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CHAPTER – I 
 

Introduction 

 

 

1.1. Historical background of Corrosion 

 

The stint ‘Corrosion’ is a naturally occurring phenomenon striving by the 

physicochemical affinity of materials with their environment, resulting in the 

deterioration of their characteristics. Although the fact that various writers, 

philosophers and scientists have chronicled the entire history of corrosion, the Roman 

philosopher Pliny produced a treatise on the disintegration of iron between AD 23 and 

79. Further, Faraday [1] who discovered a quantitative relationship between the 

chemical action and the electric current made the most significant contributions at 

1791-1867. At the turn of the 19th century, notions for corrosion control began to 

emerge and Whitney developed a scientific basis for corrosion management premised 

on the electrochemical observation in1903. 

Later, Schonbein [2] discovered that iron could have been rendered inactive in 

1836. U. R. Evans [3] was entrusted to offer a contemporary knowledge of the origins 

and prevention of corrosion based on his classical electrochemical theory and the 

efforts of Uhlig [4] and Fontana [5] played a pioneering role in modern knowledge of 

corrosion in 1923. Numerous corrosion researches have since been accomplished and it 

is now regarded as one of the most important research domains in this respect. As a 

consequence, it can be viewed as relentlessly obliterating economic conditions and our 

functional environment [6]. Furthermore, Corrosion is impossible to comprehend 

without taking into account the environmental factors such as air, humidity, acids, 

alkalis, soils, freshwater, distilled water, salt water, chlorine, ammonia, sulfur dioxide, 
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hydrogen sulfide, and fuel gases. Every environment has corrosive characteristics to a 

certain extent. 

1.2. Consequences of corrosion 

 

Corrosion has huge repercussions and the impacts on the safe, dependency and 

efficient functioning of equipment or structures are frequently more catastrophic than 

the loss of a quantity of metal. Even though the amount of metal lost is minimal, 

problems of various sorts may occur necessitating costly replacements. Thus, Corrosion 

has the following severe economic and societal consequences. 

1.2.1. Economic consequences 

 

Certain ostentatious economic consequences are 

 

 corroded equipment replacement 

 

 preventive measures 

 

 efficiency loss 

 

 equipment shutdown 

 

 damage to equipment near the source of corrosion 

 

 corrosion-proofing by overdesigning 

 

1.2.2. Societal consequences 

 

Several social consequences can cause the unbearable sufferers in numerous 

regions such as infrastructure, highway bridges, gas transmission pipelines, waterways, 

railroads, ports, electrical utilities, power plants, ships, mining, drinking water systems, 

food processing, defense, electronics, petroleum refining, gas distribution, 

telecommunications, sewer systems, aircraft, automobiles, home appliances, 

agriculture, pharmaceutical, paper production and so on [7, 8]. 
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1.3. Cost of corrosion 

 

Since 1903, Corrosion has been a huge concern and a range of endeavors are 

accounted for. The ‘International Measures of Prevention, Application and Economics 

of Corrosion Technology [IMPACT]’ study conducted by NACE International in 2017 

estimated the global cost of corrosion to be $2.5 trillion or approximately 3.4 % of 

global Gross Domestic Product [GDP] and Corrosion costs of the defense division 

alone $20 billion dollars. According to the report, subsequent corrosion prevention 

practices may save the world between 15 and 35 % of the cost of damage [$375 to $875 

billion] [9]. The International Zinc Association [IZA] estimated India's cost of 

corrosion to be around 5-7 % in 2021 [10]. As a repercussion, corrosion has been 

perceived as an expensive and insurmountable economic crisis. 

1.4. Factors that influence the rate of corrosion 

 

Several internal and external aspects of the corrosive atmosphere such as the nature 

of the metals and the environment can impact the corrosion rate [11, 12]. 

1.4.1. Nature of the metal 

 

The corrosion rate is influenced by metallic features such as crystal orientation, 

internal tension, grain size, surface conditions and metal stability factors. Furthermore, 

the dissolution rate is affected by the galvanic series of metals and hydrogen 

overvoltage [13]. 

1.4.2. Nature of the environment 

 

Corrosion rates have been observed to be influenced by a variety of factors, the 

most important of which are pH, temperature, dissolved oxygen and concentration [14]. 

(i) pH of the solution 

 

pH is one of the most essential features for speeding up corrosion in corrosive 

media and a drop in pH enhances hydrogen evaluation which speeds up metal 
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corrosion. The solubility of a protective barrier that develops on a metal surface and 

hence the corrosion process can be affected by changes in solution pH [15]. 

ii) Temperature 

 

Raised temperatures hasten the dissolving process, accentuating the nature of 

the reactions by influencing the temperature dependency of both the physical and 

natural behavior of the reactants and products. Furthermore, the composition of the 

metals and their properties influenced the rate of corrosion [16, 17]. 

iii) Dissolved oxygen 

 

A rise in dissolved oxygen concentration and corrosion rate control through 

oxygen depolarization accompanies the corrosion process. As an outcome, the rate of 

oxygen depolarization is determined by the rate of oxygen diffusion through the 

protective layer on the metal surface. As oxygen concentration rises, the rate of 

corrosion increases at first, but then decreases as oxygen concentration hits a critical 

threshold [18]. 

iv) Concentration 

 

Corrosion rates can be influenced by the concentration of a solution. Corrosion 

does not occur linearly over a wider band. Also, concentration changes rapidly in 

equipment such as reactors, distillation columns and evaporators making corrosion rate 

prediction problematic [19]. 

1.5. Prevention techniques of corrosion 

 

Corrosion can be mitigated for a limited period, but it cannot be prevented 

forever. Some preventative techniques are shown in (Fig.1.1). 

1.5.1. Metal conditioning 

 

It can be subdivided into two categories such as coating of metal alloys and 

alloying of metals [20]. 
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(i) Metal coating 

 

Zinc, tin, aluminum and organic compounds such as paints, polymers, resins, 

oils, greases, and enamels have all been used to form a corrosion-resistant barrier 

between the metal and the environment. Despite, protective coatings are frequently 

more complicated than merely acting as a barrier between the metal and the 

environment. 

(ii) Metal alloying 

 

By alloying normal steel with chromium and nickel to form a more corrosion- 

resistant stainless steel is protected by a thin layer of chromium oxide that forms 

naturally. 

 
 

Fig.1.1. Prevention techniques of corrosion 

 

1.5.2. Corrosive Environment conditioning 

 

(i) Oxygen removal 

 

To remove oxygen from a water system, sulphite can be utilized as a potent 

reducing agent. This corrosion prevention technique, however, is not feasible for open 
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evaporative cooling systems since fresh oxygen from the environment will be available 

at all times. 

(ii) Utilization of Inhibitors 

 

Inhibitors are categorized into several sorts based on how the environment 

affects corrosion such as volatile, anodic, cathodic, adsorption and mixed type 

inhibitors [21, 22]. Anodic inhibitors such as phosphates, arsenates, carbonates, 

molybdates and nitrites influence the inhibition mechanism by forming a protective 

layer of oxides, hydroxides and salts on the metal surface whereas cathodic inhibitors 

protect the metal surface by forming hydroxide inhibitive layers on the metal surface 

via an electrochemical reaction. Mixed inhibitors provide both of the above-mentioned 

types of protection [23, 24]. 

1.5.3. Electrochemical method 

 

Corrosion may be explored by observing changes in metal potential overtime or 

employing electrical currents since it is an electrochemical process. The rate of 

corrosion can be influenced by passing anodic or cathodic currents through the metal. 

Steel corrosion is avoided in most soils and natural waterways by lowering the potential 

of the metal surface by 300 or 400 mV. Cathodic protection can be accomplished using 

a DC power source or by acquiring electrons through the anodic dissolution of a low- 

galvanic-series metal such as aluminum, zinc or magnesium. Anodic protection can be 

produced in some chemical circumstances by passing a current through the metal which 

releases electrons and raises its potential. This promotes anodic corrosion at first but 

under ideal conditions, this is followed by the development of a protective oxidized 

passive surface coating. 
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1.6. Iron corrosion and its inhibition mechanism 

 

In the corrosive media, corrosion is caused by both anodic and cathodic 

electrochemical processes which result in the formation of rust on the metal surface. 

The loss of one or more electrons at the anode causes oxidation. The released electrons 

are sent to the external circuit where the hydrogen evolution occurs at the cathode. As a 

consequence, Mild steel rust may be prevented using inhibitors such as electrochemical 

processes at the anode, cathode or both. Therefore, a variety of inhibitors including 

anodic, cathodic and mixed type inhibitors as well as other processes have been 

proposed for reducing corrosion rates. Metal corrosion rates in acidic environments are 

influenced several ways and pinpointing a single universal mechanism for inhibition is 

challenging. 

1.6.1. Corrosion mechanism of iron 

 

(i) Anodic reaction 

 

At the anode, metal is transformed into an ionic state by the loss of one or more 

electrons which is known as oxidation. 

 
 

(ii) Cathodic reaction 

 

At the cathode, reduction occurs by receiving an electron that has been released 

by the anodic processes. 
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1.6.2. Inhibition process 

 

Chemisorption and physisorption are the two types of interactions that take 

place during the corrosion inhibition process which is presented in (Fig.1.2). 

(i) Chemisorption 

 

In this kind of adsorption, the inhibitor molecule and the metal surface share 

lone pair electrons, π electrons coupled to numerous bonds and weakly bonded electron 

pairs. There is also evidence of irreversible single layer adsorption of ions, atoms or 

molecules on the surface. 

(ii) Physisorption 

 

It is often attributed to weak van der Wal's interactions between charged 

molecules and the charged surface of the metal when exposed to a corrosive 

environment that includes inhibitor molecules. The charge of the metal surface, the 

structure and functional group of the inhibitor molecules, inhibitor synergism, polarity 

and the reactivity of adsorbed inhibitors in an inhibitor corrosive environment can all 

impact the adsorption process [25]. 

The number of inhibitor molecules on the metal surface as a function of 

concentration at a certain temperature known as isotherms determines the adsorption 

process. Langmuir [26–28], Dhar–Flory–Huggins and Bockris–Swinkels [29], 

Freundlich [30], Temkin [31, 32], Frumkin [33, 34], Flory–Huggins [35–38] and other 

adsorption isotherms can be used to determine the adsorption process. 
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Fig.1.2. Corrosion inhibition mechanism of Iron in an acidic solution 

 

1.7. Mild steel 

 

Due to their low cost, ease of availability, high tensile strength and enticing 

diversity of properties, Mild steels and related alloys are broadly adopted materials. 

Mild steels are composed of iron with a carbon content ranging from 0.2 % to 2.1 % 

with a little amount of sulphur, silicon, phosphorous, chromium, nickel, and manganese 

added to expand their use range [39]. 

1.7.1. Physical and Chemical Properties of Mild steel 

 

Mild steels are exceptionally durable, weldable and machinable which can be 

quickly manufactured from readily available natural sources. They are also fairly soft 

due to their enormous strength and malleability. The mechanical properties of metals 

are connected to the manufacturing structure and they are often used in mechanical 

operations such as shaping, bending and machining. The hardness and softness of Mild 

steel are also determined by the proportion of carbon added to the iron. Tensile strength 
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and hardness improve as carbon content increases but plasticity, weldability and 

malleability decreases [40, 41]. 

1.7.2. Applications of Mild steel 

 

Mild steels are employed in a wide range of applications, including building, 

transportation and manufacturing [42]. They may be found in a variety of structural 

forms, including bars, beams, plates, and pipes for both onshore and offshore use. 

Furthermore, because of their high thermal and electrical conductivity as well as their 

corrosion resistance, they have a broad array of applications in environmental concerns. 

The mechanical features of Mild steels include biofouling resistance, manufacturing 

flexibility and joining procedures. Weldability, durability, hardness and annealing are 

all properties of Mild steel that allow the electric current to flow without affecting 

structural integrity. 

On the other hand, other stainless steels with high carbon content need 

specialized welding procedures. High Mild steel alloys which have outstanding 

mechanical qualities are widely used in industries such as pickling, fabrication of a 

range of reaction vessels including cooling tower tanks, pipelines, submarines, bolts, 

engineering, bullets, nuts, chains, armor, magnets, screws, and hinges. Among the 

things, they were employed for petrochemicals, oil, water pipes, automobiles, ship, 

naval constructions and architectural disciplines [43]. 

1.7.3. Corrosion behavior of Mild steel 

 

Although Mild steels have a broad range of applications, they are badly 

damaged when they get into contact with an acidic environment during descaling, acid 

cleaning, acid shipping, acid storage and other chemical processes. Conversely, 

nitrates, chlorates, sulphates, arsenates, phosphates and other pollutants in the 

environment have a detrimental influence on Mild steel quality. Because Mild steel 
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rusts more rapidly in acidic and humid environments, the rate of corrosion is rather 

high in some conditions. 

The Corrosion resistance of Mild steel and its alloy is primarily determined by 

their composition and microstructure. Environmental conditions such as temperature 

and aeration level further exacerbated the rusting. Thus, corrosion prevention is a 

crucial solution for Mild steel that is deteriorating. 

1.8. Corrosion Inhibitors 

 

Even though numerous endeavors have been attempted to decrease metal and 

metal alloy disintegration in acid conditions [44 - 46], adsorption of corrosion 

inhibitors on Mild steel surfaces is one of the most extensively utilized methods and it 

has proved to be more efficient than the other proposed techniques in controlling the 

corrosion rates. Furthermore, chemical substances such as inorganic and organic 

compounds are the greatest materials for avoiding corrosion in acidic settings. A. Yurt 

et al. [47] provided certain criteria for choosing inhibitors to prevent metal corrosion in 

2004 including having a high protective capability at low concentrations, functioning at 

higher temperatures and having faster protection for all exposed metal components in 

corrosive conditions. Additionally, they stated that the inhibitors must be long-lasting, 

must regulate uniform and local corrosion, must not create any undesired reaction 

products during heat transfer and must not be harmful or polluting. 

Further, Inorganic inhibitors such as zinc chromate, phosphates, silicates, 

molybdates, tungstates, carbonates, arsenates and nitrates were used as corrosion 

inhibitors [48-50]. Nevertheless, the emancipation of these metals was not acceptable 

because of their destructive character which had a huge environmental impact. Due to 

the economic constraints, compatibility with other chemicals, greater efficiency and 

environmental concerns, organic inhibitors were determined to be a more effective and 
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appropriate method to prevent metals from corroding in corrosive environments [51-

54]. 

The presence of polar groups, π electrons and heteroatoms in organic 

compounds is largely responsible for their inhibitory actions. The inhibitory features 

are caused by the existence of π electrons and unshared pair of electrons on the 

heteroatoms of the inhibitor molecules which are shared to the unoccupied d orbital of 

the iron to create a coordinate type bond. Heterocyclic candidates have been discovered 

as efficient corrosion inhibitors among all the organic compounds due to the presence 

of heteroatoms such as nitrogen, oxygen and sulphur [55-59]. 

Several substituted heterocyclic compounds have received significant attention 

in recent years due to their broad spectrum of agricultural, industrial and biological 

activities such as antimicrobial, sedative, anticonvulsant, anticancer, anti-inflammatory, 

diuretic, antibacterial, hypoglycemic, ant tubercular, antifungal and so on. In acidic 

corrosive circumstances, numerous triazole, pyrazole, piperidine, quinoline, imidazole, 

pyridine, etc., derivatives have also been revealed to be efficient corrosion inhibitors in 

that sequence [60-62]. 
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CHAPTER – II 
 

Review of Literature 

 

Metals and alloys have been used in a wider spectrum of applications, therefore 

corrosion research is crucial. Many organic compounds have figured prominently in 

suppressing the corrosion process. In acidic, alkaline and neutral corrosive 

environments, heterocycles are the leading competitors and corrosion inhibition is 

principally influenced by the nature of the compounds as well as the corrosive 

environment. The anti-corrosive characteristics of some nitrogen containing 

heterocyclic compounds have been intensively investigated in Mild steel corrosion 

under various corrosive circumstances. 

2.1. Corrosion protection study by Imidazole derivatives 

 

N. W. Odozi et al [1] carried out the anticorrosive impact of '2, 4-di-tert- 

butyl-6-(1h-phenantro [9, 10-d] imidazol-2-yl) phenol' using weight loss and hydrogen 

evolution techniques on Mild steel in 0.5 % H2SO4. They suggested that the adsorption 

process followed the Temkin model through a physical adsorption mechanism with a 

maximum efficiency of 68.45 %. They also reported that the corrosion rate increases 

with increasing temperature while decreasing with increasing inhibitor concentration 

and the DFT calculations were used to calculate some electronic properties of the 

inhibitor molecules to determine the relationship between the inhibition power and 

molecular structure of the examined inhibitors. 

O. Fergachi et al [2] have emphasized that the corrosion inhibition investigation 

of ‘2(-4(chlorophenyl-1H-benzo[d]imidazol)-1-yl) phenyl) methanone’ on Mild steel in 

1M HCl by electrochemical and spectroscopy method. They discovered that the 

inhibitory efficiency of the protector was 98.9% at 10-3 M concentration and 
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that it was a mixed-type inhibitor. The development of a complex between the inhibitor 

molecule and iron (II) ions on the metal surface hinders the process. The experimental 

results were in good accord with the theoretical assessments conducted by the DFT 

technique. 

H. Hopfl et al [3] investigated the corrosion inhibition potential of ‘1-(2- 

aminoethyl)-2-imidazolidinethione’. They used DFT calculations and an X-ray 

crystallographic approach to determine the corrosion inhibition performance. H. R. 

Obayes et al [4] have conducted the DFT study with the B3LYP functional basis set to 

compare the theoretical evaluations of three isomers: ‘benzimidazole’, ‘2- 

methylbenzimidazole’ and ‘2-mercaptobenzimidazole’. They concluded that nitro- 

group containing inhibitors had lower effectiveness, but amino group-containing 

inhibitors had a higher inhibition rate. 

Using gravimetric, electrochemical polarization and impedance methods, P. 

Dohare et al [5] investigated the inhibition action of three substituted imidazole 

compounds: ‘2-(3-methoxyphenyl)-4,5-diphenyl-1H-imidazole’, ‘2,4,5-triphenyl-1H- 

imidazole’, and ‘(3-nitrophenyl)-4,5-diphenyl-1Himidazole’. They found that the 

methoxy substituted inhibitor inhibited more effectively than the nitro substituted 

inhibitor with a maximum efficacy of 97.5 % at 100 mg. L-1. The binding energy of the 

inhibitor molecules was calculated using molecular dynamics and DFT simulations. 

SEM measurements supported the development of the protective coating. 

2.2. Quinoline derivatives as corrosion inhibitors 

 

R. G. Sundaram et al [6] analyzed the anticorrosive effect of ‘8-quinoline 

sulphonyl chloride’ on Mild steel in the 1M HCl medium using gravimetric and 

electrochemical methods. They demonstrated that the inhibition efficacy and surface 

coverage increased with an increase in concentration and that the adsorption process 
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followed the Langmuir model. The inhibitor slowed the cathode reaction according to 

Tafel plots. By adsorption of inhibitor molecules on the Mild steel surface, SEM and 

EDX analyses were utilized to assess the surface morphology. The computational 

inhibition efficiency investigation of three compounds namely, ‘ethyl2-(8- 

hydroxyquinolin-5-yl) methyl) amino) acetate’, ‘5-((benzylamino) methyl) quinolin-8- 

ol’ and ‘5-(azidomethyl) quinolin-8-ol’ has been described by E.A Erazua et al [7]. The 

results obtained from DFT calculations disclosed with increasing EHOMO, softness, 

electrophilicity, electrons transferred from protectors to metal specimen, initial 

molecule metal interaction energy, energy change during electron back donation and 

decreasing ELUMO, chemical hardness, energy gap, and dipole moment, the inhibition 

efficiency increased. 

T. Laabaissi et al [8] carried out the electrochemical and theoretical studies to 

investigate the anti-corrosion behavior of ‘(E)-3-(4-methylstyryl) quinoxalin-2(1H)- 

one’ against Mild steel in the 1M HCl media. They concluded that the inhibitor obeyed 

the Langmuir model and had optimal effectiveness of 91%. The inhibitor operated as a 

mixed type inhibitor according to the polarization investigation and the inhibition 

process was validated by the impedance study. Quantum chemical calculations were 

utilized to correlate the inhibitor's resistant power and molecular structure as well as to 

show that the experimental and theoretical evaluations were in harmony. 

A. El Janati et al [9] investigated the protective efficacy of '6-nitro-1,4- di(prop-

2-yn-1-yl)quinoxaline-2,3(1H,4H)-dione' on Mild steel corrosion in 1M HCl media 

using mass loss, electrochemical and DFT experiments and found that the highest 

inhibition rate was 95%. The Langmuir model was discovered to explain the inhibitory 

adsorption process and the inhibitor functioned as a mixed-type inhibitor. The 

corrosion protection capability was demonstrated using thermo dynamical and 
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activation characteristics such as Gibbs free energy, equilibrium constant and 

adsorption activation energy. DFT calculations were in good consonance with the 

experimental results. 

2.3. Anti - corrosive performance of Azine derivatives 

 

By using the mass loss technique and scanning electron microscopy, A. Kadhim 

et al [10] investigated the inhibitory efficacy of '2-Methyl-4H-benzo[1,3]oxazin-4-one' 

and '3-amino-2-methyl quinazoline-4(3H)-one'. The findings revealed that the corrosion 

inhibition process is influenced by the quantity of nitrogen present and also the 

molecular weight of the inhibitors examined. 

S. Zhang et al [11] have proposed the anti-corrosion character of pyrazine 

derivatives in 15% HCl using mass loss, electrochemical, SEM and EDX analysis. The 

results revealed that the tested inhibitors are mixed-type inhibitors with chemical 

adsorption. They also discovered that the new pyrazine compounds acted as efficient 

defenders as the rising concentration of inhibitors in an acidic environment. 

Applying electrochemical polarization and impedance spectroscopy techniques, 

the protective efficiency of azine and thiazine dyes such as Azure, Neutral Red, 

Eosinate, Toluidine Blue, Phenosafranin and Rhodanile Blue on Mild steel in the 1M 

HCl acid solution has been studied by E. E. Ebenso et al [12]. The procured findings 

revealed that the inhibition potential increased with an increase in concentration. They 

also concluded that thiazine dyes outperform azine dyes in terms of corrosion resistance 

which had been linked to the existence of multiple hydrogen bond donor centers in the 

inhibitor molecules. 

The Mild steel corrosion inhibition activity of ‘1-((3,6-di(pyridin-2-yl)pyrdazin- 

4-yl)methyl)-indoline-2,3-dione’,‘4-(morpholinomethyl)-3,6-(pyridin-2-yl)pyridazine’ 

and ‘3,6-di(pyridin-2-yl)-4-(p-tolyl)-pyridazine’ in 1M HCl medium via weight loss, 
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electrochemical polarization, impedance and theoretical studies have been investigated 

by M. Filali et al [13]. All of the studies indicated that the efficacy of inhibitors 

increased as the concentration raised and the inhibitors were mixed-type inhibitors 

followed that the Langmuir model. It was also discovered that the inhibitor '1-

((3, 6-di(pyridin-2-yl)pyrdazin-4-yl)methyl)-indoline-2,3-dione' had better corrosion- 

prevention ability than the other inhibitors. The results achieved through experimental 

methods were quite comparable to those found through theoretical studies. 

2.4. Corrosion mitigation performance of pyrimidine derivatives 

 

Resit Yildiz [14] has investigated the  corrosion resistance behavior  of 2,4- 

Diamino-6-hydroxypyrimidine from 0.5 to 10 Mm concentration on Mild steel in the 

1M HCl using linear polarization resistance, electrochemical measurements, quantum 

chemical calculations and scanning electron microscope techniques. From the observed 

data, he concluded that the adsorption process appeared to match the Langmuir model 

and the inhibitory mechanism. The anticorrosive activity of ‘6-(4-methoxyphenyl)-1- 

phenyl-2- thioxo-2,3-dihydro-1H-spiro[indoline-3,4-pyrimidine]-2-one’ and ‘6-(4- 

methoxyphenyl)-1-phenyl-2-thioxo-2,3-dihydro-1H-spiro[indoline-3,4-pyrimidine]-2- 

one’ on Mild steel corrosion in the 15% HCl solution has been inspected by M. Yadav 

et al [15]. They discovered that the studied inhibitors were mixed-type inhibitors that 

followed the Langmuir isotherm and SEM, FTIR, XPS and DFT analyses confirmed 

the ability to defend against corrosive environments. 

S. Ambrish et al [16] used standard techniques such as weight loss, 

electrochemical impedance spectroscopy and potentiodynamic polarization to 

investigate the inhibition performance of Chromeno pyrimidine derivatives ‘8,8-

Dimethyl-5-p-tolyl-8,9-dihydro- 1H-chromeno pyrimidine-2,4,6 (3H,5H,7H)-trione’ 

and ‘8,8-Dimethyl-5-phenyl- 8,9- dihydro-1H-chromeno pyrimidine-2,4,6 
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(3H,5H,7H)-trione’ for N80 steel in 15% hydrochloric acid solution. They revealed 

that Chromeno pyrimidine derivatives were effective corrosion inhibitors with 96.4 % 

inhibition efficiency and that adsorption with metal surfaces did involve both physical 

and chemical interactions. They also discovered that AFM and XPS spectra 

corroborated the mixed mode of inhibitory action and the adsorbed inhibitor film. 

Khaled et al [17] have explored the anti-corrosive characteristics of three 

pyrimidine-bichalcophene derivatives ‘5-([2,20 -Bifuran]-5-ylmethylene)-1,3-dimethyl 

pyrimidine-2,4,6(1H,3H,5H)-trione’,‘5-([2,20-Bithiophen]-5-methylene)-1,3-dimethyl 

pyrimidine-2,4,6(1H,3H,5H)-trione’ and ‘5-([2,20-Bithiophen]-5-yl methylene)-1,3-di 

ethyl-2-thioxodihydropyrimidine-4,6(1H,5H)-dione’ in the 1M HNO3 via standard 

procedures. They discovered that increasing the concentrations of pyrimidine 

derivatives and the temperature of the medium enhanced the inhibitory effect. The 

polarization investigations revealed that the pyrimidine-bichalcophenes functioned as 

mixed inhibitors and the experimental results were validated using computational 

chemistry approaches such as quantum-chemical and molecular dynamics simulation 

techniques. 

