role in shaping their distinctive inhibitory 

behaviors. The discussion below elucidates the implications of these quantum parameters 

and their potential contributions to the corrosion inhibition mechanisms of the two 

compounds. In conclusion, the nuanced differences in these quantum parameters play a 

pivotal role in shaping the inhibitory behaviors of 5-amino-1,3-diphenylpyrazole and 5-

hydroxy-1,3-diphenylpyrazole. These electronic characteristics provide valuable insights 

into the potential mechanisms through which the inhibitors interact with the metal surface 

and mitigate corrosion. The electron-accepting nature, adaptability to changes in electron 

density, and the ability to donate electrons collectively contribute to the inhibitory 

efficacy of these compounds, emphasizing their promising roles in corrosion inhibition 

strategies [58, 59]. 

The analysis of the electrophilic and nucleophilic reactive sites, represented by the 

LUMO and HOMO, respectively, reveals key insights into the corrosion inhibition 

mechanisms of 5-amino-1,3-diphenylpyrazole and 5-hydroxy-1,3-diphenylpyrazole, as 

illustrated in Figure 8.In the case of 5-amino-1,3-diphenylpyrazole, the nucleophilic site 
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(HOMO) extends across the three Nitrogen atoms, while the electrophilic reactive site 

(LUMO) covers the entire molecule and the terminal phenyl ring (Figure 8). This 

configuration implies that 5-Amino-1,3-diphenylpyrazole can potentially initiate attacks 

from all nitrogen atoms. The higher electron-releasing tendency compared to the 

electron-accepting tendency is a key factor contributing to the robust adsorption of 5-

amino-1,3-diphenylpyrazole. The elevated EHOMO value and a small ∆E further support 

significant inhibitor adsorption on mild steel (Table 2). The terminal carbon atoms, 

phenyl rings, and/or the heterocyclic ring accept electrons donated by mild steel, while 

nitrogen atoms in 5-amino-1,3-diphenylpyrazole also contribute to the electron donation 

[60, 61]. Consequently, a strong physiochemisorption mechanism is anticipated for 5-

amino-1,3-diphenylpyrazole, facilitated by back donation of electrons. In contrast, the 

nucleophilic site (HOMO) for 5-hydroxy-1,3-diphenylpyrazole extends over one oxygen 

and two nitrogen atoms, while the electrophilic reactive site (LUMO) encompasses the 

entire molecule and the terminal phenyl ring (Figure 8). The reactive sites suggest 

potential attacks from both Nitrogen and Oxygen atoms. Similar to 5-amino-1,3-

diphenylpyrazole, the higher electron-releasing tendency compared to the electron-

accepting tendency is a prominent factor driving the strong adsorption of 5-Hydroxy-1,3-

diphenylpyrazole. The elevated EHOMO value and a small ∆E further enhance the 

adsorption potential on mild steel (Table 2). The terminal carbon atoms, phenyl rings, 

and/or the heterocyclic ring accept electrons from mild steel, while both oxygen and 

nitrogen atoms in 5-hydroxy-1,3-diphenylpyrazole contribute to electron donation. This 

configuration supports a strong physiochemisorption mechanism for 5-hydroxy-1,3-

diphenylpyrazole, facilitated by the back donation of electrons [62, 63]. 
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In summary, the distinctive electronic configurations of 5-amino-1,3-diphenylpyrazole 

and 5-hydroxy-1,3-diphenylpyrazole, characterized by their reactive sites, contribute to 

their respective corrosion inhibition mechanisms. The analysis underscores the 

significance of electron-donating tendencies and back donation processes, providing a 

comprehensive understanding of the inhibitors' interactions with the mild steel surface 

and their inhibitory efficacy. 

Parameter 5-amino-1,3-diphenylpyrazole 5-hydroxy-1,3-diphenylpyrazole 

Optimum structure 

  

HOMO 

  

LUMO 
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Atomic charges 

  

Figure 8. The optimized structures, HOMO, LUMO and atomic numberd structures of 5-

amino-1,3-diphenylpyrazole and 5-hydroxy-1,3-diphenylpyrazole 

 

The atomic charges of 5-amino-1,3-diphenylpyrazole and 5-hydroxy-1,3-

diphenylpyrazole, as presented in Table 3, provide valuable insights into the potential 

interactions between these inhibitors and the mild steel surface [64, 65]. For both 

inhibitors, the nitrogen atoms (N) play a crucial role. In 5-amino-1,3-diphenylpyrazole, 

nitrogen atoms in the pyrrole (N(1)) and imine (N(2)) moieties exhibit charge 

characteristics suggesting potential interactions with the mild steel surface. Similarly, in 