2.5. Triazole derivatives as effective corrosion protectors 

 

Utilizing the mass loss and electrochemical experiments, A. A. Abd-Elaal et al 

 

[18] investigated the corrosion inhibited efficiency of ‘5-(phenyl)-4H-1,2,4-triazole-3- 

thiol’, ‘3-(decylthio)-5-phenyl-1H-1,2,4-triazole’, and ‘3-(benzylthio)-5-phenyl-1H- 

1,2,4-triazole’. They exposed that the inhibitors inhibited both the anodic and cathodic 

reactions; however, polarization was more towards the cathode according to the 

experimental data. D. Shevtsov et al [19] have analyzed the electrochemical and full- 

scale efficiency testing procedures to investigate the copper corrosion inhibition in 

neutral chloride solution using ‘3-sulphinylalkyl-5-amino-1H-1,2,4-triazole’. All of the 
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data revealed that the examined inhibitor was effective against corrosion degradation 

and that its protective capacity was twelve times more than when it was absent. 

Furthermore, the full-scale test in the 1% HCl solution revealed that the deterioration 

rate was reduced by 10 to 20 times even at 5mM inhibitor concentration. 

In the 1M HCl acid solution, A. E. zquez et al [20] investigated the inhibitory 

impact of triazole–theophylline compounds on ‘API 5LX52’ steel. They found that 

increasing inhibitor concentrations resulted in the maximum corrosion inhibition rate 

and an impedance measurement revealed that the hampered efficiency for all inhibitor 

compounds was about 90% at 50 ppm. The examined inhibitors functioned as stronger 

inhibitors in the acidic corrosive media, according to SEM and EDS studies. A. M. 

Hassan et al [21] have discussed the carbon steel corrosion in hydrochloric acid 

medium with two triazole compounds namely; ‘N-(furan-2-ylmethylene)-1H-1,2,4- 

triazole-3-amine’ and ‘N-(thiophene-2-ylmethylene)-1H-1,2,4-triazole-3-amine’ by 

gravimetric method. They reported that both the inhibitors exhibited a high inhibition 

rate in the acid medium and obeyed the Langmuir isotherm. On carbon steel, they 

found that the thiophene-containing triazole was more efficient than the furan- 

containing triazole. 

For the analysis of carbon steel corrosion with benzothiazole derivatives, A. S. 

Fouda et al [22] have utilized the mass loss, electrochemical polarization, impedance 

and frequency modulation techniques. They found that inhibition efficiencies increased 

with increasing concentrations of benzothiazole inhibitors but decreased with 

increasing temperature. Further, they proposed that the inhibitors were mixed-type 

inhibitors that followed the Temkin model. O.A. Kozaderov et al [23] have studied the 

hindered efficacy of ‘3-(piperidin-1-yl)- 5-amino-1H-1,2,4-triazole’, ‘3-(4-phenyl 

piperazin-2-yl)-5-amino-1H-1,2,4-triazole’ and ‘3-(4-benzylpiperazin-1-yl)-5-amino- 
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1H-1,2,4-triazole’ on copper corrosion in chloride media using efficiency testing 

methods. The study findings concluded that the protective efficacies for all of the 

inhibitors observed were around 30-60% with the higher efficiency are been depicted 

by '3-(piperidin-1-yl)-5-amino-1H-1,2,4-triazole' in neutral medium and acidic chloride 

environment and the DFT calculations providing the correlation of inhibition activity 

and the molecular structure of the studied inhibitors. 

The assessment of corrosion inhibition activity on ‘3-Amino-1,2,4-triazole-5- 

thiol’ and cerium chloride for ‘AA2024-T3’ steel in NaCl medium was investigated by 

I. I. Udoh et al [24]. All of the data showed that the investigated inhibitor system had 

outstanding synergistic efficacy in a corrosive environment which was further 

demonstrated using the scanning vibrating electrode technique and X-ray photoelectron 

spectroscopy. R. G. Olvera et al [25] have discussed the corrosion inhibitive 

performance of ‘mono-1,2,3-triazole derivatives’ of pyrimidine nucleobases series 

against steel corrosion in 1M HCl medium and discovered the inhibitors to be 

promising inhibitors on steel corrosion in acid media. 

O. A. Hazazi et al. [26] have observed that 4-amino-5-methyl-4H-1,2,4-triazole- 

3-thiol and halides had a synergistic impact against Mild steel corrosion in 0.5M 

H2SO4. The halide ions had a strong hindering impact on the inhibitor molecule 

according to the findings of the experiments. As the inhibitor concentration increased, 

the protection rate of Mild steel and the associated surface coverage values surged. In 

addition, the synergistic action followed the order Cl- , Br- , I- on the inhibitor molecule 

and the adsorption process followed the Temkin model. 

‘(1-(4-nitrophenyl)-1H-1,2,3-triazol-4-yl)methanol’,‘(1-(4-aminophenyl)-1H-1, 

2,3-triazol-4-yl)methanol’,‘1-(4-nitrophenyl)-5-methyl-1H-1,2,3-triazole-4-carboxy 

late,ethyl1-(4-aminophenyl)-5-methyl-1H-1,2,3-triazole-4-carboxylate’ and ‘1-(5- 
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methyl-1-(4-nitrophenyl)-1H-1,2,3-triazol-4-yl)ethanone’ were utilized for corrosion 

mitigation in the acidic atmosphere through mass reduction and electrochemical 

procedures were achieved by G. O. Resende et al [27]. They reported that at the optimal 

concentration, the protection rates were over 90% and that the inhibition process 

followed the Langmuir model which included both physisorption and chemisorption. 

Jianfei Yu et al [28] have studied the corrosion mitigation ability of ‘3-amino-5- 

mercapto-1,2,4-triazole’ on copper in a 3.5 % NaCl solution via gravimetric and 

electrochemical techniques. They claimed that raising the inhibitor concentration 

reduced the rate of corrosion. They also discovered that the inhibitor slowed both the 

anode and cathode reactions and that the Langmuir isotherm revealed a chemically 

adsorbed process. A. Nahle et al. [29] have examined the inhibitory characteristics of 

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

acetohydrazide on Mild steel corrosion in the 1M HCl solution. According to the 

researchers, both inhibitors exhibited a maximum efficacy of 95.3% and 95 % at 200 

respectively. According to the Langmuir model, the examined protectors were 

physically and chemically adsorbed on the steel surface in the corrosive medium. 

‘1-[(4-ethyl-2-phenyl-4,5-dihydro-1,3-oxazol-4-yl)methyl]-4-phenyl-1H-1,2,3- 

triazole’ and ‘1-[(4-ethyl-2-phenyl-4,5-dihydro-1,3-oxazol-4-yl)methyl]-5-phenyl-1H- 

1,2,3-triazole’ were studied for Mild steel corrosion by mass loss and electrochemical 

methods and this work was analyzed by H. Rahmani et al [30]. Since the phenyl group 

position was altered from 5 to 4, the inhibitor ‘Ph4’ demonstrated the best efficacy at a 

10-3 M of 95% according to the data. They also declared that the temperature tool 

revealed mitigation in impeded performance at high temperatures and that the DFT 

predictions were highly associated with the experimental results. In an acidic solution, 

C. M. Fernandes et al [31] have investigated the inhibited effectiveness of 1-benzyl-4- 
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phenyl-1H-1,2,3-triazole on Mild steel corrosion. The temperature investigation 

revealed that the inhibitor was chemically adsorbed on the steel surface, and the 

electrochemical tests revealed that the optimal inhibition efficacy was 81.7 % at 2.13 

mmol-1. The efficiency of the protector molecule on the steel surface in an acidic 

environment has been confirmed using the AFM analysis. 

P. S. Desai et al [32] have proved that the anti-corrosive effects of '3- 

(piperazin-1-yl) benzo (d) isothiazole' and 'Hydroxybenzotriazol' on Mild steel 

corrosion in the 1M HCl solution and found that the hindered efficiencies ranged from 

66-77 % at 25 mM to 33-44 % at 5 mM. The Langmuir, Freundlich and Temkin 

isotherms were followed during the adsorption processes at elevated temperatures. M. 

Scendo et al [33] have used inhibitor 3-amino-5-methylthio-1H-1,2,4-triazole to 

investigate the corrosion rate on ‘C45 Mild steel’ in an acid chloride environment. The 

examined inhibitor effectively suppressed both anodic oxidation and cathodic reduction 

processes according to electrochemical polarization data. They also discovered that the 

Temkin isotherm was the best fit for this physical adsorption process and they have 

used an inverted metallographic microscope to confirm the surface film in the presence 

of an inhibitor. 

F. Bentiss et al [34] accounted for the relative learn of deterioration inhibition 

performance of 4-aminotriazole and 4H-triazoles in the 1M HCl and 0.5 M H2SO4 acid 

medium. They concluded that both inhibitors were efficient corrosion inhibitors in both 

acid media with the 4-aminotriazole inhibitor having a higher inhibitory efficacy than 

the 4H triazole. Additionally, both inhibitors decreased the rate of corrosion in the 1M 

HCl when compared to the 0.5 M H2SO4 solution. According to the electrochemical 

analysis, both of the examined inhibitors were mixed-type inhibitors that followed the 

Langmuir model. 
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D.S. Chauhan et al [35] used non-electrochemical tests, electrochemical 

methods and a surface morphology study to evaluate the effect of triazole modified 

chitosan macromolecule on carbon steel corrosion in HCl solution and perceived that 

the maximum level of protection achieved was 95 %. With both physisorption and 

chemisorption, the obstructed mechanism was the Langmuir model. The polarization 

methods revealed that the inhibitor molecule was mixed kind with corrosion doctors 

and more concentrated towards the cathode. DFT computations and MD simulations 

corroborated the experimental findings. The anti-corrosive effect of ‘benzotriazole’, 

‘1,2,4-1H-triazole’, ‘tolyl triazole’, and ‘5-chloro-1,2,3-benzotriazole’ on copper 

corrosion was studied using corrosion testing methods such as electrochemical, 

ellipsometry, salt fog, wetting angle measurement and recurrent moisture condensation 

conditions. The research findings concluded that the inhibition was achieved by the 

formation of a nano-thin coating on the copper surface after 24 hour or longer exposure 

period to the inhibitors vapor treatment and the chloro derivative had the maximum 

protection according to O.A. Goncharova et al [36]. 

Using electrochemical method, A. Orhan et al [37] have demonstrated the 

ability of ‘4-Allyl–5-pyridin-4-yl-4H-1,2,4-triazole-3-thiol’ to prevent Mild steel 

against corrosion in the 1M H2SO4 acid solution. The results revealed that as the 

inhibitor concentration increased, the efficiency rate increased and the inhibition was 

caused by the development of a protective coating on the Mild steel surface. B. E. 

Ibrahimi et al [38] have investigated the correlation between molecular structure and 

the relative hindered efficiency using quantum chemical analysis with the ‘B3LYP/6- 

31G and [d,p]’ technique. The triazole compounds '1,2,4 triazole,' '3-amino 1,2,4 

triazole,' and '3,5-diamino 1,2,4 triazole,' were used as corrosion inhibitors on the 

copper surface and the experimental data were well correlated with the quantum 
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chemical study for the gaseous and aqueous parts of the investigated inhibitors, 

particularly for  unprotonated species. 

Y. I. Kuznetsov et al [39] have studied the relationship between the passivity 

and hydrophobicity of triazole molecules on the copper surface in a neutral chloride 

solution environment. The Frumkin isotherm demonstrated the monolayer adsorption 

with free energy values for the inhibition process ranging from 51 to 70 KJ/mol. The 

inhibitors effectively slowed the anodic oxidation process on the copper surface in a 

neutral chloride solution according to the findings. 

The inhibitory activity of '3-amino-1, 2, 4-triazole' on copper exposed in the 

borax buffer media has been determined by Y. Wan et al [40]. The achieved efficacy 

was around 97% at 30mg.L-1 according to the findings. The electrochemical and photo 

electrochemical measurements were in agreement, revealing that the inhibitor was an 

effective inhibitor on the copper surface in the borax medium and the improved 

corrosion prevention activity of the inhibitor compound was validated using Raman 

scattering spectroscopy. The Langmuir analysis was used to predict the adsorption 

mechanism which was determined to be physisorption. 

2.6. Inhibition characteristics of pyrazole derivatives against corrosion 

 

Z. T. Khudhair et al [41] used the mass loss approach to demonstrate the 

corrosion mitigation behavior of newly developed pyrazole derivatives on Mild steel in 

IM sulfuric acid solution. Likewise, the corrosion prevention ability of pyrazole ligands 

such as ‘1,4-bis(3,5-dimethylpyrazol-1-yl)butane’, ‘1,3-bis(3,5-dimethyl pyrazol-1-yl) 

propane’ and ‘1,3-bis(3,5-dimethylpyrazol-1-yl)propane-2-ol’ and ‘[Cu2(m3-SCN)2 (m-

bbd)]n’, ‘[Cu2 (m3-SCN)2(m-bdpp)]n’, and ‘[Cu2Hg(m2-SCN)2(bdpo)2 (CH3COO)2]      

n’ on Mild steel that had deteriorated in the 1M H2SO4 solution was examined by                 

A. Masoumi et al [42]. They discovered that Pyrazole ligands had a modest impact 
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(38–78 %) on Mild steel corrosion, but their metal complexes had a stronger inhibitory 

efficacy (higher than 85%). Conversely, in corrosive environments, bimetallic 

compounds showed greater inhibition than monometallic compounds. 

S. El Arrouji et al [43] investigated the inhibitory characteristics of ‘N1, N1- bis 

(2-(bis ((3,5-dimethyl-1H-pyrazol-1-yl) methyl) amino)ethyl)-N2, N2-bis ((3,5- 

dimethyl-1H-pyrazol-1-yl) methyl) ethane-1,2-diamine’ and ‘diethyl 1,1'-(4- 

acetylphenyl) azanediyl) bis (methylene)) bis (5-methyl-1H-pyrazole-3-carboxylate)’ 

for Mild steel in the 1M HCl solution employing chemical and electrochemical 

methods. According to the researchers, both inhibitors prevent anodic and cathodic 

corrosion currents and the corrosion inhibition mechanism follows the Langmuir 

model. The development of thin films has been confirmed by SEM and EDS 

investigations. 

H. Chahmout et al [44] evaluated the stainless steel corrosion of ‘1-amino- 5,10-

dioxo-3-(p-tolyl)-5,10-dihydro-1H-pyrazolo[1,2-b]phthalazine-2-carbonitrile’ and ‘1-

amino-3-(2-chlorophenyl)-5,10-dioxo-5,10-dihydro-1H-pyrazolo[1,2-b] phthalazine- 2-

carbonitrile in 2M H2SO4 solution by the electrochemical, Scanning Electron 

Microscope and Energy Dispersion X-ray spectroscope analyses. Both compounds 

operated as anodic defenders and followed the Langmuir model according to the 

findings. The corrosion resistance behavior of ‘2,4‐diamino‐5‐(5‐amino‐3‐hydroxy‐1 

H‐pyrazole‐1‐carbonyl)thiophene‐3‐carbonitrile’ and ‘1‐(2,4‐diamino‐5‐(5‐amino‐3‐ 

hydroxy ‐1Hpyrazole‐1‐carbonyl)thiophen‐3‐yl) propan‐1‐one’ has been discovered by 

M. S. Motawea et al [45] on carbon steel corrosion in the 1M HCl solution by standard 

procedure techniques. The results revealed that the evaluated inhibitor had a stronger 

anticorrosive response with chemisorption and followed the Langmuir model. 
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In a tetramethylammonium hydroxide solution for copper at pH 14, A. 

Goswami et al [46] examined the corrosion inhibition capabilities of ‘pyrazole’ and 

‘benzotriazole’. According to Micro pattern corrosion screening outcomes and 

electrochemical impedance methods, 1 mM Pyrazole in 'tetramethylammonium 

hydroxide solution' inhibited copper corrosion more strongly than 10 mM 

benzotriazole. They also discovered that Pyrazole-treated Cu surfaces are more 

hydrophilic than the triazole compound based on water contact angle measurements 

and XPS confirmed the formation of the copper-pyrazole complex. 

The influence of corrosion inhibitors such as '3,5-diphenyl-4,5-dihydro-1H- 

pyrazole-1-carbothioamide' and '5-(3-methoxyphenyl)-3-phenyl-4,5dihydro-1H- 

pyrazole-1-carbothioamide' on Mild steel corrosion in the 1M HCl solution was 

examined by H. B. Ouici et al [47]. According to their verdicts, the effectiveness of 

inhibition increased with increasing concentration and the adsorption process followed 

the Langmuir isotherm model with both physical and chemical adsorptions. Combining 

mass loss, polarization, and impedance methods, R.S. Abdel Hameed et al [48] 

investigated whether 'S-acyclic nucleosides of pyrazolo[3,4-d]pyrimidine-thiones' 

performed as efficient corrosion protection for carbon steel in the 1M HCl solution. 

They discovered that the inhibitor caused a decrease in the open circuit potential and a 

mixed type protector. 

M. El Azzouzi et al [49] identified the corrosion inhibiting action of '1,1'- 

(pyridine-2,6-dihylbis(methylene))bis(5-methyl-1-H-pyrazole-3-carboxylicacid' in the 

1M HCl solution for Mild steel using appropriate techniques. They revealed that the 

protective capability of the explored protector improved with increasing concentration 

and that it followed the Langmuir isotherm. I. Merimi et al [50] used mass loss, 

electrochemical polarization and impedance methods to investigate the corrosion 
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inhibition contribution of pyrazole and bi pyrazole derivatives in an acidic 

environment. They concluded that the inhibitory activity of the tested inhibitors was 

primarily influenced by the composition of metals, substituent group and corrosive 

environment. They employed the DFT approach to correlate experimental and 

theoretical data. 

The protective performance of ‘N1,N1-bis(2-(bis(3,5-dimethyl-1H-pyrazol-1-yl) 

methyl)amino)ethyl)-N2,N2-bis(3,5-dimethyl-1H-pyrazol-1-yl)methyl)ethane-1,2- 

diamine’ for Mild steel in the 0.5 M H2SO4 acidic atmosphere has been explored by 

S. El Arouji et al [51]. According to the thermal analysis, the studied inhibitor 

functioned as a mixed kind inhibitor and obeyed the Langmuir adsorption isotherm. 

Using suitable methodologies, A. Thakur et al [52] investigated the anti- 

corrosion characteristics of ‘1-[benzyl-(2-cyano-ethyl)-amino]-methyl-5-methyl-1H- 

pyrazole-3- carboxylic acid methyl ester’ , ‘3,5-diphenyl-4,5-dihydro-1H-pyrazole-1- 

carbothioamide’, ‘2H-pyrazole-triazole’ and ‘5-Chloro-1-Phenyl-3-methyle Pyrazolo- 

4-methinethiosemicarbazone’ on different metals and alloys. 

L. Herrag et al [53] investigated the corrosion inhibition capacity of ‘1-[benzyl-

(2-cyano-ethyl)-amino]-methyl-5-methyl-1H-pyrazole-3-carboxylic acid methyl ester’ 

and 1-[benzyl-(2-cyano-ethyl)-amino]-methyl-5-methyl-1H-pyrazole-3- carboxylic acid 

ethyl ester’ on Mild steel corrosion in the 1M HCl solution using mass loss and 

electrochemical techniques. They observed that for inhibitors containing ethyl ester, the 

ideal efficacy was about 98.5 % at 10-3 M and that the hampered efficacy of both the 

tested protectors decreased with higher temperatures. 

N. K. Gupta et al [54] conducted experimental and theoretical analyses to 

explore the potential of ‘6-amino-3-methyl-2-oxo-1H-spiro[indoline-3,4-pyrano[2,3- 

c]pyrazole]-5-carbonitrile and 6-amino-3-methyl-2-oxo-1-phenyl-1H-spiro[indoline- 
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3,4-pyrano[2,3-c]pyrazole]-5-carbonitrile’ to protect Mild steel against corrosion in the 

1M HCl solution with maximum efficiency of 95.65% and 96.95 % at 200 ppm 

respectively. They led to the revelation that the inhibitors were mixed type, followed 

the Langmuir model and morphological studies validated the formation of thin films. 

To conclude, both experimental and theoretical studies demonstrated that both 

inhibitors were effective against the corrosive environment. Y. Kaddouri et al [55] 

revealed the inhibitory impact of '4-(bis((3,5-dimethyl-1H-pyrazol-1-yl) methyl) 

amino) benzonitrile' and '4-(bis((1H-pyrazol-1-yl) methyl) amino) benzonitrile' for 

Mild steel in the 1M HCl solution using mass loss, polarization, and impedance 

experiments. They observed that at 10-3 mol.L-1, the corrosion resistance was 92.4 % 

and 92.3 % respectively and that the explored inhibitor was a mixed sort inhibitor. 

They also revealed that the hindered effect of both the protectors procured from 

experimental methods was validated by DFT analysis. 

F. Boudjellal et al [56] investigated '3,5-disubstituted pyrazole carbothioamide' 

as a powerful corrosion inhibitor on Mild steel in an acidic environment using 

conventional techniques. They discovered that the corrosion inhibition mechanism was 

based on the Langmuir model which incorporated physicochemical adsorption and that 

the inhibitory efficiency was determined by DFT. 

‘4,4′-(1,4-phenylene)bis(6-amino-3-methyl-2,4-dihydropyrano[2,3-c]-pyrazole- 

5-carbonitrile’ and ‘4,4′-(1,4-phenylene)bis(6-amino-3-methyl-1-phenyl-1,4-dihydro 

pyrano[2,3-c]pyrazole-5-carbonitrile’ were utilized to preserve Mild steel in an acidic 

environment and it has been studied by P. Singh et al [57]. They found that the tested 

inhibitors were efficient defenders against Mild steel corrosion in an acidic 

environment based on the experimental and theoretical conclusions. 
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Employing electrochemical and surface investigation, M A. M. El-Haddad et al 

 

[58] employed ‘Laurhydrazide N-propan-3-one’ as a corrosion inhibitor for Mild steel 

dissolution in 5M HCl solution at different temperatures. They showed that the 

explored inhibitor acted as an effectual protector in acidic solutions based on kinetic, 

thermodynamic and time-dependent functional theory. A. Sehmi et al [59] have 

analyzed the corrosion suppression behavior of ‘5-(4-(dimethylamino) phenyl)-3- 

phenyl-4,5-dihydro-1H-pyrazole-1-carboxamide’ and ‘(E)-5-(4-(dimethylamino) 

phenyl)-3-(4-(dimethylamino)styryl)-4,5-dihydro-1H-pyrazole-1-carboxamide’ using 

appropriate techniques. They concluded that the examined protectors were mixed-sort 

inhibitors and that the inhibition mechanism followed the Langmuir model. The 

formation of a protective layer was validated using SEM and the correlation between 

experimental and theoretical consistency was explored by DFT analysis. 

The effect of protectors ‘5-(4-Chlorobenzoyloxy)-1-phenyl-1H-pyrazole-3- 

carboxylate’ and ‘5-(4-methoxyphenyl)-3-(4-methylphenyl)4,5-dihydro-1H-pyrazol-1- 

yl-(pyridin-4-yl)methanone’ on Mild steel corrosion in the 15% HCl solution was 

investigated by M. Yadav et al [60]. At 250 ppm, the protective effect was 92 and 

95.9% respectively and the adsorption mechanism was chemisorption according to the 

Langmuir model. They further claimed that SEM, EDX and AFM examinations were 

used to determine the reduction performance of examined protectors. 

Using chemical, electrochemical, and theoretical analyses, A.Thomas et al [61] 

studied the inhibitory activity of '5-chloro-3-methyl-1-phenyl-1H-pyrazole-4-carbalde 

hyde' for Mild steel in the 1M HCl. The examined inhibitor worked effectively in an 

acidic environment, according to kinetic thermodynamic measurements and molecular 

dynamics simulations confirmed the interaction of inhibitor with the steel surface. 
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Using a gravimetric approach, Z. T. Khudhair et al [62] found several novel 

pyrazole compounds namely; ‘ethyl 6-amino-3-methyl-4-(p-tolyl)-2,4-dihydropyrano 

[2,3,C]pyrazole-5-carboxylate’, ‘ethyl 6-amino-3-methyl-4(phenyl)-2,4-dihydro-pyrano 

[2,3,C]pyrazole-5-carboxylate’, ‘ethyl 6-amino-3-methyl-4-(3-nitrophenyl)-2,4-dihydro 

-pyrano[2,3,C]pyrazole-5-carboxylate’ as Mild steel corrosion defenders in the 1M 

H2SO4 solution. All of the tested inhibitors performed as a capable defender against 

Mild steel corrosion in acid medium according to the experimental and theoretical 

findings. 

The chemical, electrochemical, DFT, MD and surface morphological 

experiments to assess the corrosion mitigation capability of ‘ethyl 6-amino-3-methyl-4- 

(p-tolyl)-2,4- dihydropyrano[2,3,C]pyrazole-5-carboxylate’, ‘ethyl 6-amino-3-methyl-4 

(phenyl)-2,4-dihydro- pyrano[2,3,C]pyrazole-5-carboxylate’, ‘ethyl 6-amino-3-methyl- 

4-(3-nitrophenyl)-2,4-dihydro- pyrano[2,3,C]pyrazole-5-carboxylate’ for Mild steel 

were conducted by P. Doharea et al [63]. 

The corrosion mitigating performance of ‘ethyl 6-amino-3-methyl-4-(p-tolyl)- 

2,4- dihydropyrano[2,3,C]pyrazole-5-carboxylate’, ‘ethyl 6-amino-3-methyl-4(phenyl)- 

2,4-dihydro-pyrano[2,3,C]pyrazole-5-carboxylate’, ‘ethyl 6-amino-3-methyl-4-(3-nitro 

phenyl)-2,4-dihydro- pyrano[2,3,C]pyrazole-5-carboxylate’ on Mild steel corrosion 

using chemical electrochemical, DFT, MD and surface morphological studies have 

been explored by G. Singh et al [64] . The results produced by the above mentioned 

methodologies proved the overall inhibitory activity of the tested protectors. 

2.7. Corrosion-resistant behavior of piperidine derivatives 

 

A. Ousslim et al [65] tested the anti-corrosive characteristics of '4-benzyl 

piperidine', '1,6-bis(4-benzylpiperidine-1-carboxamide)hexane', and 'bis(4-benzyl 

piperidine)thiuram disulfide' against Mild steel in 5.5M phosphoric acid as corrosive 
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medium via chemical and electrochemical methodologies. They discovered that the 

corrosion behavior was hindered primarily due to the chemical structure and 

concentration of the investigated inhibitors which was acquired through electronic data. 

G. Vengatesh et al [66] used acceptable approaches to evaluate the corrosion 

control capability of ‘2,4,6,11-tetraphenyl-9-oxa-1,5-diazatricyclo [5.3.1.03.8] 

undecane’, ‘2,4,6,11-tetraaryl (4-methoxyphenyl)-9-oxa-1,5- diazatricyclo [5.3.1.03.8] 

undecane’, ‘2,4,6,11-tetraaryl (4-chlorophenyl)- 9-oxa-1,5-diazatricyclo [5.3.1.03.8] 

undecane’, ‘2,4,6,11-tetraaryl-p-tolyl-9-oxa-1,5-diazatricyclo [5.3.1.03.8] undecane’ 

and ‘2,4,6,11-tetraaryl (4-fluorophenyl)-9-oxa-1,5-diazatricyclo [5.3.1.03.8] undecane’ 

for copper metal in the 1M HNO3 solution. They discovered that methoxy substituted 

piperidine was more effective than the others by its electron-donating ability. They 

utilized SEM, AFM, FTIR and Monte Carlo simulation analyses in the acidic 

environment to demonstrate the hampered performance against copper corrosion. 

Using Density Functional Theory, Y. Karzazi et al [67] demonstrated inhibitors 

such as ‘5-(1,3-benzodioxol-5-yl)-1-(piperidin-1-yl)penta-2,4-dien-1-one’ and ‘5-(1,3-

benzodioxol-5-yl)-1-(piperidin-1-yl)pent-2-en-1-one’ have been worked as the efficient 

defenders for Mild steel corrosion. Ilim et al [68] used mass loss, polarization, and 

impedance experiments at various temperatures to examine the ‘oligomer of 4-

vinylpiperidine’ as a corrosion protector in a brine solution with and without kerosene. 

They discovered that the protective ability of examined protector were around 62% in 

the absence of kerosene and 58 % in the existence of kerosene. They also discovered 

that the inhibited efficacy enhanced with increasing temperature and concentration at 

varying concentrations implying that the adsorption mechanism was chemisorption. 



39  

G. T. Xavier et al [69] evaluated the protective properties of ‘2, 6- 

diphenylpiperidin-4-ones’ with various kinds of substituents using gravimetric and 

electrochemical methods at various temperatures. They also employed the mass loss 

approach with different halide ions to enhance the inhibitor's protective qualities with 

SEM analysis confirming the findings. C. B. Pradeep Kumar et al [70] used suitable 

approaches to examine the inhibitory efficiency of several recently synthesized 

‘piperidine sulphonamides’ on Mild steel corrosion. The investigated inhibitors were 

revealed to be effective defenders against Mild steel corrosion relying on activation 

energies, thermo dynamical factors, SEM and quantum chemical analyses. 

The piperidine derivatives ‘(4-hydrazono-3-Methyl-2,6-diphenyl-piperidin-1-yl) 

 

-ethanoic acid hydrazide’, ‘5-(2,6-Diphenyl-3-methyl-4-hydrazono-piperidin-1-yl 

methyl)-3H-[1,3,4]oxadiazole-2-thione’ and ‘4-Amino-5-(2,6-diphenyl-3-methyl-4- 

hydrazono-piperidin-1-ylmethyl)-4H-[1,2,4]triazole-3-thiol’ on brass corrosion in 

natural seawater were studied by X. Joseph Raj et al [71]. They reported that the 

studied inhibitors functioned efficiently at increasing concentrations according to 

thermodynamic study, SEM and quantum chemical analysis. Using the electrochemical 

investigations, K. B. Samardzija et al [72] described the corrosion mitigation behavior 

of 'piperidine', '2-methylpiperidine', '3-methylpiperidine', 'cis-2,6-dimethylpiperidine', 

'3,5-dimethylpiperidine', '3-hydroxy piperidine', '4-hydroxypiperidine', '4-amino 

piperidine'. They discovered that piperidine and piperazine derivatives were more 

effective against corrosive environments than other compounds. They also concluded 

that all the inhibitors inhibited both anodic and cathodic currents and that the Langmuir 

model was followed. 

The corrosion inhibition efficacy of ‘1-(5- fluoro-2-(methylthio) pyrimidine-4- 

yl)piperidine-4-yl)-2,5-dimethoxybenzenesulfonamide’, ‘(1-(5-fluoro-2-(methylthio) 
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pyrimidine-4-yl) piperidine-4-yl)-4-nitrobenzenesulfonamide’, ‘(1- (5-fluoro-2-(methyl 

thio) pyrimidine-4-yl) piperidine-4-yl)-3-methoxybenzenesulfonamide’ was analyzed 

by K. Sava et al [73] via Quantum investigation and molecular dynamics simulation. 

Based on their molecular electronic features, the tested protectors were determined to 

be effective anti-corrosive competitors. 

‘N'-(2-(2-oxomethylpyrrol-1-yl)ethyl)piperidine’ was used as corrosion 

inhibitors on Mild steel degradation in the 1M HCl solution through the mass loss 

technique by A. A. Alamiery et al [74]. They reported that the efficacy of the examined 

protector increased with increasing concentration, the adsorption process followed the 

Langmuir adsorption isotherm and the thin film generation has been validated by 

SEM examination. To study the impact of ‘piperidone-4’ on Mild steel deterioration in 

the 1M H2SO4 solution, K. F. Hamak et al [75] employed electrochemical polarization 

measurement. They observed that the presence of N, S atoms, π electron system, and 

piperidine constituent of the tested inhibitor had a significant impact on its inhibitory 

capacity. 

According to mass loss, polarization, and impedance techniques, K. Rathidevi 

et al [76] evaluated the inhibition performance of '3, 5-diethyl 2, 6-diphenyl p-chloro 

Piperidin-4-one' for Mild steel in the 1M sulphuric acid environment and concluded 

that the examined inhibitor functioned as an active defender. S. Muralidharan et al [77] 

employed appropriate methodologies to explore the protection ability of ‘3-methyl-2,6- 

diphenyl piperidin-4-one’ and ‘2-phenyl decahydroquinoline-4-one’ on Mild steel 

deterioration in the 1M sulphuric acid medium. The results demonstrated that the 

explored inhibitors were effective protectors and that the adsorption process followed 

the Temkin isotherm model. 
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G. M. Muzakir et al [78] investigated the corrosion inhibitory capacity of some 

‘1-(4-(2-allylphenoxy)butyl)piperidin-1-ium halides’ on Mild steel corrosion using 

gravimetric, electrochemical and SEM techniques. They concluded that the explored 

inhibitors functioned effectively in the hydrogen sulphide saturated water salt 

hydrocarbon condition. 
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CHAPTER – III 
 

Aim and Scope 

 

 

3.1. Scope of the present investigation 

 

Metals and their alloys have traditionally been used to manufacture frame 

buildings, machinery parts, pipelines, bridges, nuclear power plants, water systems, 

furnaces, automobile cabs, gates, fences, signs, cars, furniture, wires and nails and 

cook wares due to their lower cost, availability, impact strength, weldability, ductility, 

electrical and thermal characteristics. However, they corrode swiftly in many 

circumstances, resulting in massive economic and societal losses. As a consequence, 

understanding corrosion and appropriate corrosion-resistance strategies are critical in 

this context. Although a variety of corrosion inhibitors have been used to diminish the 

deterioration impact, the necessity for protectors is increasing by the day due to the 

high cost of preventive maintenance, metal replacement costs, efficiency loss, fire 

hazards and toxic explosions from corroded materials. In a sense, heterocyclic 

compounds have long been recognized as effective defenders. 

Moreover, metals will be utilized as long as humans exist and inhibitors will be 

necessary until metals are no longer used. Therefore, the role of heterocyclic 

compounds is a key requirement for mitigating Mild steel corrosion in all the corrosive 

conditions in the forthcoming periods. 
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3.2. Aim of the present work 

 

The objectives of the present investigation are 

 

 To synthesize five heterocyclic inhibitors namely; 4-(4-Methoxy-phenyl)-1- 

phenethyl-1H-[1,2,3]triazole(MPPT), 1-benzyl-4-(naphthalen-2-yl)-1H-1,2,3- 

triazole (BNT), N-methyl-N-phenyl-3-(phenylsulfonyl)-1H-pyrazole-5- 

carboxamide (MPSC), 5-Benzyl 3-ethyl 1H-pyrazole-3, 5-dicarboxylate 

(BEPD), N-(4-(piperidin-1-ylsulfonyl)phenyl)acetamide (PSPA) . 

 To characterize the synthesized heterocycles by the melting point, 1H NMR 

and13C NMR techniques. 

 To forecast the resistant performance of the selected inhibitors using mass loss, 

electrochemical polarization and impedance methods in the 1M hydrochloric 

acid as the corrosive atmosphere at room temperature. 

 To explore the corrosion kinetics includes Activation Energies and Arrhenius 

factor at elevated temperatures. 

 To analyze and thermodynamic parameters such as enthalpy of adsorption and 

entropy of adsorption at raised temperatures. 

 To predict the suitable adsorption isotherm and feasibility of the corrosion 

process in view of the change in Gibbs free energy and adsorption equilibrium 

constants. 

 To understand the inhibition mechanism with the help of quantum chemical 

study. 

 To confer the surface morphology by Scanning Electron Microscope, Energy 

Dispersive X-ray spectroscopy and Atomic Force Microscope techniques. 
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CHAPTER – IV 
 
 

Experimental Methods 

 
 

4.1. Experimental Methods of Corrosion Inhibitors 

4.1.1. Materials 

All the chemicals used for inhibitor synthesis were purchased from Sigma- 

Aldrich and commercially available solvents and reagents are used any further 

purification. 

4.1.2. Experimental Methods 

 

(a). Synthesis of 4-(4-Methoxy-phenyl)-1-phenethyl-1H-[1,2,3]triazole 

 

(i). (2-Azido-ethyl)-benzene 

 

Sodium azide (1.97g, 29.91 mmol) was added to phenethyl bromide (4.1a) (5 

mL, 19.93 mmol) dissolved in 50 mL of dimethylsulphoxide (DMSO) and stirred 

overnight at room temperature. Following the completion of the reaction as confirmed 

by thin-layer chromatography (TLC), water was gradually added to the reaction 

mixture. The product was produced as clear oil via hexane extraction which was 

washed with brine solution and dried with anhydrous sodium sulphate [1, 2]. 

 

(ii). 1-(2-bromo-vinyl-4-methoxy-benzene) 

 

In the presence of piperidine catalyst (0.24 mL, 3.28 mmol), malonic acid (4.1d) 

(6.8 g, 65.57 mmol) was added to a solution of 4-methoxy benzaldehyde (4.1c) (4.9 

mL, 32.79 mmol) in pyridine (25 mL) and the reaction mixture was refluxed at 1200C 

for 4 hours. When the reaction was concluded, the reaction mixture was then poured 

into the cooled 10 % aqueous hydrochloric acid followed by filtering and washing with 

water yielded a white precipitate of 3-(4-methoxyphenyl)-acrylic acid (4.1e) [3]. 

Subsequently, N-bromosuccinimide (7.5 g, 42.09 mmol) was added to the mixture of 
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compound (4.1e) (5 g, 28.06 mmol) and Tetra butyl ammonium bromide (1.8 g, 5.61 

mmol). The reaction was allowed to heat for 30 min at 900C. The resulting crude was 

purified by column chromatography to obtain 1-(2-Bromo-vinyl-4-methoxybenzene) 

(4.1f) [4]. 

(iii). 4-(4-Methoxy-phenyl)-1-phenethyl-1H-[1,2,3]triazole 

 

At 110 °C, a mixture of phenethyl azide (4.1b) (4.4 mL, 28.16 mmol), 1-(2- 

Bromo-vinyl-4-methoxy-benzene) (4.1f) (3 g, 14.08 mmol), CuO nanoparticles (0.56 g, 

7.04 mmol) and piperidine (30 mL) was heated for 12 hours. The mixture was cooled to 

room temperature once the reactants had vanished and the crude product (4.1g) was 

purified using column chromatography [5] (Scheme - 4.1). 

 

 

 

 

Scheme.4.1. Synthesis of 4-(4-Methoxy-phenyl)-1-phenethyl-1H-[1,2,3]triazole 
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(b). Synthesis of 1-benzyl-4-(naphthalen-2-yl)-1H-1,2,3-triazole 

 

(i). (azidomethyl) benzene 

 

Sodium azide (1.98g, 30.48 mmol) was added to Benzyl bromide (4.2a) (5mL, 

 

20.32 mmol) in 50 mL DMSO and stirred overnight at room temperature. Water was 

progressively added to the reaction mixture after the reaction was confirmed by thin- 

layer chromatography. The reaction mixture was progressively diluted with water. The 

corresponding product was generated as clear oil by hexane extraction that was washed 

with brine solution and dried with anhydrous sodium sulphate [1, 2]. 

(ii). 2-(2-bromovinyl) naphthalene 

 

Malonic acid (4.2d) (10.8 mg, 64.02 mmol) was added to a solution of 2- 

naphthaldehyde (4.2c) (5g, 32.01 mmol) in pyridine (25 mL) in the presence of a 

piperidine catalyst (0.25 mL, 3.2 mmol) and the reaction mixture was refluxed at 

1200C for 4 hours. The reaction mixture was then poured into the cooled 10% HCl (aq) 

solution, filtered and washed with water to produce a white precipitate of 3- 

(naphthalen-2-yl) acrylic acid (4.2e) [3]. NBS (6.74 g, 37.85 mmol ) was then added to 

the compound (4.2e) (5 g, 25.23 mmol) and TBAB (1.62g, 5.04 mmol). 2-(2-bromo 

vinyl) naphthalene (4.2f) was obtained by heating the reaction mixture at 90°C for 30 

minutes and then evaporating the solvent [4]. 

(iii). 1-benzyl-4-(naphthalen-2-yl)-1H-1,2,3-triazole 

 

A solution of benzyl azide (4.2b) (3.7 mL, 25.74 mmol), 2-(2-bromovinyl) 

naphthalene (4.2f) (3g, 12.87 mmol), CuO nanoparticles (0.51 g, 6.44 mmol) and 

piperidine (30 mL) were heated at 110 °C for 12 hours. The mixture was cooled to 

room temperature after the reaction was completed. Column chromatography was used 

to purify the resultant crude product (4.2g) [5] (Scheme - 4.2). 
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Scheme.4.2. Synthesis of 1-benzyl-4-(naphthalen-2-yl)-1H-1,2,3-triazole 

 

(c). Synthesis of N-methyl-N-phenyl-3-(phenylsulfonyl)-1H-pyrazole-5-carboxamide 

 

(i). 2-diazo-N-methyl-N-phenylacetamide 

 

To the mixture of 2-bromoacetyl bromide (4.3b) (19.9 mL, 42.45 mmol), N- 

methyl aniline (4.3a) (3 mL, 28.30 mmol) and acetonitrile (50 mL), potassium 

bicarbonate (8.49g, 84.9 mmol) was added and stirred for 30 minutes at 00C. The 

reaction mixture was quenched with water and extracted with dichloromethane. Brine 

solution was used to wash the organic phase, dried over with anhydrous sodium 

sulphate and the corresponding bromo derivative (4.3c) was procured by solvent 

evaporation. In addition, to the chilled (00C) combination of 2-bromo-N-methyl-N- 

phenylacetamide (4.3c) (2g, 8.76 mmol) in Tetrahydrofuran (40 mL), N.N'- 

Ditosylhydrazine [TsNHNHTs] (5.96 g, 17.52 mmol), 1,8-diazabicyclo[5.4]-1,8- 

diazabicyclo[5.4]-1,8-d.0] Undec-7-ene [DBU] (6.8 mL, 43.8 mmol) was gently added 

at room temperature for 30 minutes with steady stirring. After that, the reaction mixture 



60  

was quenched with saturated sodium bicarbonate solution and ethyl acetate extraction 

was performed. The organic phase was washed with brine solution and dried with 

anhydrous sodium sulphate providing 2-diazo-N-methyl-N-phenylacetamide (4.3d) [6]. 

 

(ii). N-methyl-N-phenyl-3-(phenylsulfonyl)-1H-pyrazole-5-carboxamide 

 

1, 4 - Dioxane (10 mL) was added to a combination containing (vinyl sulfonyl) 

benzene (4.3e) (2.88 g, 17.12 mmol), 2-diazo-N-methyl-N-phenylacetamide (4.3d) (1.5 

g, 8.56 mmol,), Oxone (1.31 g, 8.56 mmol) and Cetyltrimethylammonium bromide 

[CTAB] (3.12 g, 8.56 mmol) in the presence of oxygen atmosphere. N-methyl-N- 

phenyl-3-(phenylsulfonyl)-1H-pyrazole-5-carboxamide (4.3f) was obtained by adding 

water to the reaction mixture, followed by ethyl acetate extraction and drying over 

anhydrous sodium sulphate [7] (Scheme - 4.3). 

 

 

Scheme.4.3.Synthesis of N-methyl-N-phenyl-3-(phenylsulfonyl)-1H- 

pyrazole-5-carboxamide 
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(d). Synthesis of 5-benzyl 3-ethyl 1H-pyrazole-3, 5-dicarboxylate 

 
(i). benzyl 2-diazoacetate 

 

Potassium bicarbonate (8.01 g, 80.13 mmol) was added to a mixture of 2- 

bromoacetyl bromide (4.4b) (18.7 mL, 40.07 mmol), benzyl alcohol (4.4a) (3 mL, 

26.71 mmol) and acetonitrile (50 mL) with constant stirring for 30 minutes at 00C. The 

reaction mixture was quenched with water and extracted with dichloromethane. Before 

being dried on anhydrous sodium sulphate, the organic phase was washed with brine 

solution. The corresponding benzyl 2-bromoacetate (4.4c) was acquired by solvent 

evaporation. Further, to the cooled (00C) mixture of the compound (4.4c) (2mL, 6.03 

mmol) in THF (40 mL), TsNHNHTs (4.1g, 12.06 mmol) and DBU (4.8 mL, 30.15 

mmol) was added slowly with constant stirring for 30 minutes at the room temperature. 

Thereafter, the reaction mixture was quenched with saturated sodium bicarbonate 

solution and ethyl acetate was used to extract it. The organic phase was washed in brine 

solution and dried with anhydrous sodium sulphate, yielding benzyl 2-diazoacetate 

(4.4d) [6]. 

(ii). 5-benzyl 3-ethyl 1H-pyrazole-3, 5-dicarboxylate 

 

Under an oxygen atmosphere, 1, 4 - dioxane (10 mL) was added to a mixture 

of ethyl acrylate (4.4e) (1.5 mL, 15.68 mmol), benzyl 2-diazoacetate (4.4d) (1.5 mL, 

7.84 mmol), Oxone (1.2 g, 7.84 mmol) and CTAB (2.85 g, 7.84 mmol). Following 

completion of the reaction, water was added to the reaction mixture which was then 

extracted with ethyl acetate and dried over anhydrous sodium sulphate and the product 

was obtained (4.4f) as a white solid [7] (Scheme- 4.4). 
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Scheme.4.4.Synthesis of 5-benzyl 3-ethyl 1H-pyrazole-3, 5-dicarboxylate 

 

(e). Synthesis of N-(4-(piperidin-1-ylsulfonyl) phenyl) acetamide 

 
(i). (4-acetamidobenzene sulfonyl chloride) 

 

In a cooled condition, Chlorosulfonic acid (13 mL, 61.61 mmol) was added 

dropwise to Acetanilide (4.5a) (3g, 21.87 mmol) and stirred well for 3 hours. The 

reaction mixture was then poured into the broken ice and extracted with carbon 

tetrachloride once the reaction was completed. After washing the mixed organic layers 

with the dilute sodium carbonate solution, 4-acetamidobenzene sulfonyl chloride (4.5b) 

was procured by solvent evaporation. [8]. 

(ii). N-(4-(piperidin-1-ylsulfonyl) phenyl) acetamide 

 

The reaction of 4-acetamidobenzene sulfonyl chloride (4.5b) (1.5 g, 6.41 

mmol) and piperidine (7.0 mL, 9.63 mmol) in dichloromethane for 30 minutes at room 

temperature yielded N-(4-(piperidin-1-ylsulfonyl) phenyl) acetamide (4.5c). The 

resulting product was rinsed in water, filtered and dried [9-11]. (Figure 4.5) 
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Scheme.4.5. Synthesis of N-(4-(piperidin-1-ylsulfonyl) phenyl) acetamide 

 

 

 

 

4.1.3. Characterization 
 

 
(a). 4-(4-Methoxy-phenyl)-1-phenethyl-1H-[1,2,3]triazole(4.1g) 

 

Appearance : White solid 

 
Melting point : 139-141 oC 

 
1H NMR (500 MHz, CDCl3 δ (ppm)) : 7.70 (d, J = 8, 2H), 7.39 (s, 1H), 7.33-7.25 (m, 

3H), 7.16 (d, J=4, 2H), 6.95 (d, J = 8, 2H), 

 

4.64 (t, J = 8, 2H), 3.84 (s, 3H), 3.26 (t, J = 8, 

 

2H) 

 

13C NMR (125 MHz, CDCl3 δ (ppm)) : 159.6, 147.4, 137.1, 128.8, 128.7, 127.1, 127.0, 

123.4, 119.2, 114.2, 55.3, 51.7 
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(b). 1-benzyl-4-(naphthalene-2-yl)1H-1,2,3-triazole (4.2g) 

 
Appearance : White solid 

 

Melting point : 176-178 oC 

 
1H NMR (500 MHz, CDCl3) δ (ppm) : 8.31 (s, 1H), 7.89-7.82 (m, 4H), 7.78 (s, 1H), 

7.49-7.47 (m, 2H), 7.46-7.42 (m, 3H), 7.36- 

 

7.34 (m, 2H), 5.62 (s, 2H) 

 
13C NMR (125 MHz, CDCl3) δ (ppm) : 148.3, 134.7, 133.5, 133.2, 129.2, 128.9, 128.6, 

128.2, 128.2, 127.8, 126.4,   126.1, 124.4, 

 

123.8, 119.8, 54.3 

 

 

 

 
(c). N-methyl-N-phenyl-3-(phenylsulfonyl)-1H-pyrazole-5-carboxamide (4.3f) 

 
 

Appearance : White solid 

 

Melting point : 192-194oC 

 
1H NMR (500 MHz, CDCl3) δ (ppm) : 7.87 (d, J = 8 Hz, 2H), 7.59-7.47 (m, 7H), 7.26 (d 

J = 4 Hz, 2H), 3.45 (s, 3H) 

 
13C NMR (125 MHz, CDCl3) δ (ppm) : 157.9, 153.2, 142.6, 140.5, 136.7, 133.6, 133.32 

130.4, 129.6, 129.1, 127.9, 127.6, 108.2, 38.6 
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(d). 5-benzyl-3-ethyl 1H-pyrazole-3, 5-dicarboxylate (4.4f) 

 
 

Appearance : White solid 

 

Melting point : 88-90oC 

 
1H NMR (500 MHz, CDCl3) δ (ppm) : 7.42-7.37 (m, 2H), 7.36-7.27 (m, 4H), 5.36 (s, 

2H) 4.40(q, J = 8 Hz, 2H), 1.37 (t, J = 8 Hz, 

 

3H) 

 
13C NMR (125 MHz, CDCl3) δ (ppm) : 160.3, 160.2, 139.9, 135.1, 128.7, 128.6, 128.5, 

111.5, 67.2, 61.7, 14.2 

 

 

 

 
(e). N-(4-(piperidin-1-ylsulfonyl) phenyl) acetamide (4.5c) 

 

 
Appearance : Milky white solid 

 

Melting Point : 108-110 oC 

 
1H NMR (500 MHz, CDCl3) δ (ppm) : 7.73-7.68 (m, 4H), 7.27 (bs, 1H), 2.98 (t, J = 4 

Hz, 4H), 2.22 (s, 3H), 1.66-1.61 (pen, 4H), 

1.44-1.39 (p, 2H) 

13C NMR (125 MHz, CDCl3) δ (ppm) : 168.7, 141.9, 131.0, 128.9, 119.3, 46.9, 25.1, 

24.7, 23.5 
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Fig.4.1. 1H NMR spectrum of 4-(4-Methoxy-phenyl)-1-phenethyl-1H-[1,2,3] 

triazole 
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Fig.4.2. 13C NMR spectrum of 4-(4-Methoxy-phenyl)-1-phenethyl-1H-[1,2,3] 

triazole 
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Fig.4.3.1H NMR spectrum of 1-benzyl-4-(naphthalen-2-yl)-1H-1,2,3-triazole 
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Fig.4.4. 13C NMR spectrum of 1-benzyl-4-(naphthalen-2-yl)-1H-1,2,3-triazole 
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Fig.4.5.1H NMR spectrum of N-methyl-N-phenyl-3-(phenylsulfonyl)-1H-pyrazole- 

5-carboxamide 
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Fig.4.6. 13C NMR spectrum of N-methyl-N-phenyl-3-(phenylsulfonyl)-1H- 

pyrazole-5-carboxamide 
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Fig.4.7.1H NMR spectrum of 5-benzyl 3-ethyl 1H-pyrazole-3, 5-dicarboxylate 
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Fig.4.8. 13C NMR spectrum of 5-benzyl 3-ethyl 1H-pyrazole-3, 5-dicarboxylate 
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Fig.4.9.1H NMR spectrum of N-(4-(piperidin-1-ylsulfonyl) phenyl) acetamide 
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Fig.4.10. 13C NMR spectrum of N-(4-(piperidin-1-ylsulfonyl) phenyl) acetamide 
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4.2. Experimental Methods of Corrosion Investigation 
 
 

4.2.1. Materials 

 

(i). Mild steel 

 

The specimens utilized in this study were commercially available IRSM41/97 

grade Mild steel. The elemental analysis of the Mild steel specimens studied were 

S - 0.009%, Cu – 0.31%, P – 0.089%, Mn – 0.43%, C – 0.076%, Cr – 0.52%, Si – 

0.319%, Al – 0.028%, Ni – 0.20% and Fe 99.69%. 

(ii). Preparation of corrosive medium 

The corrosive medium (1.0 M HCl) used in this investigation was made by 

diluting 84.8 mL of Analar HCl in one liter of double-distilled water. 

 

(iii). Corrosion inhibitors 

 

For corrosion studies, ethanol was used to prepare the desired concentrations of 

the synthetic inhibitors MPPT, BNT, MPSC, BEPD and PSPA. 

4.2.1. Corrosion exploration 

 

(i). Mass loss method 

 

For the mass loss method, the rectangular-shaped Mild steel specimens 

enclosing the dimensions 5cm×2cm×0.2cm were employed. Mild steel specimens were 

prepared by different numbers (200, 400, 600, 800, 1200 and 1500 grades) of silicon 

carbide emery papers and the polished specimens were washed with distilled water, 

rinsed with ethanol and degreased with acetone [12]. 
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The prepared Mild steel samples were weighed accurately before and after 

immersion in the 1M HCl corrosive solution in various concentrations of corrosion 

inhibitors for 6 hour contact time at room temperature. Subsequently, the specimens 

were taken out, washed, dried and then accurately weighed for the determination of 

corrosion parameters. 

For this evaluation, the average weight loss was acquired by the three 

consecutive mass loss experiments in the above identical conditions [13, 14]. The 

corrosion factors such as the rate of corrosion (CR) inhibition efficiency (IE) and 

surface coverage (θ) were determined by the following equations (5.1), (5.2) and (5.3) 

respectively. 