5-hydroxy-1,3-diphenylpyrazole, the Nitrogen atom in the pyrrole (N(1)) exhibits a 

positive charge, indicating its potential to interact with the metal.The Carbon atoms (C) 

in the alkene moieties contribute to the electron density and may participate in bonding 

interactions with the mild steel surface. The charges on Carbon atoms (C(3) to C(17)) are 

relatively small, indicating a limited role in electron donation or acceptance. In 5-

hydroxy-1,3-diphenylpyrazole, the oxygen atom (O(18)) in the enol group exhibits a 

negative charge, suggesting a propensity to donate electrons. This suggests that the 

Oxygen atom can contribute to the interaction with the mild steel surface [66, 67]. These 

atomic charges, when considered in conjunction with the molecular structure, provide 

valuable information about the potential bonding sites and the nature of interactions 

between the inhibitors and the mild steel surface. Further investigation into the interplay 
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of these charged sites with the d-orbitals of iron would be essential to comprehend the 

detailed mechanism of corrosion inhibition [68, 69]. 

 

Table 3: Atomic charges for 5-amino-1,3-diphenylpyrazole and 5-hydroxy-1,3-

diphenylpyrazole. 

Atom Atom type 
Atomic charges 

5-amino-1,3-diphenylpyrazole 5-hydroxy-1,3-diphenylpyrazole 

N(1) N Pyrrole 0 0.685242 

N(2) N Imine 0.636436 −0.331546 

C(3) C Alkene 0.0272879 0.031006 

C(4) C Alkene −0.464133 −0.337014 

C(5) C Alkene 0.184914 0.208273 

C(6) C Alkene 0.0416443 0.0478966 

C(7) C Alkene −0.0666749 −0.0644955 

C(8) C Alkene −0.0272197 −0.0254114 

C(9) C Alkene −0.0703824 −0.0634197 

C(10) C Alkene −0.0246587 −0.024612 

C(11) C Alkene −0.0743275 −0.0684331 

C(12) C Alkene 0.133794 0.146102 

C(13) C Alkene −0.110868 −0.0903398 

C(14) C Alkene −0.0269073 −0.0258969 

C(15) C Alkene −0.104867 −0.0806918 

C(16) C Alkene −0.0260079 −0.0246195 

C(17) C Alkene −0.123766 −0.0989896 

N(18) N Enamine 0.033202 − 

O(18) O Enol − −0.330383 
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3.8. Suggested inhibition mechanism 

3.8.1. Inhibition mechanism of 5-amino-1,3-diphenylpyrazole 

1. Adsorption on mild steel surface: 5-amino-1,3-diphenylpyrazole possesses 

nucleophilic sites (nitrogen atoms in pyrrole and imine moieties), which can 

interact with the positively charged mild steel surface. The adsorption involves 

the formation of a protective layer on the metal surface [70-73]. 

2. Electron donor characteristics: The electron-releasing tendency of 5-amino-1,3-

diphenylpyrazole, indicated by its high HOMO energy level, facilitates the 

donation of electrons to the mild steel surface. This electron transfer contributes 

to the stability of the adsorbed layer [74, 75]. 

3. Physiochemisorption mechanism: The combination of electron donation from 

the inhibitor and acceptance by the mild steel surface supports a strong 

physiochemisorption mechanism. Back donation of electrons from nitrogen atoms 

enhances the stability of the adsorbed layer, providing effective corrosion 

inhibition [76]. 

4. Charge interaction: The charged nature of the nitrogen atoms allows for 

electrostatic interactions with the charged metal surface, contributing to inhibition 

efficiency. 

3.8.2. Inhibition mechanism of 5-hydroxy-1,3-diphenylpyrazole 

1. Adsorption on mild steel surface: 5-Hydroxy-1,3-diphenylpyrazole, with 

nucleophilic sites (nitrogen and oxygen atoms), can absorb onto the mild steel 

surface. The adsorption process involves the formation of a protective layer that 

impedes the corrosion process [77]. 



 

34 

 

2. Electron donor characteristics: Similar to 5-amino-1,3-diphenylpyrazole, 5-

hydroxy-1,3-diphenylpyrazole exhibits electron-releasing tendencies, particularly 

from nitrogen and oxygen atoms. This electron donation enhances the interaction 

with the metal surface. 

3. Physiochemisorption mechanism: The electron donation from the inhibitor and 

acceptance by the mild steel surface supports a physiochemisorption mechanism. 

The back donation of electrons from Nitrogen and Oxygen atoms contributes to 

the stability of the adsorbed layer. 

4. Charge interaction: The charged nature of nitrogen and oxygen atoms allows for 

electrostatic interactions with the charged metal surface, contributing to the 

inhibition efficiency. 