 

CR =  
ΔW

At
                                                                 (5.1) 

 
 

 

I. E % =  
W0 − W

W0
 × 100                                   5.2  

 
 

 

where ∆W is the average mass loss (mg), A is the total surface area (cm–2) and t 

is the exposure time (h) for the tested specimens with and without inhibitors in the 1M 

HCl medium. 

 

 

θ =  
W0 − W

W0
                                                   (5.3)                                            
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where W and W0 reflect the average weight loss of Mild steel samples (mg) 

with and without inhibitor respectively. 

 

(ii). Potentiodynamic polarization study 

 

The electrochemical investigations were achieved by the CHI-66 model 

potentiostat with the conventional three-electrode assemblage. The reference and 

counter electrodes in these arrangements were a platinum foil and a standard calomel 

electrode. Meanwhile, 1 cm2 of the Mild steel specimen was act as the working 

electrode in a corrosive context. For polarization measurements, the working electrode 

was exposed with and without inhibitors in the test solution for 30 minutes until the 

open circuit potential was reached. The polarization curves were obtained automatically 

by adjusting the potential of the electrode from –500 mV to +500 mV at a scan rate of 1 

mV S–1. At the intersection of Tafel lines, the corrosion current density (Icorr) values 

were obtained [15, 16]. Inhibition efficacy and the surface coverage values were 

measured with the following equation (5.4) 

IE % =  
icorr − icorr  inh  

icorr
 × 100                                    (5.4)          

 
 

where Icorr (inh) and Icorr are the corrosion current densities in the presence 

and absence of inhibitors in  the 1M HCl solution. 

(iii). Impedance study 

 

The electrochemical impedance analysis was carried out in the frequency range 

from 100 kHz to 10 MHz with the maximum amplitude of 5 mV, receiving AC signals 

at the open circuit potential. From the initial and final points of the Nyquist plots for 
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various concentrations of inhibitors, the investigational charge transfer resistance (Rct) 

was obtained [17, 18]. The inhibition efficiency and electrical double layer capacity 

(Cdl) of the investigated inhibitors were determined from the charge transfer resistance 

values using equations (5.5) and (5.6) respectively. 

 

I. E  % =  
Rct  in h −Rct

Rct  in h 
  × 100                                          (5.5)                                                                                                   

 

 
 

𝐶𝑑𝑙 =
1

2𝜋. 𝑓𝑚𝑎𝑥 . 𝑅𝑐𝑡
                                                      (5.6) 

 
 
 

where Rct(inh) and Rct are the charge transfer resistance with and without 

inhibitor and fmax is the maximum peak frequency of the Nyquist plots. 

(iv). Quantum chemical study 

 

Quantum chemical study is a vital tool to comprehend the corrosion protection 

mechanism which is procured by the Density Functional Theory [DFT] using Gaussian 

09W software with the B3LYP/6-31G (d, p) basis set. Herein, the efficiency of the 

investigated inhibitors is directly associated with the Frontier molecular orbital [FMO] 

energies, such as EHOMO and ELUMO which can be inferred from the optimized geometry 

of the inhibitors. The following equations (5.7 - 5.14) can be used to extract the 

additional important electronic properties from the frontier molecular orbital energies: 

Energy gap (∆E), Ionization energy (I), Electron affinity (A), Absolute 

electronegativity (χ), Global hardness (η), Globale softness (σ), Fraction of electron 

transferred (∆N) and Back donation (∆EBackdonation) respectively. All of the 
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aforementioned features facilitate the finding of the reactivity and stability of the 

examined protector and the inhibitor-metal interactions [19-21]. 

 

          ∆E = EHOMO  − ELUMO                                                                          (5.7) 

          I =  −EHOMO                                                                                            (5.8) 

          A =  − ELUMO                                                                                           (5.9) 

                χ =  − 
1

2
 ( ELUMO  + EHOMO )                                                             (5.10)     

            η =  − 
1

2
 ( EHOMO  − ELUMO )                                                                      (5.11) 

              σ =  
1

η
                                                                                                         (5.12) 

                      ΔΝ =
 ϕ −  χinh

[2 ηFe + ηinh  ]
                                                                            (5.13)         

                ΔΕ(backdonation ) =  −
η

4
                                                                           (5.14) 

 

 
 

(v). Morphological investigation 

 

The corrosion products which generally rust on the metal surfaces were 

examined using a set of equipments as illustrated below. 

(a). Scanning Electron Microscope analysis (SEM) 

 

The morphology of Mild steel samples was investigated in the 1M HCl solution 

for 6 hours at room temperature with and without inhibitor using a scanning electron 

microscope [ZEISS] [22, 23]. 

(b). Energy-dispersive X-ray spectroscopy (EDX) 

 

Electron Dispersive X-ray analysis is one of the most important ways for 

identifying the components present on the Mild steel surface. Using an Energy 



81  

Dispersive X-ray Analyzer unit coupled to a SUPRA 55 Field Emission Scanning 

Electron Microscope [FESEM], the corrosion inhibition process of Mild steel 

specimens with and without inhibitor in the 1M HCl solution for 6 hours contact time at 

room temperature was investigated [24, 25]. 

(c). Atomic force microscope analysis (AFM) 

 

An atomic force microscope was used to assess the surface roughness of metals 

with and without inhibitor in the 1M HCl solution during a 6 hour exposure time at 

room temperature. These findings highlighted some intriguing concerns about the 

usefulness of inhibitors in preventing Mild steel specimen deterioration in corrosive 

conditions [26, 27]. 
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CHAPTER – V 
 

Corrosion investigation of 4-(4-methoxy-phenyl)-1-phenethyl-1H-

[1,2,3]triazole (MPPT) on Mild steel  in 1M HCl solution 
 

 

 

As reported by the ASTM G31-72, the corrosion inhibition study was conducted 

by accurately weighed Mild steel samples before and after immersion in the 1M HCl 

corrosive solution in various concentrations (5, 10, 30, 50, 70 and 100 ppm) of 4-(4- 

Methoxy-phenyl)-1-phenethyl-1H-[1,2,3]triazole (MPPT) inhibitor for 6 hours contact 

time. 

5. Results and Discussion 
 

5.1. Mass loss examination 

 

The mass loss approach was used to establish a correlation between the 

corrosion rate and the inhibition efficiency in the 1M HCl solution at room temperature 

as shown in (Fig. 5.1). It clearly shows that as the inhibitor concentration increases, the 

inhibition ability rises linearly while the corrosion rate drops. 

 
 

Fig.5.1.Correlation between the inhibition efficiency and the corrosion rate of 
 

MPPT in the 1M HCl solution 
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Additionally, corrosion statistics such as corrosion rate, inhibition efficiency 

and surface coverage are provided in Table 5.1. As the MPPT concentration increases, 

the weight loss of the steel specimen falls and the concomitant corrosion rate 

subsequently decreases from 12.629 to 0.7675 (mg cm-2 h-1) as shown in the tabular 

data. As the concentration of MPPT increases, the protective ability of Mild steel in 

corrosive media improves dramatically from 24.24 to 93.92%. The increasing values of 

surface coverage also pinpoint that the MPPT has a larger competence of protection 

over the metallic surface. Moreover, the optimal efficiency reaches up to 93.92% at 100 

ppm concentration. All of the results from the mass loss analysis pointed to the 

examined MPPT acting as an effective protector in the 1M HCl media [1]. 

Table.5.1. Mild steel corrosion factors of MPPT in 1M HCl solution 
 

 
 

Concentration 

(ppm) 

Weight loss 

(mg) 

Corrosion rate 

(mg cm-2 h-1) 

Inhibition 

efficiency (%) 

Surface 

coverage (θ) 

Blank 939.6 12.63 - - 

5 711.8 9.57 24.24 0.24 

10 509.9 6.85 45.73 0.46 

30 166.9 2.24 82.24 0.82 

50 113.8 1.53 87.89 0.88 

70 84.2 1.13 91.04 0.91 

100 57.1 0.77 93.92 0.94 

 

5.2. Potentiodynamic polarization investigation 

 

(Fig.5.2) displays the Tafel lines for the test specimens in the absence and 

presence of various concentrations of MPPT in the 1M HCl medium at room 

temperature. The Tafel lines appear on both anodic and cathodic sites indicating that 

the presence of MPPT obstructs both the oxidation and reduction reactions on Mild 

steel in the acidic atmosphere. 
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Besides that, the acquired polarization parameters are presented in Table.5.2 

confirming the preceding suggestion. In general, the difference in corrosion potential 

(E0) values for the existence of inhibitor and the blank is greater than ±85 mV 

suggesting that the inhibitor molecules are identified either as the cathode or anode 

inhibitor distinctively [2]. 

 
 

Fig.5.2. Tafel curves for MPPT in 1M HCl solution 

 
 

As a result of this polarization investigation, the change in Ecorr values from 

blank to optimum concentration ranges from -443 mV to -437.56 mV, demonstrating 

that the examined MPPT performed as a mixed type protector in an acidic environment 

which is substantiated by the Tafel slope values. 

Tafel effect is observed on both the anodic and cathodic branches as shown by 

the Tafel slope values bc and ba with the larger values of bc reflecting cathodic 

preponderance. Furthermore, we can see that as the concentration of MPPT increases, 

the corrosion current density (Icorr) decreases from 1.746 to 0.098 mA illuminating that 

the corrosion current is retarded by the presence of MPPT molecules adsorbed onto the 

metallic surface [3]. Also, the maximum efficiency observed is 94.39% at 100 ppm 
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concludes that the MPPT inhibitor functioned as an effective anticorrosive defender in 

the 1M HCl medium. 

Table.5.2. Polarization factors for MPPT on Mild steel corrosion in the 

1M HCl solution 

 

Conc. 

(ppm) 

Polarization parameters 

E0 (mV) I0 (mA) bc (mV) ba(mV) IE (%) 

Blank -443.00 1.746 249.63 116.96 - 

10 -471.69 1.312 233.64 125.50 24.86 

30 -457.53 0.296 118.11 78.36 83.0 

50 -443.02 0.205 147.80 72.12 88.26 

70 -436.62 0.132 125.41 71.24 92.42 

100 -437.56 0.098 120.90 67.79 94.39 

 

5.3. Impedance assessment 

 

The increase in the diameter of Nyquist plots with the increasing MPPT 

concentration in the 1M HCl solution is seen in (Fig.5.3) implying that the addition of 

MPPT increases the charge transfer resistance capacity. Owing to the coarseness of the 

metal surface and inhomogeneity distribution of active sites for adsorption, as portrayed 

in (Fig.5.3), the semicircles acquired by impedance analysis are not perfect during the 

corrosion process [4]. 

Moreover, the impedance factors such as charge transfer resistance (Rct), 

electrical double layer capacitance (Cdl) and inhibition efficiencies (I.E) are 

summarized in Table 5.3. It indicates that increased Rct values from 9.95 to 155.23 Ω 

cm2 with increasing MPPT concentrations suggest that charge transfer during the 

corrosion process is hampered by the acidic medium. 
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Fig.5.3. Impedance plots of MPPT in the 1M HCl solution 

 

 

Furthermore, the decrease in Cdl values reveals that the electrical double layer at 

the metal-solution boundary is thicker, supporting the strong inhibitor-Mild steel 

interaction. We can also see that MPPT has a maximum protection efficacy of 93.59 % 

at 100 ppm and all of the impedance variables lead to MPPT having a high capacity to 

resist Mild steel corrosion in an aggressive environment. 

Table.5.3. Impedance factors of MPPT on Mild steel corrosion in the 1M 

 

                HCl solution 
 
 

C 

(ppm) 

Impedance parameters 

R ct 

(Ω cm2) 

    Cdl 

         (µF cm-2) 

I.E 

(%) 

Blank 9.95 3.334 0 

10 14.61 1.453 31.90 

30 50.97 0.158 80.48 

50 92.42 0.036 89.23 

70 129.43 0.018 92.31 

100 155.23 0.012 93.59 
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5.4. Temperature effect on corrosion 

 

The effect of temperature on Mild steel corrosion in the presence and absence of 

MPPT in 1M HCl at 305, 315, 325, and 335 K is shown in (Fig.5.4). It demonstrates 

that inhibition efficiency decreases at lower MPPT inhibitor concentrations such as 5 

and 10 ppm, but at higher temperatures, all other MPPT inhibitor concentrations such 

as 30, 50, 70, and 100, exhibit a modest increase in hindered efficiencies. It clearly 

shows that both physical and chemical interactions on the Mild steel surface reduce the 

rate of corrosion. 

 
 

Fig.5.4. Inhibition efficiencies of MPPT in the M HCl solution at higher 

 

temperatures 

 

Table.5.4 summarizes the corrosion metrics assessed such as corrosion rate and 

inhibition efficacy, together with the accompanying weight loss. We can deduce from 

the statistics that the decrease in I.E at 5 and 10 ppm signifies that the inhibitor is 

adsorbed on the steel surface via weak electrostatic attraction. However, when all other 

concentrations of MPPT increase, the protective ability increases implying that the 

protector molecule is adsorbed on Mild steel via chemical interaction. At 100 ppm in 
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log ( 
T 

) = log ( ) + ( 
CR RT ∆S0 

Nh 2.303R 
) − ( 

∆H0 

2.303RT 
) (5.2) 

1M HCl, the I.E values increase from 93.92 to 96.01 % confirming that the examined 

protector has a stronger protective capacity even at higher temperatures [5]. 

Table.5.4. Correlation between the temperatures and inhibition efficiencies of 

MPPT on Mild steel corrosion in 1M HCl solution  

 

 

 

 

 

 

 

 

 

 

 

 

5.4.1. Kinetic and thermodynamic parameters 

 

Based on the data achieved from the temperature study, the activation energy 

(Ea) and Arrhenius factor (A) can be determined by the Arrhenius equation (5.1) 

 
 

where CR is the rate of corrosion, R is the gas constant and T is the temperature. 

 

In addition, entropy (∆S0) and enthalpy (∆H0) values were calculated by the 

transition state equation (5.2) 

 

 

where ‘h’ is Planck’s constant and ‘N’ is Avogadro’s number 

 

The straight lines of Arrhenius plots are procured by plotting to ‘log CR’ vs 

‘1000/T’ with the slope ‘(–Ea/2.303R)’ and an intercept ‘(log A)’ is shown in 

(Fig.5.5a). From the slope and intercept of Arrhenius plots, the activation energy (Ea) 

C 

(ppm) 

Weight loss(mg) 

 

Corrosion rate (mg cm-2 h-1) 

 

Inhibition efficiency (%) 

 305K 315K 325K 335K 305K 315K 325K 335K 305K 315K 325K 335K 

Blank 939.6 1253.4 1932.5 2891.1 12.63 16.85 25.97 38.86 0 0 0 0 

5 711.8 995.3 1691.4 2656.6 9.57 13.38 22.73 35.71 24.24 20.59 12.48 8.11 

10 509.9 732.9 1301.5 2137.2 6.85 9.85 17.49 28.73 45.73 41.53 32.65 26.08 

30 166.9 208.3 261.7 396.8 2.24 2.80 3.52 5.33 82.24 83.38 86.46 86.28 

50 113.8 150.7 190.4 208.3 1.53 2.03 2.56 2.80 87.89 87.98 90.15 92.80 

70 84.2 88.5 135.2 168.3 1.13 1.19 1.82 2.26 91.04 91.11 92.01 93.66 

100 57.1 83.2 101.9 115.4 0.77 1.12 1.37 1.55 93.92 93.36 94.73 96.01 

log CR = log A − 
Ea 

 
RT 

(5.1) 



93  

and pre exponential factor (A) can be determined. In the same way, the particulars of 

the enthalpy and entropy can be attained by plotting ‘log (CR/T)’ versus ‘1000/T’ from 

the transition state plots at various concentrations of the investigated MPPT as shown 

in (Fig.5.5b). The values of ∆H0 and ∆S0 are obtained from the slope ‘(–∆H0/2.303R)’ 

and intercept ‘[(log (R/Nh) + ∆S0/2.303R]’ of the straight lines from the transition state 

plots respectively. 

 

 
 

Fig.5.5. (a) Arrhenius plots and (b) Transition state plots of MPPT in the 

1M HCl solution at raised temperatures 

The kinetic and thermodynamic data achieved from the transition state plots 

and Arrhenius plots are summarized in Table 5.5. According to the tabulated data, Ea 

values range from 32.24 to 41.33 (KJ mol–1) up to 10 ppm implying that the adsorption 

mechanism involves physisorption. Following that, it drops from 28.27 at 30 ppm to 

17.47 (KJ mol–1) at 100 ppm due to the enhanced inhibitor adsorption on Mild steel via 

the electron transfer mechanism, i.e., chemisorption, which lowers the energy barrier in 

the corrosion process. Further, the diminished A values support the inhibition process 

by chemisorption [6]. 
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The Ea and ∆H0 values in Table.5.5 decrease linearly with inhibitor 

concentration revealing that the hydrogen evolution process is related to a decline in 

net reaction volume [7]. Furthermore, the average difference of Ea - ∆H0 is 2.66 

(KJ mol–1), which is equivalent to the average value of RT (2.61 KJ mol–1) indicating 

that it is a unimolecular reaction and it is given by the following equation (5.3). 

 
 

 

Table 5.5 further shows the positive ∆H0 (29.59 to 14.81 KJ mol–1) values 

mean that the corrosion process is endothermic and that the process of corrosion 

becomes harder in the presence of inhibitor. The decreasing ∆S0 values from blank to 

optimal concentration (-193.91 to -197.57 JK–1mol–1) reveal that the disorderness 

decreases owing to more ordered adsorption of inhibitor molecule onto Mild steel, 

causing a drop in entropy at metal solution interface [8, 9]. It also means that the rate- 

determining step is based on the association process rather than the dissociation from 

the reactant to the activated complex. Therefore, we infer from the aforementioned data 

that the investigated inhibitor successfully mitigates corrosion degradation even at 

elevated temperatures in the 1M HCl solution. 

Table.5.5. Kinetic and Thermodynamic data of MPPT on Mild steel corrosion 

in IM HCl solution 

 

C 

(ppm) 

Ea 

(KJ mol–1) 

 

A 

 

ΔH0 

(KJ mol–1) 

ΔS0 

(JK–1 mol–1) Ea-RT 

Blank 32.24 3.9948 X 106 29.59 -193.91 2.65 

5 37.98 2.8880 X 107 35.32 -193.05 2.66 

10 41.33 7.6824 X 107 38.67 -192.63 2.66 

30 28.27 5.9744 X 104 25.62 -196.09 2.65 

50 23.92 2.6742 X 104 21.27 -197.23 2.66 

70 19.67 1.9028 X 103 17.01 -197.32 2.66 

100 17.47 1.5531 X 103 14.81 -197.57 2.66 

Ea − ∆H0 = RT (5.3) 
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5.4.2. Langmuir adsorption isotherm 

 

 

The adsorption abilities on the metal surface of the inhibiting mechanism of 

the corrosion adsorption process are identified by the number of adsorption isotherm 

models. In this case, the most fitted model is the Langmuir isotherm and the adsorption 

parameters are acquired by the following the Langmuir isotherm equation (5.4) 

 

Cinh

θ
=

1

Kads
+ Cinh                                                     (5.4) 

 

 

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

the equilibrium adsorption constant. 

 

 

Fig.5.6. Langmuir isotherm of MPPT in 1M HCl solution 

 

The straight lines were achieved by plotting (Cinh/) vs Cinh for various 

concentrations of MPPT at different temperatures as shown in (Fig.5.6) and the 

Langmuir parameters are listed in Table.5.6. The increase in Kads values with 
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temperature for all the operational concentrations as shown in Table.5.6 demonstrates 

that MPPT has exceptional adhesion to metallic surfaces. Furthermore, the linear 

regression coefficient (R2) values are close to unity suggesting that the adsorption 

process is compatible with the Langmuir adsorption isotherm [10]. 

The values of standard free energy (∆G0) were calculated by equation (5.5) 
 
 

∆Gads =  −RT ln 55.5 Kads                                    (5.5)   

 

                                           

                                                                                                    

 
 

where ‘R’ is the universal gas constant, ‘’T is the thermodynamic temperature, 55.5 is 

the concentration of water in probed solutions and ‘Kads’ is the equilibrium adsorption 

constant. 

Table.5.6. Langmuir parameters of MPPT on Mild steel corrosion at 

various temperatures 

 
T (K) 

Langmuir parameters 

Kads 

    ΔG 

(KJ.mol-1) R2 

305 9192.87 -33.33 0.9973 

315 9129.92 -34.40 0.9982 

325 9337.94 -35.55 0.9985 

335 9469.7 -36.59 0.9986 

 

Moreover, the observed ∆G0
ads ads values are negative, reflecting that the 

inhibition process is spontaneous and that the formation of the protective film is denser. 

According to the literature, physisorption is described by Gibbs free energy values 

around and below –20 (kJ mol–1) whereas chemisorption is described by Gibbs free 

energy values around or above –40 (KJ mol–1). Table 5.6 illustrates that the ∆G0
ads 



97  

values range from –33.33 to –36.69 (KJ mol–1), demonstrating that both electrostatic 

and chemical interactions are involved in the inhibition process [11]. 

5.5. Quantum chemical study 

 

The optimal structure and Mulliken charges of the investigated inhibitor 

MPPT are shown in (Figs.5.7a-5.7b). Mulliken charges are commonly employed to 

highlight the inhibitor's adsorption center and coordination capabilities with the more 

negative atoms being identified as the inhibitor's adsorption sites. Herein, all of the 

heteroatoms that have greater negative values are listed in Table.5.7, signifying the 

presence of an adsorption core and strong inhibitory performance. 

               The neutral inhibitor molecule is protonated by abstracting hydrogen ions 

whereas Mild steel gets the negative charge in the HCl solution by absorbing chloride 

ions on its surface. The nitrogen atom designated as N20 in the triazole moiety is 

identified as the molecule's protonation site due to its lower negative value. Thus, the 

protonated inhibitor molecule would interact with the negatively charged steel surface 

in the HCl environment resulting in electrostatic contact [12]. 

Table.5.7. Mulliken charges of hetero atoms present in MPPT 
 

 

Hetero atoms Mulliken charges 

N20 -0.047 

N21 -0.084 

N22 -0.192 

O34 -0.340 
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Fig.5.7. (a) Optimized structure and (b) Mulliken charges of MPPT 

 

According to Frontier molecular orbital (FMO) Theory, the energy value of 

the highest occupied molecular orbital demonstrates the inhibitor's affinity for offering 

electrons to compatible acceptor molecules, whilst the energy value of the lowest 

unoccupied molecular orbital displays the inhibitor's ability to receive electrons from 

the metal via back donation [13-15]. The distribution of the FMO energies diagram 

(EHOMO and ELUMO) is shown in (Fig.5.8a-5.8b). 

As seen in (Fig.5.8a), the HOMO energy distribution extends the triazole 

moiety, benzene ring and oxygen atom of the inhibitor except for the phenethyl group, 

signaling that electrons are transported from those areas to the vacant d orbital of the 

iron atom gives strong coordination between them. As illustrated in (Fig.5.8b), the 
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LUMO's energy is centered on the phenethyl group, triazole moiety, and benzene ring, 

reflecting the development of a dπ-pπ coordinate bond between Mild steel and inhibitor 

involving back donation of electrons from the iron atom to the protector. 

 

 

Fig.5.8. (a) HOMO and (b) LUMO electron density distribution of MPPT 

 

Additionally, EHOMO, ELUMO and other necessary factors such as ∆E, D, I, A, 

χ, η, σ and ∆N are displayed in Table.5.8. The larger negative energy value (-

6.0095 eV) of the highest occupied molecular orbital connotes the highest chance of 

electron donation of the inhibitor. Conversely, the lower unoccupied molecular orbital's 

lower negative energy value (-1.0495 eV) reflects the inhibitor's tendency to receive 

electron pairs from metal through back bonding, according to the tabulated data. 
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Table.5.8. Electronic parameters of the investigated protector MPPT 

 

Electronic parameters 

EHOMO -6.0095 (eV) 

ELUMO -1.0495 (eV) 

Energy Gap (∆E) 4.9 (eV) 

Dipolemoment (D) 4.04 D 

Ionization energy (I) 6.0094 (eV) 

Electron affinity (A) 1.0495 (eV) 

Absolute electronegativity (χ) 3.5295 (eV) 

Global hardness (η) 2.4799 

Global softness (σ) 0.4032 

Transferred electron fraction (∆N) 0.2601 

Back donation (∆Ebackdonation) -0.62(eV) 

 

Hence, all of the electronic parameters derived from the DFT analysis 

demonstrated the reactivity of the MPPT as well as the harmony of experimental and 

theoretical evaluations [16-19]. 

5.6. Morphological Investigation 

 

5.6.1. SEM study 

 

SEM micrographs of polished Mild steel, unprotected, and protected metallic 

surfaces of MPPT in 1M HCl solution are shown in (Figs.5.9a - 5.9d). Before 

immersion in the corrosive solution, the exposed steel exhibits a smoother surface with 

minor scrapes, as seen in (Fig5.9a). In the absence of MPPT, rust production results in 

a sternly worn surface as seen in (Fig.5.9b). In addition, the smooth surface with the 

protective mass in the presence of MPPT can be seen in (Fig.5.9c&d) at 100 ppm. As 

an outcome of the SEM images, we can infer that the explored MPPT performed 

effectively in the hostile medium, confirming that corrosion is hindered by the 

development of a fine coating over the metallic surface in the 1M HCl solution [20]. 
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Fig.5.9. SEM micrographs for (a) bare steel surface, (b) unprotected surface, (c) & 

(d) protected surface with MPPT in 1M HCl solution 

 
5.6.2. EDS study 

 

The EDS interpretation of bare steel, unprotected and shielded Mild steel 

specimens with MPPT in 1M HCl solution at room temperature is shown in 

(Figs.5.10a–5.10c). C, O, N, and Fe are the primary elements found in the polished 

Mild steel as illustrated in the diagram (Fig.5.10a). In the absence of MPPT, the 

emergence of a chlorine peak along with the inspected elements (Fig.5.10b) reveals the 

heavily impacted steel surface due to rust accumulation. We can clearly see the 

presence of a nitrogen peak in the presence of MPPT in (Fig.5.10c) indicating that it 

shields the steel surface by sharing electrons from N and Oxygen to the Fe atom, which 

supports a chemical association. 
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Fig.5.10a. EDX spectrum of bare steel 
 
 

 

Fig.5.10b. EDX spectrum of Mild steel without MPPT in 1M HCl solution 
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Fig.5.10c. EDX spectrum of Mild steel with MPPT in 1M HCl solution 

 

The quantitative information derived from EDAX analysis, as shown in Table 

5.9, also validates the corrosion protection. The weight percentages of N (1.25%) and O 

(12.73%) confirm that the corrosion sites of metallic surfaces are effectively blocked by 

forging a coordinating bond between MPPT and Mild steel in the 1M HCl medium 

[21]. 

Table.5.9. Elemental analysis of MPPT on Mild steel corrosion in 

 

                                                   1M HCl solution 

 

Samples C O Cl N Fe 

Bare steel 12.20 7.98 - - 79.82 

Unprotected Mild steel 5.84 43.44 1.06 - 49.66 

Protected Mild steel with MPPT 10.46 12.73 - 1.25 75.56 
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5.6.3. AFM study 

 

The AFM patterns of bare steel, uninhibited surface and inhibited surface of 

tested specimens with MPPT at 100 ppm are shown in (Figs.5.11a - 5.11c). The bare 

Mild steel surface exhibits a regular surface with little pits, as shown in (Fig.5.11a) 

whereas the unfettered metallic surface exposes a relatively rough and porous structure 

with large deep pores due to the corrosive environment, as shown in (Fig.5.11b). 

Additionally, the inhibited surface has a smoother region than the specimen submerged 

in corrosive media as seen in (Fig.5.11c) indicating that the roughness reduces with the 

presence of the MPPT molecule. 

 
 

Fig.5.11a- AFM image of polished surface 
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Fig.5.11b-AFM image of Mild steel in 1M HCl solution in the absence of MPPT 
 
 

 

Fig.5.11c - AFM image of Mild steel in 1M HCl solution in the presence of MPPT 
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The acquired average roughness values of the Mild steel specimens before 

immersion, unprotected immersion, and protected immersion in acidic corrosive 

environments are 160.65 nm, 402.13 nm, and 188.08 nm, respectively, corroborating 

the surface protection. Similarly, bare steel, unprotected, and shielded Mild steel 

specimens have root mean square roughness values of 195.31 nm, 511.83 nm and 

227.19 nm, respectively. 

 

Table.5.10. Elemental analysis for MPPT on Mild steel corrosion in the IM 

 

HCl solution 

 

                    Samples 
Average Roughness 

(Ra)nm 

RMS roughness 

(Rq) nm 

Polished Mild steel 160.65 195.31 

Unprotected Mild steel 402.13 511.83 

Protected Mild steel with MPPT 188.08 227.19 

 

It is clear that the closeness of the investigated roughness data between the bare 

steel and protected surfaces exhibiting the roughness of the metallic surface is 

diminished by the adsorption of the MPPT protector. Accordingly, all the AFM 

findings corroborate the smoother protected surface due to the development of 

impenetrable and ordered barrier on the surface of the Mild steel [22]. 
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CHAPTER – VI 
 

Anti-corrosive performance of ‘1-benzyl-4-(naphthalen-2-yl)-1H-

1,2,3-triazole’(BNT) on Mild steel corrosion 

 
 

The gravimetric analysis was performed using accurately weighed polished 

Mild steel specimens before and after immersion in the 1M HCl solution with 5, 10, 30, 

50, 70 and 100 ppm concentrations of BNT for six hours exposure time. 

6. Results and Discussion 
 

6.1. Mass loss study 

 

The relationship between the corrosion rates and the inhibition efficacy of 

various BNT concentrations in the 1M HCl solution is depicted in (Fig.6.1). As seen in 

(Fig.6.1), the inhibition effectiveness increases as the BNT concentration increases, and 

the corrosion rates decrease appropriately [1]. 

 

 

Fig.6.1.Correlation between the corrosion rates and the inhibition efficiencies for 

BNT on Mild steel specimens in 1M HCl solution 
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Table.6.1 shows the mean weight loss, corrosion rate, inhibition efficiency, and 

surface coverage data derived from the mass loss investigation. It is obvious that the 

CR value drops from 12.73 to 1.09 (mg cm-2 h-1), revealing that the examined protector 

suppresses the corrosion activity. Moreover, with the explored defender, the shielding 

capacity improves from 19.88 % at 5 ppm to 91.35 % at 100 ppm, signifying that BNT 

species defend a large area of the metal, as seen by the increasing values of surface 

coverage. The optimum efficacy was found to be 91.35 % at 100 ppm, showing that the 

adsorption of BNT species in an acidic environment significantly diminish Mild steel 

corrosion rates. 

Table.6.1. Effect of BNT concentration on Mild steel corrosion in 1M HCl solution 

 

Concentration 

(ppm) 

Weight 

loss 

(mg) 

Corrosion 

rate 

(mg cm-2 h-1) 

Inhibition 

efficiency 

(%) 

Surface 

coverage 

(θ) 

Blank 946.8 12.73 - - 

5 758.6 10.19 19.88 0.20 

10 626.5 8.36 33.83 0.34 

30 197.7 2.64 79.12 0.79 

50 134.5 1.80 85.79 0.86 

70 105.6 1.42 88.85 0.89 

100 81.9 1.09 91.35 0.91 

 

 

6.2. Polarization study 

 

Tafel polarization curves for different concentrations of BNT in 1M HCl 

solution are shown in (Fig.6.2). The observation that the Tafel lines move in both the 

anode and cathode areas indicates that the presence of BNT in the 1M HCl solution 

hampers electrochemical oxidation and reduction processes. The results of the 

polarization investigation are also described in terms of corrosion potential, corrosion 

current density, Tafel slopes, and inhibition efficiency (Table.6.2). 
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Fig.6.2.Tafel polarization curves for various concentrations of 

BNT on Mild steel samples in 1M HCl solution 

The corrosion potential (E0) in the presence of the inhibitor is less than 85 mV 

as compared to the blank solution, showing that BNT is a mixed type inhibitor [2]. It is 

also evident from the values of Tafel slopes that the polarization moves on both sides 

but cathodic polarization is more predominant than the anodic move. 

Besides that, the values of corrosion current density (I0) decreased from 3.460 to 
 

0.342 mA with the BNT concentrations which exposes that the corrosion currents are 

hindered by the adsorption of BNT on Mild steel specimens. Also, the optimum 

efficiency observed is 90.12% at 100 ppm. All the polarization findings conclude that 

BNT performed as a potential protector in the 1M HCl medium. 
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Table.6.2. Electrochemical polarization parameters of BNT on Mild steel in 1M  

HCl solution 

 

 

C(ppm) 

Polarization parameters 

E0 (mV) I0 (mA) bc (mV) ba(mV) IE (%) 

Blank -420.613 3.46 995.82 254.55 - 

10 -487.864 2.05    297.82 262.02 40.90 

30 -437.671 0.63 672.88 561.31 81.68 

50 -436.141 0.56 153.55 102.96 83.96 

70 -449.694 0.41 248.32 154.85 88.08 

100 -458.956 0.34 161.80 78.76 90.12 

 

6.3. Impedance study 

 

(Fig.6.3) exhibits the Nyquist plots for different concentrations of BNT in the 

1M HCl solution and the diameter of the loops increases with increasing concentration 

of BNT which suggests the hindrance of charge transfer during the corrosion process in 

the presence of BNT. It also explains the obtained plots are not perfect circles owing to 

the roughness of the metallic surface and uneven distribution of active centers during 

the corrosion process [3]. 

 
 

Fig.6.3.Nyquist plots for various concentrations of BNT on 

Mild steel samples in 1M HCl solution 
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Table.6.3 lists the parameters obtained by impedance analysis, such as Rct, Cdl, 

and IE. Table.6.3 displays that the presence of inhibitor ominously slowed the charge 

transfer progression in the corrosion reaction, with Rct values increasing from 9.52 to 

100.55 Ω cm2. Correspondingly, the decreasing values of Cdl with an increase in BNT 

concentration also designates the increasing thickness of the electrical double layer at 

the metal solution interface prevents the metallic surface from rust formation in 1M 

HCl solution. Conclusively, the highest efficiency attained in this study is 90.60% 

which corroborates the investigated BNT is an efficient defender against Mild steel 

corrosion in an acidic medium. 

Table.6.3. Electrochemical impedance parameters of BNT on Mild steel in 1M HCl 
 
 

C 

(ppm) 

Impedance parameters 

R ct 

(Ω cm2) 

C dl 

(µF cm-2) 

   I.E 

   (%) 

Blank 9.52 3.2095 0 

10 16.61 1.2369 42.69 

30 49.26 0.1626 80.67 

50 74.49 0.0513 87.22 

70 87.21 0.3114 89.08 

100 100.55 0.0241 90.53 

 

6.4. Temperature study 

 

Experiments with various concentrations of BNT in 1M HCl solution at various 

temperatures ranging from 305K to 335K were carried out, and the association between 

temperature and IE is shown in (Fig.6.4). 
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 Fig.6.4.Effect of temperature on inhibition efficiencies for various  

 concentrations of BNT on Mild steel specimens in 1M HCl solution 

 

At the initial stage, the inhibition efficiencies for 5 and 10 ppm of BNT 

decrease with raising temperature suggesting that the inhibition process involves 

physisorption. In contrast, we can observe the modest increase in hindered efficiencies 

from 30 ppm to 100 ppm for all working temperatures implies that the adsorption 

mechanism is typical chemisorption. The experimental results shown in Table.6.4 

substantiate the previously mentioned finding, with a maximum efficiency of 93.26 %. 

Hence, we infer that the rising efficiencies are due to chemisorption or a combination 

of physical and chemical interactions [4]. To conclude, even at increased temperatures 

in the 1M HCl environment, the adsorption process of BNT on Mild steel is preferred. 



116  

Table.6.4.Effect of temperature on the inhibition efficiencies for different 

concentrations of BNT on Mild steel in 1M HCl solution 

 

 
 

Conc. 

(ppm) 

Weight loss(mg) Corrosion rate (mg.cm-2.h-1) Inhibition efficiency (%) 

305K 315K 325K 335K 305K 315K 325K 335K 305K 315K 325K 335K 

Blank 946.8 1533.1 2182.4 2856.1 12.73 20.61 29.33 38.39 0 0 0 0 

5 758.6 1285.4 1916.2 2710.5 10.20 17.28 25.76 36.43 19.88 16.16 12.20 5.10 

10 621.7 1160.2 1753.3 2515.2 8.36 15.59 23.57 33.81 33.83 24.32 19.66 11.78 

30 196.2 298.3 361.7 416.8 2.64 4.01 4.86 5.60 79.12 80.54 83.43 85.38 

50 133.5 153.7 181.4 216.3 1.79 2.07 2.44 2.91 85.79 89.97 91.69 92.43 

70 105.6 143.6 175.50 207.60 1.42 1.93 2.36 2.79 88.85 90.63 91.96 92.73 

100 81.3 131.2 158.1 192.1 1.09 1.76 2.13 2.58 91.35 91.44 92.76 93.26 

 

6.4.1. Kinetic and Thermodynamic corrosion 

 

Arrhenius equation (5.1) was used to calculate the activation energy (Ea) and 

pre-exponential factor (A). Also, (Fig.6.5a) shows the Arrhenius plots with straight 

lines which were created by plotting log CR Vs 1000/T with slope (Ea/R) and intercept 

(log A). 

 
 

Fig.6.5. a) Arrhenius plots and (b) Transition state plots for various 

concentrations of BNT on Mild steel in 1M HCl solution 
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Ea and A values are calculated from the slope and intercept and are presented in 

Table.6.5. As seen in Table.6.5, decreasing activation energies from 31.39 to 13.76 (KJ 

mol–1) correspond to increasing inhibitor concentrations, indicating chemical 

adsorption [5]. Furthermore, the lowering values of the Arrhenius factor suggest that 

the adsorption of BNT onto the metal surface efficiently prevents corrosion. 

In the same way, the thermodynamic activation parameters such as entropy of 

activation (ΔS0) and enthalpy of activation (ΔH0) were determined from the transition 

state equation (6.2). Transition state plots are obtained by plotting to ‘log CR/T’ Vs 

‘1000/T’ with slope (-ΔH0/2.303R) and intercept [(log (R/Nh) + ΔS0/2.303R] of the 

straight lines as shown in (Fig.6.5b). The values of ΔH0 and ΔS0 are calculated from the 

slope and intercept respectively and the values for enthalpy of activation and entropy of 

activation are presented in Table.6.5. 

Table.6.5. Thermodynamic activation parameters for BNT on Mild steel in 

1M HCl solution 

C 

(ppm) 

Ea 

(KJ mol–1) A 
ΔH0 

(KJ mol–1) 
ΔS0 

(JK–1 mol–1) 
Ea-RT 

Blank 31.39 3.1304 X 107 28.73 -129.47 2.66 

5 35.94 1.4910 X 108 33.28 -116.50 2.66 

10 39.24 4.6462 X 108 36.59 -107.04 2.66 

30 23.72 1.0866 X 105 21.07 -174.73 2.66 

50 20.94 1.3561 X 105 18.28 -176.57 2.66 

70 20.57 4.8495 X 104 17.91 -183.29 2.66 

100 13.76 4.0114 X 103 11.10 -204.00 2.66 

 

It reveals the positive values of ΔH0 indicating the adsorption process is 

endothermic and characteristic chemisorption [6]. The negative values of ΔS0 suggest 

the entropy decreases at the metal solution interface due to the displacement of water 

molecules adsorbed on the metal surface by BNT species [7]. 
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Further, Table 6.5.shows the difference between the values of Ea and ΔH0 for all 

the concentrations are approximately equal to 2.61 KJ.mol-1 (average value of RT) 

which gratifies the equation Ea – ΔH0 = RT and it mention that the corrosion process is 

controlled by the thermodynamic activation parameters [8]. Hence, the effect of 

temperature on the adsorption process clearly explains the adsorption mechanism 

involving chemical interactions. 

6.4.2. Langmuir adsorption isotherm 

 

The mechanism of the corrosion inhibition process was described by many 

isotherm models and this adsorption process follows the Langmuir isotherm. The 

Langmuir isotherm parameters were achieved by the equation (6.4). The equilibrium 

constant values (Kads) are obtained from the intercept of the straight lines by plotting 

‘Cinh/θ’ Vs ‘Cinh’ for various concentrations of BNT at different temperatures are shown 

in (Fig.6.6) and recorded in Table.6.6. 

 

 
 
 

Fig.6.6. Langmuir isotherm for BNT on Mild steel in 

1M HCl solution at different temperatures 
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From the tabulated results, the increasing values Kads at raised temperatures 

suggest the strong adsorption and we can also perceive the linear regression coefficient 

(R2) values are closed to 1 which indicates that the adsorption process follows the 

Langmuir isotherm. Moreover, the adsorption standard free energy values (ΔG0 ads) 

were determined using the equation (5.5) and listed in Table.6.6. It displays that the G0 

ads values varied from -33.25 to 36.61 KJ.mol-1 indicating both physical and chemical 

adsorptions were involved in the adsorption process [9]. 

Table.6.6. Langmuir parameters for BNT on Mild 

steel in 1M HCl at different temperatures 

T 

(K) 

Langmuir parameters 

Kads  
ΔG 

(KJ mol-1) R2 

305 8912.42 -33.25 0.9975 

315 9006.66 -34.37 0.9986 

325 9206.83 -35.52 0.9987 

335 9222.97 -36.61 0.9992 

 

6.5. Quantum chemical investigation 

 

(Figs.6.7a &6.7b) show the optimum structure as well as the Mulliken 

charges of the studied inhibitor BNT. The more negative atoms are recognized as the 

inhibitor's adsorption sites and Mulliken charges are typically used to emphasize the 

inhibitor's adsorption region and coordination characteristics [10-12] . 

Table.6.7. Mulliken charges of hetero atoms present in BNT 

 

Hetero atoms Mulliken charges 

N21 -0.132 

N22 0.048 

N23 0.141 
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Fig.6.7. (a) Optimized structure and (b) Mulliken charges of BNT 

 

In addition, the distribution of the Frontier molecular orbital energies diagram 

(EHOMO and ELUMO) is shown in (Fig.6.8a-6.8b). The HOMO energy distribution 

spreads over on the naphthalene moiety and the triazole ring of the inhibitor as seen in 

(Fig.6.8a) implying that the electrons are transferred from those locations to the Mild 

steel for strong coordination. As shown in (Fig.6.8b), the LUMO's energy is centered 

on the naphthalene moiety indicating Mild steel to inhibitor back donation and 

exhibiting the inhibitor's significant anti-corrosion performance. 

The inhibitory effect of the examined inhibitor is validated by the imperative 

electronic characteristics such as EHOMO, ELUMO, ∆E, D, I, A, χ, η, σ and ∆N are 

summarized in Table. 6.7. Here, the lower negative energy value (-1.8944 eV) of 
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the LUMO denotes the inhibitor's proclivity to accept electron pairs from metal via 

back bonding whereas the higher negative energy value (-7.3531 eV) of the HOMO 

denotes the inhibitor's highest probability of electron donation [14]. 

 

 

Fig.6.8. (a) HOMO and (b) LUMO distribution of BNT on Mild steel 

 

As a consequence, all of the theoretical predictions reflect the experimental 

findings, showing that the tested BNT has a greater effect on Mild steel corrosion 

prevention [15, 16]. 
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Table.6.8. Electronic parameters of the BNT molecule 
 
 

Electronic parameters 

EHOMO -7.3531(eV) 

ELUMO -1.8944 (eV) 

Energy Gap (∆E) 5.45 (eV) 

Dipolemoment (D) 2.5 

Ionization energy (I) 7.3531(eV) 

Electron affinity (A) 1.8944(eV) 

Absolute electronegativity (χ) 4.6237(eV) 

Global hardness (η) 2.7293 

Global softness (σ) 0.3663 

Transferred electron fraction (∆N) 0.0359 

Back donation (∆Ebackdonation) -0.6823(eV) 

 
6.6. Surface interpretation 

 

6.6.1. SEM investigation 

 

The SEM study of Mild steel without and with BNT in 1M HCl solution is 

shown in (Figs.6.9a-6.9d). Due to the particular formation of corrosion products on the 

steel surface, immersion of Mild steel in 1M HCl solution without BNT exposes several 

crevices and breaches as illustrated in (Fig.6.9a&b). Furthermore, (Fig.6.9c&d) depicts 

a smooth surface with some masses in the presence of BNT in 1M HCl solution, 

corroborating that the development of a thin film on the metallic surface against Mild 

steel corrosion is facilitated by BNT species adsorption in the corrosive medium 

[17,18]. 



123  

 
 

Fig.6.9.SEM images of Mild steel (a&b) unhindered surfaces (c&d) 

hindered surfaces with BNT in 1M HCl solution 

6.6.2. EDX investigation 

 

The electron dispersive spectra of Mild steel specimens in the absence and the 

presence of BNT are shown in (Figs.6.10a&b) respectively. The presence of a chlorine 

peak owing to rust development in the corrosive media without BNT is reflected in 

(Fig.6.10a). Furthermore, (Fig.6.10b) displays the nitrogen peak together with the 

investigated elements in the presence of BNT indicating that the adsorption of BNT 

molecule on the Mild steel surface reduces corrosion destruction. 
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Fig.6.10a. EDX spectrum of Mild steel without BNT in 1M HCl solution 
 
 

 

Fig.6.10b. EDX spectrum of Mild steel with BNT in 1M HCl solution 
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Furthermore, the quantitative EDX data of the analyzed steel specimens are 

recorded in Table.6.9, and the weight percentage values of N (1.39 %) support the 

corrosion behavior is hampered by the formation of a protective coating through 

nitrogen coordination with the steel surface in 1M HCl solution [19, 20]. 

Table.6.9. Elemental analysis of Mild steel with and without 

BNT in 1M HCl solution 

 

Samples C O Cl N Fe 

Bare steel 12.20 7.98 - - 79.82 

Unprotected surface 5.84 43.44 1.06 - 49.66 

Protected surface with BNT 13.21 9.73 - 1.39 75.67 

 

6.6.3. AFM investigation 

 

Table.6.10 displays the average roughness (Ra) and root mean square roughness 

(Rq) acquired from AFM observations. Inspection of Table.6.10 spectacles that the Ra 

values for polished Mild steel, specimens in the absence and presence of BNT are 

160.65nm, 402.13 nm and 212.72nm while the corresponding Rq values are 195.31nm, 

511.83 nm and 262.45 nm respectively. The larger values of roughness were noted for 

sternly dented by the corrosive medium. In the presence of the inhibitor, the roughness 

values are closer to the bare steel which corroborates that the corrosion deterioration is 

condensed by the adsorption of the inhibitor. 

Table.6.10. AFM parameters of bare steel, unprotected and 

protected steel specimens in 1M HCl solution 

 

Samples 
Average Roughness 

(Ra)nm 

RMS roughness  

(Rq) nm 

Bare steel surface 160.65 195.31 

Unprotected surface 402.13 511.83 

Protected surface 

with BNT inhibitor 
212.72 262.45 
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It is also evident from the AFM pattern (Figs. 6.11a & 6.11b) and the 

unprotected specimen reveals a rough surface due to acid attacks as shown in 

(Fig.6.11a) and the roughness of the steel surface is substantially reduced as shown in 

(Fig.6.11b) by the adsorption of BNT in 1M HCl solution [21, 22]. 

 

 

 

Fig.6.11a. AFM pattern of Mild steel without BNT in 1M HCl solution 
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Fig.6.11b. AFM pattern of Mild steel with BNT in 1M HCl solution 

 

Hence, morphological investigation corroborated that the corrosion rate is 

hindered by the development of the protective coating on Mild steel in the 1M HCl 

solution at room temperature. 
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CHAPTER – VII 
 

Corrosion mitigation performance of ‘N-methyl-N-phenyl-3-

(phenylsulfonyl)-1H-pyrazole-5-carboxamide’ (MPSC) 

 
 

The gravimetric assessment was conducted on accurately weighed polished Mild 

steel specimens before and after immersion in the 1M HCl solution for six hours at 

room temperature in the presence of MPSC concentrations of 5, 10, 20, 30, 40 and               

50 ppm. 

7. Results and Discussion 
 

7.1. Gravimetric study 

 

(Fig.7.1) manifests the inhibitor performance and the relative corrosion rates on 

Mild steel specimens in the 1M HCl solution at room temperature. It reveals that the 

protection efficiencies increase with an increase in MPSC concentration while the 

consequent corrosion rates decrease [1]. 

 

 

Fig.7.1. Correlation between the corrosion rates and the inhibition efficiencies of 

MPSC on Mild steel in 1M HCl solution 
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In addition, Table.7.1 provides corrosion variables such as corrosion rate and 

relative inhibition efficiency. It shows that when the concentration of MPSC increases, 

the rate of corrosion decreases from 19.25 to 1.07 (mg cm-2 h-1) indicating that 

corrosion effects are significantly suppressed in the 1M HCl solution. Disparately, I.E 

values increased from 34.45% to 94.46% at 50 ppm which depicts that the corrosion 

rates of the Mild steel specimens are remarkably reduced at an optimum concentration 

(50 ppm) of MPSC in 1M HCl solution. 

Table.7.1. MPSC Corrosion data on Mild steel in 1M HCl solution 
 

 
 

C 

ppm 
CR 

(mg cm-2 h-1) 

IE 

(%) 
θ 

Blank 19.2492 - - 

5 12.6177 34.45 0.34 

10 8.1972 57.42 0.57 

20 4.2141 78.11 0.78 

30 2.4725 87.16 0.87 

40 1.7722 90.79 0.91 

50 1.0673 94.46 0.94 

 

The escalating surface coverage (θ) values also specify that the MPSC defends 

the larger surface of the Mild steel from deterioration in the 1M HCl solution. Hence, 

the above verdicts suggest that the MPSC molecules interact actively with the Mild 

steel surface to mitigate the corrosion rates in the corrosive atmosphere. 

7.2. Electrochemical polarization study 

 

(Fig.7.2) exposes the Tafel polarization curves in the presence and absence of 

MPSC in the 1M HCl solution at room temperature. It is noticeable that polarization 

takes place on both anodic and cathodic sites as evidenced by the Tafel slope values 

provided in Table.7.2. Despite the existence of MPSC hindering anodic and cathodic 
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electrochemical processes, the cathodic results are conquered, and it serves as a mixed 

sort protector [2]. 

 

 

Fig.7.2.Tafel lines for various concentrations of MPSC on Mild steel in 1M HCl 

solution 

The E0, I0, bc, ba, and I.E results calculated from the polarization examination 

are presented in Table.7.2. We can determine from the tabulated E0 values that the 

studied protector has mixed sort behavior. The bc and ba values that support this 

concept are listed in Table.7.2. Furthermore, the I0 value decreased from 1.372 to 

0.0903 mA in response to an increase in MPSC concentration indicating that the 

corrosion degradation is effectively controlled by MPSC adsorption with a maximum 

inhibition efficacy of 93.42 % at 50 ppm. 

Therefore, polarization information concludes that the electrochemical 

corrosion reactions are proscribed by the adsorption of MPSC on the Mild steel surface 

in 1M HCl solution. 
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Table.7.2. Polarization Parameters on Mild steel with and without MPSC in 1M 

HCl solution 

C 

(ppm) 

Polarization parameters 

E0 

(mV) 

I0 

(mA) 

bc 

(mV) 

ba 

(mV) 

IE 

(%) 

Blank -459.46 1.372 192.55 141.33 0.00 

10 -379.01 0.601 178.27 69.95 56.16 

20 -384.91 0.305 160.33 54.57 77.77 

30 -443.58 0.183 147.83 72.12 86.70 

40 -458.65 0.125 125.63 65.28 90.83 

50 -399.21 0.090 113.85 55.40 93.42 

 
 

7.3. Electrochemical impedance study 

  

On exploring (Fig.7.3), the Nyquist plots altitude depending on the concentration 

of MPSC in the 1M HCl solution. The uppermost circle attained at the optimal 

concentration of MPSC depicts that the charge transfer is greatly resisted in the 

corrosive situation [3]. 

 
 

Fig.7.3. Nyquist plots for various concentrations of MPSC on Mild steel 

specimens in 1M HCl solution 
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The factors derived from the impedance investigation, such as Rct, Cdl, and IE, 

are listed in Table.7.3. With an increase in MPSC concentration, the values of Rct rose 

from 13.21 to 192.52 (Ω cm2) indicating that the charge transfer during the corrosion 

process is hindered by the formation of a prohibitive layer on the Mild steel surface. 

Alternatively, as the concentration of MPSC increased, Cdl values reduced from 1.628 

to 0.011 (µFcm-2) revealing that metal surfaces are protected against corrosive 

environment. Furthermore, the optimum performance of 93.14 % reveals that MPSC is 

a potent defender against Mild steel corrosion in the 1M HCl solution. 