To comprehend the intricate impact of 5-amino-1,3-diphenylpyrazole and 5-hydroxy-1,3-

diphenylpyrazole on the mild steel surface in the presence of 1 M HCl, a comprehensive 

examination is crucial. This involves a thorough analysis of the test outcomes and their 

correlation with the chemical, electronic, and structural attributes of the inhibitor 

particles. Both 5-amino-1,3-diphenylpyrazole and 5-hydroxy-1,3-diphenylpyrazole are 

rich in heteroatoms, rendering them as Lewis bases. These molecules form coordination 

bonds with the free d-orbitals of iron and adsorb onto the mild steel surface. This 

adsorption process results in the creation of a protective layer, acting as a shield against 

corrosive media. Consequently, the interaction between inhibitor particles and iron 

surfaces can be intricately mediated by a combination of chemisorption and physisorption 

processes. Furthermore, the involvement of retro-donation, utilizing electronic pi-

electrons, further contributes to the stability of the adsorbed layer [78, 79]. The proposed 
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mechanism for the mild steel surface adsorption strategy by 5-amino-1,3-

diphenylpyrazole and 5-hydroxy-1,3-diphenylpyrazole is depicted in Figure 9. This 

visual representation captures the multi-faceted nature of the adsorption process, 

showcasing the formation of protective layers through coordination bonds, electrostatic 

interactions, and retro-donation mechanisms. The robust inhibitory effect of these 

compounds on mild steel corrosion is a testament to the sophisticated interplay of their 

chemical and electronic properties, establishing them as promising corrosion inhibitors in 

acidic environments. 

 

Figure 9. Suggested inhibition mechanism of adsorption behaviour of 5-amino-1,3-

diphenylpyrazole and 5-hydroxy-1,3-diphenylpyrazole on mild steel surface. 

 

In summary, both inhibitors operate through a combination of adsorption, electron 

donation, and physiochemisorption mechanisms. The specific characteristics of each 

inhibitor, such as the presence of nitrogen and oxygen atoms and their electron-donating 

tendencies, play a crucial role in forming a protective layer on the mild steel surface and 
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inhibiting corrosion. The charged nature of these atoms facilitates strong interactions with 

the metal surface, contributing to the effectiveness of the inhibitors. 

 

4. Conclusion 

In conclusion, this research has provided valuable insights into the corrosion inhibition 

potential of 5-amino-1,3-diphenylpyrazole and 5-hydroxy-1,3-diphenylpyrazole for mild 

steel in acidic media. Through a meticulous experimental and theoretical approach, the 

inhibitory performance of these compounds was systematically evaluated, shedding light 

on their effectiveness under varying conditions. The experimental findings, particularly 

the weight loss measurements, revealed a notable increase in inhibition efficiency with 

escalating inhibitor concentrations. Both 5-amino-1,3-diphenylpyrazole and 5-hydroxy-

1,3-diphenylpyrazole exhibited remarkable inhibition efficiencies, reaching up to 94.7 

and 86.4 %, respectively, at optimal concentrations. The concentration-dependent 

decrease in corrosion rate underscored the inhibitory effect of these compounds, 

showcasing their potential as corrosion inhibitors in hydrochloric acid. The exploration of 

exposure time and temperature effects further emphasized the sustained effectiveness of 

the inhibitors. Notably, the inhibitory efficiency remained impressive even with 

prolonged exposure, signifying the durability of the protective layers formed on the mild 

steel surface. Additionally, the inhibitors demonstrated resilience to temperature 

variations, highlighting their potential application in diverse environmental conditions. 

The integration of DFT calculations and adsorption isotherm studies enriched the 

understanding of the inhibitory mechanism. The Langmuir adsorption isotherm model 

aptly described the adsorption behavior, emphasizing the formation of protective layers 
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through chemisorption and physisorption processes. The calculated standard Gibbs free 

energy of adsorption values confirmed the spontaneity and stability of the adsorption 

process, positioning these inhibitors as promising candidates for mild steel corrosion 

protection. Furthermore, the theoretical insights gained from DFT calculations, including 

quantum parameters and electronic properties, provided a comprehensive overview of the 

inhibitors' electronic characteristics. The correlation of these parameters with inhibition 

efficiencies offered a nuanced understanding of the inhibitory behavior, paving the way 

for the design and development of more effective corrosion inhibitors. In summary, the 

combination of experimental measurements, theoretical calculations, and in-depth 

analyses has elucidated the inhibitory potential of 5-amino-1,3-diphenylpyrazole and 5-

hydroxy-1,3-diphenylpyrazole. These compounds exhibit multifaceted inhibitory 

mechanisms, making them promising candidates for mitigating mild steel corrosion in 

acidic environments. This research contributes not only to the field of corrosion science 

but also offers a foundation for the rational design of novel and efficient corrosion 

inhibitors for diverse industrial applications.  
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