Table.7.4. Impedance Parameters on Mild steel with and without MPSC in 1M 

HCl solution 

 

C 

(ppm) 

Impedance parameters 

Rct 

(Ω cm2) 

Cdl 

( µFcm-2) 

IE 

(%) 

Blank 13.21 1.628 0.00 

10 31.258 0.349 57.74 

20 61.912 0.085 78.66 

30 104.416 0.031 87.35 

40 150.255 0.015 91.21 

50 192.524 0.011 93.14 

 
7.4. Temperature analysis 

 

As shown in (Fig.7.4), the mass reduction experiments were performed using 

distinct concentrations of MPSC at various temperatures (303, 313, 323, and 333 K) in 

the 1M HCl solution. Also, the procured corrosion rates and inhibition efficiencies are 

summarized in Table.7.4. 
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Fig.7.4.Temperature impact on inhibition efficiencies of Mild steel with and 

without MPSC in 1M HCl solution 

Inspection of Table.7.4 reflects that the corrosion rates increase with an increase 

in temperature and the corresponding inhibition efficiencies decrease. The result that 

the corrosion rate increased from 1.07 to 12.43 (mg cm-2 h-1) when the inhibitor 

concentration was raised to 50 ppm suggests that the adsorption process is related to the 

electrostatic attraction between the inhibitor molecules and the Mild steel surface [4]. 

It's further reflected in the fact that at 50 ppm of MPSC in 1M HCl, the inhibitory effect 

dropped from 94.46 % to 74.52 %. 
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Table.7.5.Temperature study for various concentrations of MPSC on Mild steel in 

1M HCl Solution 

 
Conc. 

(ppm) 

Weight loss (mg) Corrosion rate (mg cm-2 h-1) Inhibition efficiency (%) 

303K 313K 323K 333K 303K 313K 323K 333K 303K 313K 323K 333K 

Blank 1258.9 1383.4 2125.8 3191.1 19.25 21.15 32.50 48.79 0 0 0 0 

5 825.2 1004.8 1812.2 2968.5 12.62 15.36 27.71 45.39 34.45 27.37 14.75 6.98 

10 536.1 755.3 1525.4 2834.7 8.20 11.55 23.32 43.34 57.42 45.40 28.24 11.17 

20 275.6 423.9 988.3 1967.4 4.21 6.48 15.11 30.08 78.11 69.36 53.51 38.35 

30 161.7 295.8 642.1 1179.5 2.47 4.52 9.82 18.04 87.16 78.62 69.79 63.04 

40 115.9 219.3 495.4 905.3 1.77 3.35 7.57 13.84 90.79 84.15 76.70 71.63 

50 69.8 149.6 457.5 813.2 1.07 2.29 7.00 12.43 94.46 89.19 78.48 74.52 

 

 

7.4.1. Corrosion kinetics and adsorption thermodynamics 

 

Using the Arrhenius equation (5.1), the apparent activation energy (Ea) and 

Arrhenius factor (A) were derived for mass reduction observations at various 

temperatures.  (Fig.7.5a) displays the Arrhenius plots procured by plotting to ‘log CR’ 

against ‘1000/T’ with slope ‘(-Ea/2.303R)’ and an intercept ‘(log A)’. The values of 

‘Ea’ and ‘A’ were obtained from the slope and intercept of the straight lines 

respectively. 

Table.7.6 contains kinetic variables such as Ea and A. Table.7.6 shows that 

when MPSC concentration increased, Ea values ascended from 26.83 to                            

71.15      (KJ.mol- 1) demonstrating that the energy barrier rises during the corrosion 

inhibition process at higher temperatures. It mentions that the adsorption process is 

physical adsorption and it is further supported by the increasing values of the Arrhenius 

factor [5]. 
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Fig.7.5. (a) Arrhenius plots and (b) Transition state plots for various 

concentrations of MPSC on Mild steel in 1M HCl solution 

Table.7.6.Kinetic and Thermodynamic parameters of MPSC on Mild steel in 1M 

HCl Solution at different temperatures 

 

C 

(ppm) 

Ea 

(KJ mol-1) A 
ΔH0  

(KJ mol-1) 

ΔS0 

(JK-1 mol-1) Ea-RT 

Blank 26.83 7.3198 X 106 24.18 -141.51 2.64 

5 36.97 2.6853 X 108 34.33 -111.57 2.64 

10 47.62 1.1934 X 1010 44.98 -80.01 2.64 

20 56.43 1.3121 X 1011 53.78 -60.06 2.64 

30 56.50 2.0044 X 1011 53.88 -56.56 2.62 

40 57.82 3.9627 X 1011 55.18 -58.55 2.64 

50 71.15 1.9186 X 1012 68.51 -18.62 2.64 

 

(Fig.7.5b) represents the transition state plots for various concentrations of 

MPSC on Mild steel in the 1M HCl solution. Straight lines are achieved by the 

relationship of ‘log CR/T’ against ‘1000/T’ with slope ‘(-ΔH0/2.303R)’ and intercept 

‘[(log (R/Nh) + ΔS0/2.303R]’. In addition, the slope and intercept of the transition state 

plots were used to obtain ΔH0 and ΔS0 values, which are presented in Table.7.6. 
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Positive values of ΔH0 imply that the adsorption process is endothermic and the 

negative values of ΔS0 moved to positive track imply that the randomness of the 

adsorption process is increased from blank to 50 ppm in an acidic environment [6]. 

Furthermore, the average value of Ea-H0 (2.64 KJ mol-1) is nearly identical to the 

value of RT (2.61 KJ mol-1) indicating that the thermodynamic activation factors 

influence the corrosion adsorption process. 

7.4.2. Temkin Adsorption isotherm 

 

Various isotherms are employed to explain the interactions between inhibitor 

compounds and Mild steel; however, the Temkin isotherm is the best fit in this context 

and the logarithmic Temkin equation (7.1) is given below 

θ =
−2.303 (log C)

2a
− 

2.303(log K)

2a
                            (7.1) 

 
 

Fig.7.6 represents the affiliation between the surface coverage and inhibitor 

concentration. Straight lines are obtained by plotting to ‘θ’ against ‘log C’ with slope (- 

2.303/2a) and intercept (-2.303(log K) / 2a). 

 
 

Fig.7.6.Temkin isotherm for various concentrations of MPSC on Mild steel in 1M 

HCl solution at different temperatures 
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Moreover, the attractive parameter ‘a’ and the adsorption constant ‘Kads’ are 

calculated from the slope and intercept in that order and presented in Table.7.7. The 

negative sign of the attractive parameter indicates that the repulsive force prevails in 

the adsorption process at elevated temperatures, implying that desorption occurs, and 

the Kads values decreased from 81.84 to 19.08, suggesting that physisorption occurs. 

Besides that, the change in Gibb’s free energy values was acquired by the equation 

(5.5). The negative ∆G values obtained here suggest that the adsorption process is 

spontaneous, and the values range from - 21.21 to -19.28 KJ.mol-1 denoting that the 

adsorption is electrostatic and desorption occurs at a rising temperature. Furthermore, 

the regression coefficient values (R2) are close to 1 representing that the Temkin model 

drives the adsorption process. [7]. 

 

Table.7.7. Temkin parameters of MPSC on Mild steel corrosion at 

raised temperatures 

 T 

(K) 

Temkin isotherm 

Kads 
ΔG0

ads 

(KJ.mol-1) a R2 

303 81.840 -21.21 -1.89 0.9758 

313 54.060 -20.84 -1.81 0.9906 

323 30.281 -19.94 -1.67 0.977 

333 19.079 -19.28 -1.50 0.9665 

 
7.5. DFT approach 

 

The optimized structure and Mulliken charges of the examined protector are 

shown in (Figs.7.7a-7.7b). Also, Table.7.8 shows the Mulliken charges of the atoms 

involved in the inhibition process, indicating the presence of an adsorption center and 

the inhibitory efficiency of the MPSC inhibitor [8]. 
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Table.7.8. Mulliken charges of atoms present in MPSC 

 

Atoms Mulliken charges 

N11 -0.208 

N13 0.029 

N28 0.080 

O6 -0.415 

O15 -0.396 

O16 -0.487 

S14 0.923 

 

 

 

 
 

Fig.7.8. (a) Optimized structure and (b) Mulliken charges of MPSC inhibitor 

 

Among all, the Nitrogen atom which is labeled as N11 (-0.208) in the pyrazole 

ring regarded the protonation site of the inhibitor in the HCl environment, evoking 

electrostatic attraction on a steel surface. 

 



142  

The HOMO energy distribution on the pyrazole moiety, benzene ring, -N-CH3 

and -C=O groups of the inhibitor (Fig.7.8a) suggests that electrons might be transported 

from those spots to the Mild steel for coordination as seen in (Fig.7.8b). The LUMO's 

energy is focused at the -N-CH3, -C=O group, and pyrazole ring, as illustrated in 

(Fig.7.8b), signifying Mild steel to inhibitor back donation and high anti-corrosion 

performance [9-11]. 

The electronic properties such as EHOMO, ELUMO, ∆E, D, I, A, χ, η, σ and ∆N 

derived from DFT analysis are summarized in Table.7.9. The lower unoccupied 

molecular orbital has a lower energy value (-0.8778 eV), indicating the inhibitor's 

propensity for accepting electron pairs from metal via back bonding, whereas the 

highest occupied molecular orbital has a higher energy value (-5.7406 eV), indicating 

the inhibitor's highest probability of electron donation. 

 
 

Fig.7.8.(a) HOMO and (b) LUMO of MPSC inhibitor 
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Table.7.9.Electronic parameters of the investigated protector MPSC 

 

DFT constraints 

EHOMO -5.7406 eV 

ELUMO -0.8778 eV 

Energy Gap (∆E) 4.8 eV 

Ionization energy (I) 5.7406 eV 

Electron affinity (A) 0.8778 eV 

Absolute electronegativity (χ) 3.3092 eV 

Global hardness (η) 2.4314 

Global softness (σ) 0.4112 

Electrophilicity index (ω) 1.7731 

transferred electrons fraction (∆N) 0.3106 

Back donation (∆Ebackdonation) -0.6078 eV 

 
 

The computed values of ∆E, D, I, A, χ, η, σ and ∆N also support the view that 

the MPSC is a potent inhibitor and the theoretical assessment is in line with the 

experimental findings [12]. 

7.6. Morphological interrogation 

 

7.6.1. SEM analysis 

 

The SEM photographs of polished Mild steel submerged in 1M HCl solution 

with MPSC are displayed in (Fig.7.9a&7.9b). The smooth surface with mass deposition 

in the presence of the protector resists the corrosive detriments by forming a passive 

coating on the Mild steel surface as can be seen in these images [13]. As a 

consequence, SEM micrographs revealed that the explored MPSC functions as an 

effective inhibitor in the 1M HCl solution. 
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Fig.7.9 a&b. SEM images of the inhibited surface with MPSC in 1M HCl solution 

 

7.6.2. EDX analysis 

 

In 1M HCl solution, EDX evaluation of specimens without and with MPSC is 

displayed in (Fig.7.10a&7.10b). The presence of a chlorine peak in (Fig.7.10a) indicates 

that the corrosive scenario influenced the steel surface in the absence of an inhibitor in 

the 1M HCl solution. (Fig.7.10b) depicts that the presence of MPSC shields the steel 

surface, implying that a thin coating is forming on the Mild steel surface, as evidenced 

by the presence of a nitrogen peak in the spectrum. Thus, the corrosion inhibition 

accompanied by the sharing of lone pair electrons on the nitrogen and oxygen atoms to 

the empty d orbital of the iron atom is corroborated by the EDX study [14]. 
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Fig.7.10a. EDX spectrum of uninhibited surface in 1M HCl solution 
 

 
 

 

Fig.7.10b. EDX spectrum of inhibited surface with MPSC in 1M HCl solution 
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Furthermore, the quantitative EDX data of the analyzed steel specimens are 

shown in Table.7.10 indicating that the corrosion behavior is hampered by the 

development of a passive coat through N (1.24%) and O (20.97%) coordination with 

the steel surface in the 1M HCl solution [15]. 

 

Table.7.10. EDX parameters of the explored inhibitor MPSC 

 

 

Samples C O Cl N Si Fe 

Bare steel 12.20 7.98 - - - 79.82 

Unprotected surface 5.84 43.44 1.06 - - 49.66 

Protected surface with 
 

MPSC 

 

8.83 
 

20.97 
 

0.39 
 

1.24 
 

0.98 
 

67.59 

 

 

 

7.6.3. AFM Analysis 

 
 

3D AFM images of polished steel, unprotected Mild steel and shielded Mild 

steel surfaces are shown in (Fig. 7.11a-7.11c). The smooth surface of the Mild steel 

surface is shown in (Fig.8.11a). In the absence of an inhibitor, corrosion in the 1M HCl 

solution causes severe surface damage, as seen in (Fig 7.11b). On the other hand, 

(Fig.7.11c) displays that the surface irregularity was drastically diminished in the 

presence of MPSC in the 1M HCl solution [15]. This analysis proves that the MPSC 

efficiently protects the surface of the Mild steel specimens from the corrosive 

environment. 
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Fig.7.11a. 3D - AFM image of polished Mild steel 1M HCl solution 
 

 

 

Fig.7.11b. 3D - AFM image of uninhibited Mild steel in 1M HCl solution 
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Fig.7.11c. 3D - AFM image of the inhibited surface with MPSC in 1M HCl  

The corrosion protection is also supported by the Ra and Rq values obtained 

from the AFM investigation of Mild steel in the presence and absence of MPSC are 

provided in Table.7.11. The average roughness values for polished Mild steel 

specimens in the absence and presence of MPSC are 279.41nm, 418.32 nm and 334.33 

nm respectively according to Table.7.10 whereas the corresponding RMS values are 

332.27nm, 489.49 nm, and 386.47 nm. 

The roughness with the highest values than the polished Mild steel was found to 

be extensively affected by the corrosive media. The inhibited surface has lower 

roughness values than the unprotected steel surface, revealing that the inhibitor's 

adsorption lowers corrosion assaults. 
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Table.7.11. AFM parameters of the examined inhibitor MPSC with and without 

MPSC in 1M HCl solution 

 

Samples 
Average Roughness 

(Ra)nm 

RMS roughness 

(Rq) nm 

polished Mild steel 279.41 332.27 

unprotected steel surface 418.32 489.49 

Protected steel surface with MPSC 334.33 386.47 

 

 

All the explorations corroborated that the examined MPSC works as an 

effective protector on Mild steel corrosion in an acidic medium. 
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CHAPTER-VIII 
 

Corrosion protection characteristics of ‘5-benzyl 3-ethyl 1H-

pyrazole-3, 5-dicarboxylate (BEPD) on Mild steel corrosion 

 
 

Accurately weighed Mild steel samples before and after immersion in the 1M 

HCl corrosive solution with different concentrations (10, 20, 30, 40 and 50 ppm) of 5- 

benzyl 3-ethyl 1H-pyrazole-3, 5-dicarboxylate were used to determine corrosion 

inhibition for 6 hours contact time. 

8. Results and Discussion 
 

8.1. Mass loss study 

 

The mass loss approach was used to establish a correlation between the 

corrosion rate and the inhibition efficiency in the 1M HCl solution at room temperature 

as demonstrated in (Fig. 8.1). 

 

 

Fig.8.1. Relationship between the protection capacity and the corrosion 

rate of BEPD in the 1M HCl solution 
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The protective capability rises as the BEPD concentration increases, while the 

corrosion rate reduces, as demonstrated in (Fig. 8.1). Table.8.1 displays corrosion 

parameters such as corrosion rate, protective ability and surface coverage revealing that 

when BEPD concentration increases from blank to 50 ppm, the corrosion rate lowers 

dramatically (20.07 to 1.52 mg cm-2 h-1). In turn, as the concentration of BEPD 

increased, the IE value raised from 36.56 to 92.42 % with the maximum efficiency 

recorded at 50 ppm showing that the tested inhibitor resists Mild steel corrosion in the 

1M HCl solution at ambient temperature [1, 2]. 

Table.8.1. Corrosion metrics of Mild steel corrosion with BEPD in 1M HCl 

 

Concentration 

(ppm) 

Weight 

loss 

(mg) 

Corrosion 

rate 

(mg cm-2 h-1) 

Inhibition 

efficiency 

(%) 

Surface 

coverage 

(θ) 

blank 1312.4 20.07 - - 

             10 832.6 12.73 36.56 0.37 

20 543.8 8.32 58.56 0.59 

30 218.4 3.33 83.36 0.83 

40 146.3 2.23 88.85 0.89 

50 99.5 1.52 92.42 0.92 

 

 
8.2. Electrochemical polarization investigation 

 

The Tafel lines for test specimens in 1M HCl at room temperature in the 

absence and the presence of various concentrations of BEPD are shown in (Fig.8.2). 

The Tafel lines migrate on both anodic and cathodic sites as shown in (Fig.8.2) 

demonstrating that the inhibitor inhibited both anodic and cathodic electrochemical 

corrosion reactions [3]. 
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Fig.8.2. Tafel lines for BEPD on Mild steel corrosion in 1M HCl solution 

 

Moreover, the polarization parameters presented in Table 8.2 display that as the 

concentration of BEPD increased, the values of I0 declined substantially indicating that 

the corrosion rate is retarded by BEPD molecules adsorbed onto the metallic surface. 

Both anodic and cathodic moves are validated by the tabulated Tafel slope values 

resulting in the cathodic impact being more prominent [4, 5]. 

Table.8.2. Polarization factors of BEPD on Mild steel corrosion in 1M HCl 
 

 

C 

(ppm) 

Polarization parameters 

E0 (mV) I0 (mA) bc (mV) ba(mV) IE (%) 

blank -492.35 6.309 303.11 78.34 0.00 

20 -485.51 2.695 271.35 99.15 57.28 

30 -474.58 1.124 200.47 249.18 82.18 

40 -476.80 0.761 246.60 282.61 87.93 

50 -465.75 0.509 258.187 242.103 91.92 
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As a result of this polarization investigation, the E0 values ranged from -492.35 

mV to -465.75 mV representing that the examined BEPD operated as a mixed kind 

protector in an acidic environment. Additionally, the BEPD inhibitor has a maximum 

efficacy of 91.92% at 50 ppm signifying that it was a potent anticorrosive protector in 

the 1M HCl medium. 

8.3. Electrochemical impedance investigation 

 

The diameters of the Nyquist plots increase with an increase in BEPD 

concentration as shown in (Fig.8.3), implying that the addition of inhibitor to the 

corrosive medium resists the charge transfer. 

 
 

Fig.8.3. Impedance plots for BEPD on Mild steel corrosion in 1M HCl 

 

The impedance parameters are listed in Table 8.3 show that the increase in                  

Rct (1092.58 to 13211.52 Ω cm2) with an increase in BEPD concentration which 

exposes the corrosion progression is diminished by the charge transfer impediment in 

the acidic medium. Additionally, the lower Cdl values (1.832 to 0.001 µF cm-2) suggest 

a larger electrical double layer at the metal-solution boundary implying the strong 

inhibition [6, 7]. 
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Table.8.3. Impedance factors for BEPD on Mild steel corrosion in the 1M HCl 
 

C 

(ppm) 

Impedance parameters 

R ct 

(Ω cm2) 

C dl 

(µFcm-2) 

I.E 

(%) 

Blank 1092.58 1.832 0 

20 2605.02 0.366 58.06 

30 6133.25 0.087 82.19 

40 9682.32 0.032 88.72 

50 13211.52 0.001 91.73 

 
 

We can also see from Table.8.3 that the BEPD has a maximum protection 

efficacy of 91.73 % at 50 ppm and all of the impedance parameters indicate that the 

examined protector has a high capacity to resist corrosion assaults in a hostile 

environment. 

8.4. Thermal study on Mild steel corrosion 

 

(Fig.8.4) demonstrates the influence of temperature on Mild steel corrosion in 

the presence and absence of MPPT in a 1M HCl atmosphere at 303, 313, 323, and 333 

K. It illustrates that the corrosion process is influenced by the electrostatic interactions 

on the Mild steel surface in an acidic environment, as seen by the decrease in hampered 

efficiencies at increased temperatures for all BEPD inhibitor concentrations. 

 
 

Fig.8.4. Relationship between the corrosion rate and the inhibition ability of the 

BEPD in 1M HCl solution at elevated temperatures 
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Table.8.4 summarizes the corrosion parameters assessed such as corrosion rate 

and inhibition efficacy. Based on the statistics, we can predict that the protective 

capability decreases as the temperature rises. 

Temperature effects on corrosion as evidenced by the fact that the corrosion rate 

dropped from 1.52 to 13.17 mg cm-2 h-1. As a result of the preceding discussion, it was 

discovered that the decrease in efficiency (92.42 % to 72.44 %) with increasing BEPD 

concentration is mainly owing to the investigated inhibitor's desorption nature on the 

metal surface at higher temperatures, implying that the adsorption process is 

physisorption [8]. 

Table.8.4. Correlation between the temperatures and the inhibition 

efficiencies of BEPD on Mild steel corrosion in the 1M HCl solution 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

8.4.1. Kinetic and thermodynamic parameters 

 

Applying the data from the temperature study, the activation energy (Ea) and 

Arrhenius factor (A) can be calculated using the Arrhenius equation (5.1). Likewise, 

the transition state equation (5.2) was also used to determine the values of entropy 

change (∆S0) and enthalpy change (∆H0). 

 

 

Conc. 

(ppm) 

Weight loss (mg) 

 

Corrosion rate (mg cm-2 h-1) 

 

Inhibition efficiency (%) 

 
303K 313K 323K 333K 303K  313K 323K 333K 303K 313K 323K 333K 

Blank 1312.4 1451.6 2147.2 3125.8 20.07 22.20 32.83 47.80 0 0 0 0 

10 832.6 1012.8 1774.7 2945.8 12.73 15.49 27.14 45.04 36.56 30.23 17.35 5.76 

20 543.8 787.8 1635.5 2714.7 8.31 12.05 25.01 41.51 58.56 45.73 23.83 13.15 

30 218.4 421.5 1124.8 2014.3 3.34 6.44 17.20 30.80 83.36 70.96 47.62 35.56 

40 146.3 321.5 652.1 1214.7 2.24 4.92 9.97 18.57 88.85 77.85 69.63 61.14 

    50 99.5 231.8 425.3 861.5 1.52 3.54 6.50 13.17 92.42 84.03 80.19 72.44 
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(Fig.8.5a) shows the straight lines of Arrhenius plots obtained by plotting log 

CR versus 1000/T with the slope (–Ea /2.303R) and an intercept (log A) and the 

statistics of ∆S0 and ∆H0 can be derived from the transition state plots by plotting log 

(CR/T) vs 1000/T as illustrated in (Fig. 6.5b). 

 

 

Fig.8.5 (a) Arrhenius plots and (b) Transition state plots for BEPD on Mild 

steel corrosion in 1M HCl solution 

Table 8.5 summarizes the kinetic and thermodynamic parameters acquired 

from the transition state plots and Arrhenius plots. At all working temperatures, we can 

witness an increase in Ea (from 24.95 to 64.14 KJ mol–1) with an increase in BEPD 

concentration, revealing that the energy barrier rises during the corrosion inhibition 

process at higher temperatures. It states that the adsorption process involves physical 

adsorption which is substantiated by increasing Arrhenius factor values [9-11]. The 

endothermic nature of the adsorption process is shown by the positive ∆H0 values. 

Furthermore, positive transfer of ∆S0 values from blank to optimum concentration 

indicates an increase in randomness in the adsorption process in an acidic environment 

[12, 13]. 
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Table.8.5. Kinetic and Thermodynamic data of BEPD on Mild steel corrosion 

in 1M HCl solution 

 

C 

(ppm) 

Ea 

(KJ mol–1) 
A 

 

ΔH0 

(KJ mol–1) 
ΔS0 

(JK–1 mol–1) 
Ea-RT 

Blank 24.95 3.6812 X 106 22.32 -147.22 2.63 

10 36.32 2.0796 X 108 33.68 -113.67 2.64 

20 46.51 7.9799 X 109 43.87 -83.34 2.64 

30 59.20 2.7542 X 1011 56.56 -53.75 2.64 

40 59.47 3.6305 X 1011 56.85 -51.51 2.62 

50 64.14 3.6308 X 1011 61.50 -32.37 2.64 

8.4.2. Freundlich adsorption isotherm 

 
Freundlich model can be expressed as the following equation (8.1) 

 

log θ = log K + 
1

n
 log C                                       (8.1) 

 
 

where ‘θ’ is the surface coverage, ‘K’ is the adsorption constant, ‘n’ refers to 

the adsorption intensity and ‘C’ refers to the concentration of the inhibitor. By plotting 

to ‘(log θ) vs (log C)’ gives straight lines with slope (1/n) and intercept (log K) is 

shown in (Fig.8.6). 

 
 

Fig.8.6.Freundlich isotherm of BEPD on Mild steel specimens in 1M HCl 

solution                               at different temperatures 
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Table.8.6 displays the values of adsorption intensity 'n' and the adsorption 

constant 'Kads' as a function of slope and intercept in that order. It suggests that 

declining K values (14.83 to 0.381) and adsorption intensity values < 2 imply that 

desorption occurs at higher temperatures [14]. ΔG values (-16.91 to -8.45 KJ.mol-1) 

determined from the Gibb’s free energy equation (5.5) are therefore included in 

Table.8.6, suggesting that the electrostatic adsorption process. 

Table.8.6. Freundlich data of BEPD on Mild steel corrosion at 

elevated temperatures 

 

T 

(K) 

Freundlich parameters 

Kads 
ΔG 

(KJ mol-1) 

n R2 

303 14.832 -16.91 1.68 0.9495 

313 10.224 -16.50 1.48 0.9659 

323 2.846 -13.59 0.97 0.9685 

333 0.381 -8.45 0.61 0.9669 

 

8.5. DFT investigation 

 

The optimized structure, as well as the Mulliken charges of the BEPD inhibitor, 

is shown in (Fig.8.7a&b). 

The Mulliken charges of all electronegative atoms in the inhibitor molecule are 

also provided in Table.8.7. The lower negative value specified by O27 leads to the 

electrostatic interaction between the inhibitor and the iron surface, as seen in (Fig.8.7b) 

and tabulated data (Table.8.7). 
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Fig.8.7. (a) Optimized structure and (b) Mulliken charges of BEPD 

 

Table.8.7. Mulliken charges of the atoms present in the BEPD molecule 

 

Atoms Mulliken charges 

O15 -0.295 

O17 -0.405 

O26 -0.451 

O27 -0.192 

N22 -0.204 

N23 -0.248 
 

In addition, (Fig.8.8a&b) depicts the HOMO and LUMO density distributions, 

respectively. The electron density distribution of HOMO in the inhibitor is primarily 

centered on the pyrazole moiety as well as all of the oxygen atoms present as shown in 

(Fig.8.8a) indicating that electrons transfer from these centers to the iron surface for 

strong coordination. Additionally, the electron density distribution of LUMO focuses 

on the benzyl portion of the molecule causing iron to inhibitor retro donation as seen in 

(Fig.8.8b). 
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Fig.8.8. (a) HOMO and (b) LUMO distribution of BEPD 

 

 

The EHOMO, ELUMO and all other essential electronic properties of the BEPD 

defender are displayed in Table.6.8. The inhibitor's tendencies to accept electron pairs 

from metal via back bonding are asserted by the lower negative energy value (-1.6522 

eV) of the lower unoccupied molecular orbital, whereas the inhibitor's highest 

probability of electron donation is indicated by the higher negative energy value (- 

7.0702 eV) of the highest occupied molecular orbital [15, 16]. 
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Table.8.8. Electronic parameters of the investigated BEPD 
 

 

Electronic parameters 

EHOMO -7.0702(eV) 

ELUMO -1.6522(eV) 

Energy Gap (∆E) 5.4(eV) 

Dipolemoment (D) 3.6(D) 

Ionization energy (I) 7.0701(eV) 

Electron affinity (A) 1.6522(eV) 

Absolute electronegativity (χ) 4.3611(eV) 

Global hardness (η) 2.7089 

Global softness (σ) 0.3691 

Transferred electron fraction (∆N) 0.0846 

Back donation (∆Ebackdonation) -0.6772(eV) 

 

 
The acquired electronic property values support the notion that BEPD is a 

potent inhibitor and the theoretical evaluation is in agreement with the experimental 

observations [17, 18]. 

8.6. Surface investigation 

 

8.6.1. SEM examination 

 

The corrosion impact on Mild steel in 1M HCl solution in the presence of 

BEPD inhibitor is shown in (Fig.8.9a &b). It is evident that the formation of a passive 

film on the Mild steel specimen in the presence of an inhibitor prevents corrosion 

impairment. As a result, we can infer that the BEPD protector is effective in an acidic 

environment [19, 20]. 
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Fig.8.9a&b. SEM micrographs of Mild steel with BEPD in M HCl solution 

 

8.6.2. EDAX examination 

 

The EDAX spectra of Mild steel in the absence and presence of BEPD in 1M 

HCl solution are seen in (Fig.8.10a&b) respectively. The chlorine peak, together with 

the other components identified on the Mild steel specimen as shown in (Fig.8.10a) 

suggests that the steel surface has been substantially corroded. In addition, the absence 

of a chlorine peak and the presence of a nitrogen peak (Fig.8.10b) suggest that in the 

1M HCl environment, the lone pair electrons coordinated with the metal surface inhibit 

corrosion degradation [21]. 

Furthermore, Table.8.9 shows the quantitative analysis of all discovered 

elements in the Mild steel specimens and the weight percentage of Nitrogen (1.21 %) 

and Oxygen (41.51%) confirms the corrosive inhibition process in the presence of 

BEPD. Thus, EDAX data demonstrated that corrosion reduction is accomplished by 

coordinating an inhibitor with the steel surface and acting as an effective protector. 
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Fig.8.10a. EDAX spectrum of uninhibited surface in 1M HCl solution 

 
 
 

 

Fig.8.10b. EDAX spectrum of inhibited surface in 1M HCl solution 
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Table.8.9.EDAX data of the explored inhibitor BEPD 
 

 

Samples C O Cl N Fe 

Bare steel 12.20 7.98 - - 79.82 

Unprotected surface 5.84 43.44 1.06 - 49.66 

Protected surface with 

BEPD 3.38 41.51 - 1.21 53.9 

 

 

8.6.3. AFM examination 

 

The AFM pattern of Mild steel in the absence and presence of BEPD inhibitor 

in 1M HCl solution is shown in (Fig.8.11a&b) and the corresponding average 

roughness and root mean square values are provided in Table.8.10. 

 

 

Fig.8.11a. 3D - AFM image of unprotected steel surface in 1M HCl solution 
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Fig.8.11b. 3D - AFM image of inhibited steel surface in the presence of BEPD in 

1M HCl solution 

The average roughness of bare steel, unprotected, and protected surfaces ate 

651.27, 895.36, and 701.41nm, respectively indicating that the roughness is mitigated 

by the existence of the inhibitor. Accordingly, root mean square values 765.16, 1200.42, 

and 827.19 nm in that sequence confirm that the steel surface deterioration is 

suppressed by the addition of inhibitor [22, 23]. 

Table.8.10. AFM factors of Mild steel corrosion with and without BEPDin 1M 

HCl solution 

Samples 
Average Roughness 

(Ra)nm 

RMS roughness 

(Rq) nm 

Bare steel 651.27 765.16 

Unprotected surface 895.36 1200.42 

Protected surface 701.41 827.19 

As a consequence, the examined BEPD was found to be an efficient inhibitor in 

the 1M HCl environment using AFM examination. 
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CHAPTER – IX 
 

Mild steel corrosion probe of ’N-(4-(piperidin-1-ylsulfonyl) 

phenyl)acetamide’ (PSPA) in 1M HCl solution 

 

The corrosion mitigation efficacy of N-(4-(piperidin-1-ylsulfonyl) phenyl) 

acetamide was evaluated on polished pre-weighed Mild steel specimens in the absence 

and presence of different concentrations of PSPA (5, 10, 15, 20, 25 and 30 ppm) in the 

1M HCl solution for six-hour exposure duration and the results are discussed below. 

9. Result and Discussion 
 

9.1. Mass reduction technique 

 

The correspondence between the corrosion rate and the inhibition efficiency is 

depicted in (Fig.9.1). The inhibitory capacity rises as the PSPA concentration increases 

whereas the corrosion rate decreases as shown in (Fig.9.1). 

 
 

Fig.9.1.Correlation between the corrosion rates and inhibition efficiencies of 

PSPA on Mild steel in 1M HCl solution 

Corrosion statistics such as rate of corrosion, inhibition efficiency and surface 

coverage are presented in Table.9.1. The outcomes demonstrate that as the PSPA 
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concentration is increased, the corrosion degradation diminishes and the inhibition 

efficiency increases linearly. At 30 ppm, the maximal effect is determined to be 96.06 

% [1, 2]. 

 

Table.9.1. Effect of PSPA concentration on Mild steel corrosion in 1M HCl 

solution 

Concentration 

(ppm) 

Weight 

loss 

(mg) 

Corrosion 

rate 

(mg.cm-2.h-1) 

Inhibition 

efficiency 

(%) 

Surface 

coverage 

(θ) 

Blank 1262.4 19.3028 - - 

5 746.2 11.4098 40.89 0.41 

10 492.7 7.5336 60.97 0.61 

15 198.4 3.0336 84.28 0.84 

20 92.4 1.4128 92.68 0.93 

25 65.3 0.9985 94.83 0.95 

30 49.8 0.7615 96.06 0.96 

 
As a result of the mass loss investigation, the investigated inhibitor is found to be 

an effective protector in the 1M HCl environment. 

9.2. Electrochemical polarization technique 

 

The polarization curves of various concentrations of PSPA in 1M HCl solution 

are displayed in (Fig.9.2). Electrochemical corrosion processes are suppressed at both 

anodic and cathodic regions as illustrated in (Fig.9.2) revealing that the explored 

inhibitor is a mixed-kind protector. 
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Fig.9.2.Electrochemical polarization curves for various concentrations of 

PSPA on Mild steel in 1M HCl solution 

Further, Table.9.2 contains information about electrochemical polarization 

which depicts that when the concentration of PSPA increases the I0 value lowers (1.893 

to 0 . 0 922 mA) indicating that PSPA controls corrosion with optimum protection 

of 95.13 %. Aside from that, the E0 values represent that the protector is a mixed sort 

protector, which is supported by the Tafel slope values bc and ba [3, 4]. 

Table.9.2.Electrochemical polarization parameters for PSPA on Mild steel in 1M 

HCl solution 

 

C (ppm) 
Polarization parameters 

E0 (mV) I0 (mA) bc (mV) ba(mV) IE (%) 

blank -487.67 1.893 372.29 311.05 0 

10 -481.34 0.752 186.64 104.40 60.25 

15 -438.14 0.312 466.91 117.16 83.51 

20 -427.26 0.146 303.11 258.34 92.28 

25 -451.64 0.112 252.84 112.68 94.07 

30 -454.87 0.092 268.63 98.06 95.13 
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The examined PSPA protector has a remarkable potential to mitigate Mild steel 

corrosion in 1M HCl solution according to the polarization investigation. 

9.3. Electrochemical impedance technique 

 

The impedance plots of various concentrations of PSPA inhibitor in the 1M HCl 

atmosphere are shown in (Fig.9.3). It demonstrates that since the concentration of 

PSPA rises, the diameter of the semicircle increases signaling that the charge transfer 

resistant capacity increases. 

 

 

Fig.9.3.impedance plots for various concentrations of PSPA on Mild 

corrosion in 1M HCl solution 

Moreover, Impedance data such as Rct and Cdl are also listed in Table.9.3. The 

addition of PSPA significantly slows the electrochemical process as evidenced by the 

increasing values of Rct (1061.25 to 23634.84 Ω cm2) and the stalling process is also 

confirmed by the increasing values of Cdl (1.516 to 0.0043 µF cm-2). The highest 

efficiency of this approach is 95.51 % at 30 ppm, confirming that the PSPA is a 

competent protector in 1M HCl solution [5, 6]. 



177  

Table.9.3. Impedance parameters for PSPA on Mild steel corrosion in 1M HCl 

solution 

 

 

C 

(ppm) 

Impedance parameters 

R ct 

(Ω cm2) 

C dl 

(µF cm-2) 

I.E 

(%) 

Blank 1061.25 0.516 0 

10 2702.55 0.299 60.73 

15 6674.58 0.076 84.10 

20 13044.23 0.013 91.86 

25 19159.97 0.0056 94.46 

30 23634.84 0.0043 95.51 

 
9.4. Effect on temperature 

 

The mass loss experiment in 1M HCl solution at various temperatures (304, 

314, 324, and 334 K) revealed a relationship between preventive efficiency and 

temperature as shown in (Fig.9.4). It is apparent that when the concentration of 

protector increases, the inhibitory effectiveness diminishes. 

 
 

Fig.9.4.Temperature effect on inhibition efficiencies for Mild steel with and 

without PSPA in 1M HCl solution 
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Meanwhile, Table.9.4 summarizes the rate of corrosion and the effectiveness 

data of Mild steel corrosion at different concentrations of inhibitor. We conclude from 

the tabulated results that the protective ability of PSPA reduces at increased 

temperatures for all the concentrations implying that the adsorption mechanism is 

physisorption [7]. 

Table.9.4.Temperature Study for Various Concentrations of PSPA on Mild steel 

corrosion in 1M HCl Solution 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

9.4.1. Thermodynamic activation parameters 

 

The mass loss experiment was used to determine the kinetic restraints such as 

activation energy and Arrhenius factor at various temperatures using the Arrhenius 

equation (5.1). The straight lines obtained by plotting 'log CR' versus '1000/T' with 

slope '(-Ea/2.303R)' and intercept '(log A)' can be seen in (Fig. 9.5). The slope and 

intercept of the Arrhenius plots were used to calculate the values of ‘Ea’ and ‘A’. 

 

Conc. 

(ppm 

Weight loss (mg) 

 

Corrosion rate (mg cm-2 h-1) 

 

Inhibition efficiency (%) 

 

304K 314K 324K 334K 304K 314K 324K 334K 304K 314K 324K 334K 

Blank 1262.4 1365.3 2054.3 3015.2 19.30 20.88 31.41 46.10 0 0 0 0 

5 746.2 925.3 1758.5 2772.4 11.41 14.15 26.89 42.39 40.89 32.23 14.40 8.05 

10 492.7 685.3 1485.3 2536.2 7.53 10.48 22.71 38.78 60.97 49.81 27.70 15.89 

15 198.4 328.7 985.7 1825.5 3.03 5.03 15.07 27.91 84.28 75.92 52.02 39.46 

20 92.4 257.5 574.2 1025.8 1.41 3.94 8.78 15.69 92.68 81.14 72.05 65.98 

25 65.3 157.4 413.8 787.1 1.00 2.41 6.33 12.04 94.83 88.47 79.86 73.90 

30 49.8 132.6 352.1 715.3 0.76 2.03 5.38 10.94 96.06 90.29 82.86 76.28 
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Fig.9.5. (a) Arrhenius plots and (b) Transition state plots for various 

concentrations of PSPA on Mild steel corrosion in 1M HCl solution 

In addition, Table.9.5 shows the kinetic activation parameters ‘Ea’ and ‘A’. The 

escalating values of Ea (25.32 to 75.84 KJ mol–1) with increasing inhibitor 

concentrations suggest that physisorption is followed by the adsorption process which 

is corroborated by the increasing values of A [8, 9]. 

Furthermore, ∆H0 and ∆S0 values were obtained by plotting 'log CR/T' versus 

'1000/T' with slope '(-∆H0 /2.303R)' and intercept '[(log (R/Nh) + ∆S0/2.303R)' using 

transition state equation (5.2). The ∆H0 and ∆S0 values from Table 9.5 suggest that the 

adsorption process is endothermic and that the randomness increases during the 

inhibition process respectively [10, 11]. 
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Table.9.5.Kinetic and Thermodynamic Parameters of PSPA on Mild steel 

corrosion in 1M HCl Solution at different temperatures 

 

C 

(ppm) 

Ea 

(KJ mol–1) A 
ΔH0 

(KJ mol–1) 
ΔS0 

(JK–1 mol–1) 
Ea-RT 

blank 25.32 2.5603 X 108 22.68 -111.97 2.65 

5 38.51 2.7854 X 1010 35.86 -72.98 2.65 

10 47.89 7.5335 X 1011 45.24 -45.56 2.65 

15 65.38 3.0549 X 1013 62.74 4.37 2.65 

20 67.94 4.7097 X 1013 65.29 7.97 2.65 

25 71.30 1.1695 X 1014 68.65 15.53 2.65 

30 75.84 5.4450 X 1014 73.19 28.34 2.65 
 

9.4.2. Freundlich adsorption isotherm 

 

By plotting '(log θ) vs (log C)' using the Freundlich equation (8.1), the 

adsorption parameters such as 'Kads' and 'n' were determined from the slope and 

intercept of the straight lines as shown in (Fig.9.6). 

 
 

Fig.9.6.Freundlich isotherm of PSPA on Mild steel corrosion in 1M HCl solution 

at different temperatures 

Table.9.6 shows that as temperature rises, decreasing Kads values (19.32 to 

0.826) imply physical adsorption and decreasing 'n' values disclose desorption during 

the corrosion inhibition process in 1M HCl solution. Furthermore, the ∆G0 values   

(-17.64 to -10.62 KJmol-1) derived from Gibb's free energy equation (5.5) demonstrate 

that the adsorption process relies on physisorption in the absence and various 
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concentrations of PSPA in an acidic corrosive environment at elevated temperatures 

[12]. 

Table.9.6. Freundlich data of PSPA on Mild steel corrosion at elevated 

temperatures 

T 

(K) 

Freundlich parameters 

Kads 
ΔG 

(KJmol-1) 
n R2 

304 19.320 -17.64 1.99 0.9331 

314 12.735 -17.13 1.65 0.9444 

324 2.624 -13.42 0.94 0.9697 

334 0.826 -10.62 0.72 0.955 

 

9.5. DFT investigation 

 

The optimized structure and Mulliken charges of the explored PSPA inhibitor 

are shown in (Fig.9.7a&b). 

Table.9.7. Mulliken charges of electro atoms present in PSPA 
 

Atoms Mulliken charges 

O12 -0.173 

O13 -0.272 

O32 -0.366 

S11 0.960 

N14 -0.346 

N30 -0.264 

 

Table.9.7 specifies the Mulliken charges of the electronegative atoms in the 

molecule revealing that the inhibitor's coordination sites and protonation center are 

intact. The lower negative value of O12 (-0.173) implies that it has a higher proclivity 

for protonation and can easily interact with negatively charged steel surfaces via 

physisorption [13]. Due to their lower negative values, the other mentioned atoms 

imply that electrons migrate from these locations to the iron's unoccupied d orbital for 

coordination through chemisorption [14]. 
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Fig.9.7. (a) Optimized structure and (b) Mulliken charges of PSPA 

 

              
 

Fig.9.8. (a) HOMO and (b) LUMO distribution of PSPA 
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The electron density distribution of HOMO and LUMO is seen in (Fig.9.8 

a&b). We can find in (Fig.9.8a), HOMO focuses on almost every portion of the 

inhibitor molecule indicating that those locations are the coordination sites for strong 

inhibition causing chemisorption. Conversely, LUMO focuses primarily on the nitrogen 

atom in the piperidine ring, the SO2 group and the benzene ring, all of which are the 

focal point for accepting electrons from metal to inhibitor retro donation, resulting in 

chemisorption. 

Table 9 .8 shows the imperative electronic parameters such as EHOMO, ELUMO, 
 

∆E, D, I, A, χ, η, σ and ∆N. EHOMO (-5.523 eV) implies that electrons can be donated 

from the inhibitor to the Mild steel whereas ELUMO (-0.8629 eV) suggests that 

electrons may be donated from the metal to inhibitor. The relationship between the 

inhibitor's molecular structure and activity is represented by other factors such as ∆E, 

D, I, A, χ, η, σ and ∆N. Altogether, the data revealed that PSPA has a high prospect of 

mitigating corrosion in an acidic environment [15]. 

Table.9.8. Electronic parameters of the PSPA molecule 
 

 

Electronic parameters 

EHOMO -5.523(eV) 

ELUMO -0.8629(eV) 

Energy Gap (∆E) 4.66(eV) 

Dipolemoment (D) 4.3 

Ionization energy (I) 5.5229(eV) 

Electron affinity (A) 0.8628(eV) 

Absolute electronegativity (χ) 3.1929(eV) 

Global hardness (η) 2.3300 

Global softness (σ) 0.4291 

Transferred electron fraction (∆N) 0.3491 

Back donation (∆Ebackdonation) -0.5825(eV) 



184  

 

9.6. Surface exploration 

9.6.1. SEM investigation 

 

The protected surface of Mild steel specimens in the presence of PSPA in 1M 

HCl solution is shown in (Fig.9.9a&b). These figures clearly show the smoother 

surface and corrosive damages can be greatly diminished by the development of a 

protective layer in the existence of PSPA implying that the examined inhibitor 

effectively blocked corrosion degradation in an acidic environment [16]. 

 

 

 

Fig.9.9a&b.SEM images of protected samples with PSPA in 1M HCl solution 

 

9.6.2.  EDX investigation 

 

The elements found on the steel surface without and with an inhibitor in the 1M 

HCl solution are displayed in (Fig.9.10a&b). (Fig.9.10a) shows the chlorine peak 

together with the elements identified in bare steel implying that in the absence of 

PSPA, the corrosive solution impacted the steel surface. In addition, the presence of a 

Nitrogen peak in (Fig.9.10b) indicates that electrons transit from the inhibitor to the 

steel surface to prevent corrosion in the 1M HCl solution [17]. 
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Fig.9.10a. EDX spectrum of Mild steel without PSPA in 1M HCl solution 

 
 
 

 

Fig.9.10b. EDX spectrum of Mild steel with PSPA in 1M HCl solution 
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The quantitative information of EDX in bare steel, without and with inhibitor, 

which is provided in Table.9.9, further validates PSPA's corrosion mitigation behavior 

on Mild steel. Hence, PSPA efficiently resists Mild steel corrosion in the 1M HCl 

solution, according to EDX data. 

Table.9.9. Elemental analysis for polished, unprotected and protected steel 

specimen with PSPA in 1M HCl solution 

Samples C O Cl N Fe 

polished Mild steel 12.20 7.98 - - 79.82 

unprotected Mild steel 5.84 43.44 1.06 - 49.66 

protected Mild steel with PSPA 10.25 36.27 - 1.65 51.83 

 

9.6.3.  AFM investigation 

 

(Figs.9.11a&b) display the AFM pattern of PSPA on Mild steel corrosion 

in the 1M HCl solution. 

     
 

Fig.9.11a. AFM pattern of Mild steel without PSPA in 1M HCl solution 
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Fig.9.11b. AFM pattern of Mild steel with PSPA in 1M HCl solution 

 

(Fig.9.11a) reveals the affected surface in the absence of inhibitor in 1M HCl 

solution and it is further explored by the average roughness and root mean square 

roughness values (418.32 and 489.49 nm) respectively as listed in Table.9.10. 

Moreover, (Fig.9.11b) exposes the surface reduction in the presence of inhibitor which 

is also validated by the Ra and Rq values (290.63 and 364.81nm) respectively [18 - 20]. 

Table.9.10. AFM parameters for bare steel, unprotected and 

protected steel specimens with PSPA in the 1M HCl solution 

Samples 
Average Roughness 

(Ra)nm 

RMS roughness 

(Rq) nm 

Polished Mild steel 279.41 332.27 

Unprotected surface 418.32 489.49 

Protected surface with PSPA 290.63 364.81 

 

Therefore, AFM information corroborated that the examined PSPA greatly 

suppressed the corrosion process and works as an efficient protector in the 1M HCl 

environment. 



188  

9.7. References 

 

 

1. Li Y H, Deng S D, Fu H, Mu G N, Zhao N. Synergism between rare earth 

cerium (IV) ion and vanillin on the corrosion of steel in H2SO4solution: weight 

loss, electrochemical, UV–vis, FTIR, XPS and AFM approaches. Appl. Surf. 

Sci. 2008; 254: 5574–5586. 

2. Ma H, Chen S, Liu Z, Sun Y. Theoretical elucidation on the inhibition 

mechanism of pyridine–pyrazole compound: a Hartree Fock study. J. Mol. 

Struct. 2006; 774:19–22. 

3. Tao Z, Liu G, Li Y, Zhang R, Su H. Electrochemical investigation of 

tetrazolium violet as a novel copper corrosion inhibitor in an acid environment. 

ACS Omega. 2020; 5: 4415–4423. 

4. Zhang S, Tao Z, Li W, Hou B. Substitutional adsorption isotherms and 

corrosion inhibitive properties of some oxadiazol–triazole derivative in acidic 

solution. Corros. Sci. 2010; 52: 3126–3132. 

5. Gong Y, Wang F, Gao S, Zhang, Li H. Synthesis of new benzotriazole 

derivatives containing carbon chains as the corrosion inhibitors for copper in 

sodium chloride solution. Ind. Eng. Chem. Res. 2015; 54: 12242–12253. 

6. Wang J. Inhibitor-concentration-induced extreme behavior in electrochemical 

parameters. Chin. J. Oceanol. Limnol. 1998; 16: 183–188. 

7. Mishra A, Verma C, Lgaz H, Srivastava V, Quraishi M, Ebenso E E. Synthesis, 

characterization and corrosion inhibition studies of N-phenyl-benzamides on the 

acidic corrosion of Mild steel: experimental and computational studies. J Mol 

Liq. 2018; 251: 317–332. 



189  

8. Dehri I, Ozcan M. The effect of temperature on the corrosion of Mild steel in 

acidic media in the presence of some sulphur containing organic compounds. 

Mater. Chem. Phys. 2006; 98: 316-323 

9. Li X, Deng S, Fu H, Mu G. Synergistic inhibition effect of rare earth cerium 

 

(IV) ion and anionic surfactant on the corrosion of cold rolled steel. Corros. Sci. 

 

2008; 50: 2635-2645. 

 

10. Haque J, Ansari K, Srivastav R V, Quraishi M A, Obot I B. Pyrimidine 

derivatives as novel acidizing corrosion inhibitors for N80 steel useful for 

petroleum industry: A combined experimental and theoretical approach. Journal 

of Industrial and Engineering Chemistry. 2017; 49: 176-188. 

11. Herrag L, Chetouani A, Elkadiri S, Hammouti B, Aouniti A. Pyrazole 

Derivatives as Corrosion Inhibitors for Steel in Hydrochloric Acid. Portugaliae 

Electrochimica Acta. 2008; 26: 211-220. 

12. Bouklah R, Hammouti B, Lagrenee M, Bentiss F. Thermodynamic properties of 

2,5-bis(4-methoxyphenyl)- 1,3,4-oxadiazole as a corrosion inhibitor for Mild 

steel in normal sulfuric acid medium. Corrosion Science. 2006; 48 (9), 2831– 

2842. 

13. Dutta A, Saha S K, Adhikari U, Banerjee P, Sukul D. Effect of substitution on 

corrosion inhibition properties of 2-(substituted phenyl) benzimidazole 

derivatives on Mild steel in 1 M HCl solution: a combined experimental and 

theoretical approach. Corros. Sci.  2017; 123: 256–266. 

14. Mendoncca G L F, Costa S.N, Freire V N, Casciano P N S, Correia A N, de 

Lima-Neto P. Understanding the corrosion inhibition of carbon steel and copper 

in sulphuric acid medium by amino acids using electrochemical techniques allied 

to molecular modelling methods. Corros.Sci. 2017; 115: 41−55. 



190  

15. Jing C, Wang Z, Gong Y, Huang H, Ma Y, Xie H, Li H, Zhang S, Gao F. Photo 

and thermally stable branched corrosion inhibitors containing two benzotriazole 

groups for copper in 3.5 wt% sodium chloride solution. Corros.Sci. 2018; 138: 

353–371. 

16. Abd El-Lateef H M, Abo-Riya M A, Tantawy A H. Empirical and quantum 

chemical studies on the corrosion inhibition performance of some novel 

synthesized cationic gemini surfactants on carbon steel pipelines in acid 

pickling processes. Corros.Sci. 2016; 108: 94–110. 

17. Branzoi F, Branzoi V. Adsorption and Inhibitive Corrosion Properties of Some 

New Polymeric Compounds as Green Inhibitors on Carbon Steels in Cooling 

Water Systems. Developments in Corrosion Protection. 2014; 23: 233-242. 

18. Ouakki M, Galai M, Rbaa M, Abousalem A S, Lakhrissi B, Rifi E H, Cherkaoui 

 

M. Quantum chemical and experimental evaluation of the inhibitory action of 

two imidazole derivatives on Mild steel corrosion in sulphuric acid medium. 

Heliyon. 2019; 20 (5): e02759. 

19.  Vashisht H, Bahadur I, Kumar S, Goyal M S, Kaur G, Singh G, Katata-Seru L, 

Ebenso E E. Synergistic interactions between tetra butyl phosphonium 

hydroxide and iodide ions on the Mild steel surface for corrosion inhibition in 

acidic medium. J. Mol. Liq. 2016; 224: 19−29. 

20. Singh P, Srivastava V, Quraishi M A. Novel quinolone derivatives as green 

corrosion inhibitors for Mild steel in acidic medium: Electrochemical, SEM, 

AFM and PS studies. J. Mol. Liq. 2016; 216:164−173. 



191  

CHAPTER - X 
 

Summary and Conclusion 

 
 
 

The explored inhibitors namely, 4-(4-Methoxy-phenyl)-1-phenethyl-1H- 

[1,2,3]triazole (MPPT), 1-benzyl-4-(naphthalen-2-yl)-1H-1,2,3-triazole (BNT), N- 

methyl-N-phenyl-3-(phenylsulfonyl)-1H-pyrazole-5-carboxamide (MPSC), 5-Benzyl 3- 

ethyl 1H-pyrazole-3, 5-dicarboxylate (BEPD), N-(4-(piperidin-1- 

ylsulfonyl)phenyl)acetamide (PSPA) were synthesized and characterized by melting 

point, 1H NMR and 13C NMR. The corrosion assessment of all the synthesized 

inhibitors in the 1M HCl solution resulted in the following considerations. 

Utilization of 4-(4-methoxy-phenyl)-1-phenethyl-1H-[1,2,3]triazole on Mild steel 

 

 In the mass loss study, the corrosion rate of Mild steel dropped from 12.63 to 

 

0.77 mg cm-2 h-1 while the inhibition efficiency increased from 24.24 to 93.92 

 

% as the concentration of MPPT increased in 1M HCl solution at room 

temperature. 

 In polarization studies, the value of corrosion current density (I0) declined from 

1.746 to 0.098 mA as the concentration of MPPT increased with a maximum 

efficiency of 93.49 %. 

 According to the values of corrosion potential (E0) and Tafel slopes (bc and ba), 

the inhibitor functioned as a mixed sort. 

 The charge transfer value (Rct) increased from 9.95 to 155.23 Ωcm2 as MPPT 

concentration increased, and the inhibitory process was demonstrated by lower 

electrical double layer capacitance (Cdl) values (3.334 to 0.012 µF cm-2 ). A 
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total of 93.59 % was protecte and the electrochemical results supported the 

moss loss findings 

 In temperature investigations, the corrosion rate increased from 12.63 to 38.86 

77 mg cm-2 h-1 as the temperature increased from 305 to 335 K and it was 

decreased dramatically from 38.86 to 1.55 77 mg cm-2 h-1 with various 

concentrations of MPPT at 335K. The observed prevention efficacy was 93.92, 

93.36, 94.73 and 96.01 % at increased temperatures. 

 Chemisorption can be seen in a decrease in activation energy (Ea) from 32.24 to 
 

17.47 KJ mol–1 which was supported by lowered Arrhenius factor (A) values. 

 

 The endothermic reaction was indicated by the positive enthalpy ∆H0 (29.59 to 

14.81 KJ mol–1). 

  The decrease in disorderiness with increasing MPPT concentration was 

indicated by the negative ∆S0 values (-193.91 to -197.57 JK–1mol–1). 

 The Langmuir adsorption isotherm was exhibited by the linear regression 

coefficient value (R2) approaching 1 at all temperatures and the chemisorption 

process was revealed by the increase in Kads value from 9124.09 to 9523.81. 

 Both the physisorption and chemisorption processes were indicated by the 

negative ∆G0 (-33.33 to -36.59 KJ mol–1). 

 The significant negative Mulliken charge of N20 (-0.047) which causes 

electrostatic attraction between N20 and Mild steel was identified as the 

protonation core of the MPPT in a quantum chemical investigation. 

 The larger negative value of EHOMO (-6.0095 eV) highlighted the inhibitor's 

electron donation core whereas the lower negative value of ELUMO revealed the 

inhibitor's back donation of metal (-1.0495 eV). 
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 The electron distribution site in MPPT was indicated by the electron density 

distribution of HOMO which was focused on the triazole ring, benzene ring, 

and oxygen atom. Additionally, ELUMO highlighted the phenethyl group, triazole 

moiety and benzene ring as the MPPT's electron reception site. 

 Electronic characteristics such as ∆E, D, I, A, χ, η, σ and ∆N revealed 

fascinating details regarding the reactivity and inhibitory mechanism of MPPT. 

 The barrier layer development on the steel surface was proven by the SEM 

photographs with dispersed trenches in the absence of inhibitor and the smooth 

surface with foggy mass. 

 Through the Nitrogen (1.25%) and Oxygen (12.73%) atoms of the MPPT, the 

EDX exploration validated the complex development on the Mild steel surface. 

 The AFM analysis of Mild steel revealed extreme roughness in the absence of 

an inhibitor (Ra - 402.13nm and Rq - 511.83nm) which was significantly 

decreased in the presence of MPPT (Ra - 188.08nm and Rq - 227.19 nm) 

demonstrating the protector's corrosion-prevention ability. 

 

Utilization of 1-benzyl-4-(naphthalen-2-yl)-1H-1,2,3-triazole on Mild steel 

 

 With increasing concentrations of BNT at room temperature, the corrosion rate 

reduced from 12.73 to 1.09 77 mg cm-2 h-1 while the protective efficacy 

increased from 19.88 to 91.35 % in the mass loss investigation. 

 The I0 value decreased from 3.460 to 0.342 mA demonstrating BNT's 

inhibitory performance, with a maximum efficacy of 90.12 %, according to the 

polarization investigation. 

 According to the values of E0, bc and ba, the studied BNT is a mixed class 

protector. 
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 With the addition of BNT, the Rct value increased from 9.52 to 100.55 Ωcm2 

indicating charge transfer impediment which was confirmed by the lowering 

values of Cdl (3.185 to 0.024 µF cm-2) with a maximum efficiency of 90.60 %. 

 In the absence of BNT, the corrosion rate increased from 12.73 to 38.39 77 mg 

cm-2 h-1 while the protection capacity increased from 91.35 to 93.26 % at 

temperatures ranging from 305 to 335 K. 

 The chemisorption process was suggested by the reduced value of Ea (31.39 to 

 

13.76 KJ mol–1) with an increase in BNT and the decreased value of A. 

 

 The positive value of ∆H0 obtained from the blank to the maximum 

concentration of BNT showed an endothermic reaction and the negative values 

of ∆S0 indicated a drop in randomness at the metal solution interface. 

 The adsorption process followed the Langmuir model and negative ∆G0 values 

ranging from -31.25 to 36.61 KJ mol–1 demonstrated that physicochemisorption 

was involved in the prevention mechanism. 

 The N21 atom was found as a protonation center in BNT, according to the 

quantum chemistry study. The electron donation sites discovered by the 

distribution of EHOMO were the triazole moiety and the naphthalene ring, 

however, the naphthalene ring was recognized as a retro donation site by ELUMO. 

 The value of EHOMO (-7.3531 eV) demonstrated the capacity to donate electrons 

to metal whereas the value of ELUMO (-1.8944 eV) revealed the ability to receive 

electrons from the metal to BNT. Other electronic metrics include ∆E, D, I, A, 

χ, η, σ and ∆N which represented inhibitory capability of BNT. 

 The protective layer development with the disseminated matter on the Mild 

steel surface was substantiated by the SEM pictures, confirming the insoluble 

complex formation that successfully controlled Mild steel corrosion. 
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 The establishment of a barrier layer by Nitrogen (1.39%) coordination with 

Mild steel was established by the EDX study. 

 The Ra (212.72 nm) and Rq (262.45 nm) values of Mild steel in the presence of 

BNT revealed that the roughness was greatly reduced by the formation of the 

protective barrier. 

Utilization  of  N-methyl-N-phenyl-3-(phenylsulfonyl)-1H-pyrazole-5-

carboxamide on Mild steel 

 The corrosion rate value decreased from 19.25 to 1.07 77 mg cm-2 h-1 with an 

increase in MPSC in the mass loss technique, and the corresponding protection 

efficiency value increased from 34.45 to 94.46 %. 

 The I0 value decreased from 1.372 to 0.090 mA in the polarization analysis 

indicating that electrochemical corrosion processes were controlled as MPSC 

concentration increased. MPSC functioned as both anodic and cathodic 

protector, according to E0, bc and ba values. 

 During the corrosion inhibition process, the increasing value of Rct from 13.21 

to 192.52 Ωcm2 and the associated Cdl values reduced from 1.628 to 0.011 µF 

cm-2 demonstrated the impediment of charge transfer with MPSC. 

 At rising temperatures (303K to 333K), the corrosion rate increased from 1.07 

to 12.4377 mg cm-2 h-1 without an inhibitor, and the IE value decreased from 

94.46 to 74.52 % suggesting physisorption. 

 

 The Ea value increased from 26.83 to 71.15 KJ mol–1 as  MPSC increased 

demonstrating that the energy barrier increased, implying physisorption, and the 

higher A value supported this notion. 

 The positive ∆H0 values indicated endothermic and the positive change of ∆S0 

values indicated increased disorderness. 



196  

 The adsorption process followed the Temkin model, and the lower Kads value 

reflected physisorption. The repulsive forces predominate at elevated 

temperatures as evidenced by the negative values of the attractive parameter (a). 

 According to density functional theory, the electrostatic attraction center of the 

mpsc was N11. The value of EHOMO (-5.7406 eV) indicated the probability of 

electron releasing whereas the value of ELUMO (-0.8778 eV) denoted MPSC's 

electron receiving capacity. 

 The electron density distribution of homo around the pyrazole moiety, benzene 

ring, O and N atoms of MPSC revealed possible electron-donating cores, 

whereas ELUMO on the pyrazole ring, N and O atoms of MPSC suggested 

electron receiving sites. The ∆E, D, I, A, χ, η, σ and ∆N values were also 

supportive of the inhibitory mechanism. 

 SEM images demonstrated that the surface was entirely covered by the 

dispersed material in the presence of MPSC avoiding Mild steel deterioration. 

 In EDX analysis, N (1.24 %) and O (20.97 %) atoms were found in the MPSC 

which formed a protective complex on the Mild steel surface. 

 The AFM analysis revealed that in the presence of MPSC, the values Ra (334 

nm) and Rq (386.47 nm) indicated decreased roughness. 

 

Utilization of 5-benzyl 3-ethyl 1H-pyrazole-3, 5- dicarboxylate on Mild steel  

  Using the gravimetric technique, the corrosion rate decreased from 20.07 to 

1.5277 mg cm-2 h-1 as the BEPD concentration increased, and the protective 

ability was enhanced from 36.56 to 92.42 %. 
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 The I0 value decreased from 6.309 to 0.509 mA as the BEPD concentration was 

increased, illustrating that BEPD hindered corrosion processes. Similarly, 

BEPD's E0, bc, and ba values revealed that both anodic and cathodic 

electrochemical processes were restricted with a maximum efficiency of 

91.92%. 

 The Rct value increased from 1092.58 to 13211.52 Ωcm2 as the Cdl value 

decreased (1.832 to 0.0014 µF cm-2) suggesting that BEPD contributed to the 

charge transfer process and the ideal efficacy observed was 91.73 %. 

 The corrosion rate rose from 1.52 to 13.177 mg cm-2 h-1 for optimal 

concentration at temperatures ranging from 303K to 333K, according to thermal 

studies. At 50 ppm, the IE value dropped from 92.42 to 72.44 %, indicating 

physisorption. 

 The rise in Ea from 24.95 to 64.14 KJ mol–1 implied physisorption which was 

accompanied by the higher A values. 

 The endothermic reaction was shown by positive ∆H0 values and the increased 

disorderness was disclosed by the negative ∆S0 values. 

  The corrosion prevention process followed the Freundlich model, and the 

lower value of Kads (14.83 to 0.38) revealed that weak electrostatic interactions 

were involved in the adsorption. The electrostatic interaction mechanism was 

further validated by the lowered adsorption intensity (n) values (1.68 to 0.61). 

 According to DFT, the coordination sites were disclosed by the EHOMO value (- 

7.0702 eV) and ELUMO value (-1.6522 eV) whereas the electrostatic interaction 

was discovered at O15 of the inhibitor. 
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 The EHOMO distribution on the pyrazole moiety and oxygen atom revealed the 

electron availability sites, whereas the ELUMO distribution on the benzyl region 

of the inhibitor revealed the receiving core. 

 In the presence of BEPD, SEM images demonstrated the formation of the 

protective coating. 

 EDX analysis showed the existence of N (1.21%) and O (41.51 %) with BEPD 

suggested the coordination occurred through the mentioned atoms of the 

inhibitor to the Mild steel surface. 

 The roughness reduction of steel surface with BEPD was evidenced by the Ra 

(701.41 nm) and Rq (825.19 nm) which reflected the prevention of Mild steel 

corrosion. 

 

Utilization of N-(4-(piperidin-1-ylsulfonyl) phenyl) acetamide on Mild steel 

 

 According to the mass reduction, as PSPA concentration increased, the 

corrosion rate decreased from 19.30 to 0.7677 mg cm-2 h-1 and the 

accompanying efficiency increased from 40.89 to 96.06 %. 

 The polarization study revealed a drop in the I0 value from 1.893 to 0.0 922 mA 

indicating that the inclusion of PSPA slowed down corrosion processes. The 

values of E0 and Tafel slopes revealed the mixed sort nature of PSPA, with a 

maximum efficiency of  95.13 %. 

 The increased Rct value from 1061.25 to 23634.84 Ωcm2 indicated that the 

charge transfer mechanism was successfully controlled with the PSPA 

concentration, which was corroborated by the decreased Cdl values (1.516 to 

0.0043 µF cm-2). The highest effectivity was 95.51 %. 
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 The corrosion rate increased from 0.76 to 10.94 77 mg cm-2 h-1 at temperatures 

ranging from 304K to 334K, according to the temperature study. Consequently, 

the IE value dropped from 96.06 to 76.28 % at 30 ppm. 

 The increased values of Ea (25.32 to 75.84 KJ mol–1) with increasing PSPA 

concentrations suggested physisorption which was also affirmed by the 

increasing values of A. 

 Positive ∆H0 values indicated an endothermic process and the positive ∆S0 

values showed incresed disorderness. 

 The lowered Kads (19.32 to 0.826) and n (1.99 to 0.72) values showed 

electrostatic interaction, which was further supported by the negative ∆G0 

values (-17.64 to 10.62 KJ mol–1). 

 The probability of inhibitor to metal electron donation was shown by the EHOMO 

value (-5.523 eV) whereas the possibility of metal to inhibitor back donation 

was revealed by the ELUMO value (-0.8629 eV). The O12 atom was identified as 

the PSPA's protonation site. 

 The presence of EHOMO on practically every part of the inhibitor suggested 

electron donation cores, whereas ELUMO concentrated on the N atom, SO2 group 

and benzene ring, which was revealed as the focal point for electron reception 

cores. 

 SEM images revealed a smooth surface with the distributed particles in the 

presence of PSPA indicating the establishment of a barrier coating on the Mild 

steel surface. 

 The atomic weight percentage readings of 1.65 % for N and 36.27 % for O 

atoms in EDX analysis revealed that chemisorption with Mild steel proceeded 

via N, O coordination. 
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 In the AFM examination, the roughness was significantly decreased in the 

presence of PSPA (Ra - 290.63 nm and Rq - 364.81 nm) indicating that 

corrosion degradation was successfully controlled in an acidic environment. 

 

Eventually, all the specifics acquired from this endeavor validated that the 

impact of all the inhibitors against the Mild steel dissolution was magnificent and they 

were employed as proficient protectors in 1M HCl solution. 
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The anticorrosive effect of a new triazole derivative 4-(4-methoxy-phenyl)-1-phenethyl-1H-[1,2,3]triazole (MPPT) on mild steel
specimens exposed in 1 M HCl corrosive solution was inspected by the mass reduction, polarization and impedance meth-
ods. The thermodynamic parameters, corrosion kinetics, and adsorption isotherm studies of the examined MPPT were dis-
cussed at various temperatures. The polarization study discovered that MPPT was a mixed kind protector with more acidic
existence and the electrochemical measurements were in fine concordance with the mass loss method. SEM, EDS, and AFM
assessments corroborated the development of inhibitive barriers on the mild steel specimens.

Keywords: Adsorption, mild steel, triazole derivative, thermodynamic parameters, HCl.

Introduction
Mild steels are widely consumed materials for huge sec-

tors due to their economically low cost, ease of production,
machinability, weldability, etc. However, these handlings have
been rigorously affected by the metallic corrosion in an ag-
gressive environment1. In consequence, numerous sectors
are losing billions of dollars in their business. According to
the recent reports of International Measures of Prevention,
Applications of Corrosion Technology, and the Study of Cor-
rosion Economics, the cost of corrosion in all sectors is about
3.4% in their Gross Domestic Product (GDP) and it is esti-
mated recurrently by the National Association of Corrosion
Engineers2. Thus, corrosion is an expansive and expensive
ecological issue around the globe, and corrosion prevention
is the pivotal solution to recuperate the economic misery and
lifespan concern. Despite innumerable endeavor have been
made for curtailing the rate of corrosion, the most effective
and universally utilized technique is the metal surfaces pre-
vented by the adherence of inhibitor species3,4.

In this circumstance, many inorganic and organic mol-

ecules have been made to protect metals against corrosion5,6.
However, organic inhibitors are observed as efficient defend-
ers on account of their molecular structures, consuming low
concentration, diminutive noxious and implausible ability to
concoct protective layers in different corrosive environ-
ments7,8. Besides that, heterocyclic compounds are excel-
lent anticorrosive materials comprising -electrons, heteroa-
toms such as nitrogen, oxygen, and sulfur to surge the pro-
tection from corrosion deterioration9,10. Among a lot of het-
erocyclic candidates, triazole derivatives are one of the note-
worthy numbers to avert such stringent detritions attribut-
able to the presence of -electrons and heteroatoms of the
triazole moieties in various acidic and basic corrosive me-
dia. Numerous anti-corrosive studies have been widely con-
ferred for 1,2,4-triazoles but not a great degree to 1,2,3-
triazole derivatives11,12.

Thus, the present work intends to interrogate the corro-
sion inhibition efficacy of 4-(4-methoxy-phenyl)-1-phenethyl-
1H-[1,2,3]triazole (MPPT) and Fig. 1 shows the structure of
the MPPT molecule.
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Experimental
Materials:
According to ASTM E415-17, the elemental analysis of

the mild steel specimens studied were S - 0.009%, Cu -
0.31%, P - 0.089%, Mn - 0.43%, C - 0.076%, Cr - 0.52%, Si -
0.319%, Al - 0.028%, Ni - 0.20%, and Fe - 99.69% (IRS M41/
97 steel). The dimensions of mild steel specimens 5 cm×1
cm×0.2 cm were utilized for the gravimetric method and the
test specimens were polished by different numbers of silicon
carbide papers finally finished with a grade of 1500. Initially,
mild steel samples were washed with distilled water, followed
by ethanol then degreased with acetone. An aggressive
medium of 1 M hydrochloric acid was prepared with 37%
analaR HCl solution and bidistilled water13.

The examined MPPT was synthesized in the laboratory14

and characterized by FTIR, 1H and 13C NMR techniques.
For further assessments, the desired concentrations of  MPPT
were prepared in ethanol.

Mass loss method:
As reported by the ASTM G31-72, the prepared mild steel

samples were weighed accurately before and after immer-
sion in 1 M HCl corrosive solution in various concentrations
(10, 30, 50,100 ppm) of MPPT inhibitor for 6 h contact time
at room temperature. Subsequently, the specimens were
taken out, washed, dried and then accurately weighed for
the determination of corrosion parameters15.

For this evaluation, the average weight loss was acquired
by the three consecutive mass loss experiments in the above
identical conditions. The corrosion factors such as inhibition
efficiency (IE), surface coverage () and the rate of corro-
sion (CR) were determined by eqs. (1), (2) and (3)
respectively.

W W
W
0

0
IE (%) 100

 
  
 

(1)

W W
W
0

0

 
   

 
(2)

where W and W0 reflect the average weight loss of mild steel
samples (mg) with and without MPPT respectively.

W
At

CR 
 (3)

where W is the average mass loss (mg), A is the total sur-
face area (cm–2) and t is the exposure time (h) for the tested
specimens with and without MPPT in 1 M HCl medium.

Electrochemical methods:
Potentiodynamic polarization study:
The electrochemical investigations were achieved by the

CHI-66 model potentiostat with the conventional three-elec-
trode assemblage. The reference and counter electrodes in
these arrangements were a platinum foil and a standard
calomel electrode. Meanwhile, 1 cm2 of the mild steel speci-
men was act as the working electrode in a corrosive context.
For polarization measurements, the working electrode was
exposed with and without MPPT in the test solution for 30
min until the open circuit potential was reached. The polar-
ization curves were obtained automatically by adjusting the
potential of the electrode from –500 mV to +500 mV at a
scan rate of 1 mV s–1 16.

At the intersection of Tafel lines, the corrosion current
density (Icorr) values were obtained. Inhibition efficacy and
the surface coverage values were measured with the follow-
ing eqs. (4) and (5) respectively.

I I
I

corr corr(inh)

corr
IE (%) 100

 
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 

(4)

I I
I

corr corr(inh)

corr

 
   

 
(5)

where Icorr(inh) and Icorr are the current densities of corrosion
with and without MPPT respectively.

Impedance study:
The electrochemical impedance analysis was carried out

Fig. 1. Structure of MPPT.
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in the frequency range from 100 kHz to 10 MHz with maxi-
mum amplitude of 5 mV, receiving AC signals at the open
circuit potential.

From the initial and final points of the Nyquist plots for
various concentrations of MPPT, the investigational charge
transfer resistance (Rct) was obtained17. The inhibition effi-
ciency, surface coverage, and electrical double layer capac-
ity (Cdl) of the investigated MPPT were determined from the
charge transfer resistance values using eqs. (6), (7) and (8)
respectively.

R R
R

ct (inh) ct

ct (inh)
IE (%) 100

 
  
  

(6)

R R
R

ct (inh) ct

ct (inh)

 
   

  
(7)

1
Cdl = —————— (8)

2.fmax.Rct

where Rct(inh) and Rct are the charge transfer resistance with
and without MPPT and fmax is the maximum peak frequency
of the Nyquist plots.

Surface morphology :
SEM analysis:
The micrographs of mild steel samples was interpreted

by the scanning electron microscope with (100 ppm) and
without MPPT in 1 M HCl solution for 6 h of immersion at
room temperature18.

EDS analysis:
Electron Dispersive Spectrum analysis is one of the im-

perative methods to identify the elements present on the
surface of the mild steels. In this regard, mild steel speci-
mens were exposed with (100 ppm) and without MPPT in 1
M HCl solution for 6 h of contact time at room temperature19.

AFM analysis:
Atomic Force Microscope was employed to inspect the

surface roughness of the metals with (100 ppm) and without
MPPT in 1 M HCl solution for 6 h exposure time at room
temperature. These findings furnished some significant
thoughts about the corrosion inhibiting performance of in-
hibitor on mild steel specimens in the corrosive atmosphere20.

Results and discussion
Mass loss examinations:
Table 1 represents the corrosion data such as corrosion

rate, inhibition efficiency, and surface coverage acquired from
mass loss study in 1 M HCl solution at room temperature.
Evaluation of Table 1 indicates that the corrosion rate dimin-
ishes with increasing concentration of MPPT suggesting the
inhibitor species adsorbed on the surface of the mild steel
specimens21. Moreover, the increasing values of surface
coverage with increasing inhibitor concentration which also
pinpoints that the MPPT has a larger competence of protec-
tion over the metallic surface. Moreover, the optimal efficiency
reaches up to 93.92% at 100 ppm concentration suggesting
the inspected MPPT act as an efficient protector in the 1 M
HCl medium.

Table 1. Mildsteel corrosion factors for MPPT in 1 M HCl solution
Conc. CR IE 
(ppm) (mg cm–2 h–1) (%)
Blank 12.63 – –
10 6.85 45.73 0.46
30 2.24 82.24 0.82
50 1.53 87.89 0.88
100 0.77 93.92 0.94

Potentiodynamic polarization investigations:
Fig. 2 displays the Tafel lines for the test specimens in

the absence and presence of various concentrations of MPPT
in 1 M HCl medium at room temperature and the inhibition
efficiencies for all the investigated concentrations are deter-
mined from the Icorr values. Meanwhile, the polarization pa-
rameters are summarized in Table 2 reveals that the values
of corrosion current density (Icorr) considerably dropped off
with the rising concentration of MPPT which exposes the
corrosion rate is curtailed by MPPT molecule adsorbed onto
the metallic surface. Further, the tabulated values interpret
that the Tafel polarization transpires to the anodic branch as
well as the cathodic branch but the cathodic effect is
predominent22.

In general, the difference in corrosion potential (E0) val-
ues for the existence of inhibitor and the blank is greater
than ±85 mV suggested that the inhibitor molecules are iden-
tified either as the cathode or anode inhibitor distinctively23.
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Accordingly, this polarization study demonstrates the shift in
Ecorr values is varied from 0.02 mV to 28 mV which reflects
that the inspected MPPT performed as the mixed kind pro-
tector in an acidic environment. Also, the maximum efficiency
observed is 94.39% at 100 ppm which concludes that the
MPPT inhibitor functioned as an effective anticorrosive de-
fender in the 1 M HCl medium.

Impedance assessments:
Fig. 2 spectacles the diameters of the Nyquist plots in-

crease with increasing MPPT concentration which construes
the reduction of the charge by the addition of MPPT in the
corrosive medium. As shown in Fig. 2, the semicircles pro-
cured by the impedance analysis are not perfect during the
corrosion process owing to the coarseness of the metal sur-
face and inhomogeneity distribution of active sites for ad-
sorption24.

Table 2 illustrates that the increasing values of Rct with

the rising concentration of MPPT which exposes the corro-
sion rate is mitigated by the hindrance of charge transfer in
the acidic medium. Also, the lowering Cdl values reflect that
the electrical double layer is larger at the metal-solution
boundary which supports the strong inhibition. We can also
notice that the maximum protection efficacy of MPPT is
92.31% at optimum concentration and all the impedance fac-
tors conclude that MPPT has a great ability from corrosion
attacks in aggressive environment.

Temperature effect on corrosion:
Table 3 exposes that the investigational data of corro-

sion with and without MPPT in the 1 M HCl environment at
different temperatures 305, 315, 325, and 335 K. It shows
clearly the moderate rise in hindered efficiencies attained for
all the higher concentrations of MPPT inhibitor at raised tem-
peratures which stand for the corrosion rate is mitigated by
the chemical interaction or both the physical and chemical

Fig. 2. Tafel curves and impedance plots for MPPT in 1 M HCl solution.

Table 2. Polarization and impedance factors for MPPT on mild steel corrosion
Conc. Polarization parameters Impedance parameters
(ppm) E0 I0 bc ba IE Rct Cdl I.E

(mV) (mA) (mV) (mV) (%) ( cm2) (F cm–2) (%)
Blank –443.00 1746.00 249.63 116.96 – 9.95 3.334 –
10 –471.69 1312.00 233.64 125.50 24.86 14.61 1.453 31.90
30 –457.53 296.79 118.111 78.366 83.00 50.97 0.158 80.48
50 –443.02 205.02 147.80 72.12 88.26 92.42 0.036 89.23
100 –437.56 98.01 120.90 67.79 94.39 129.43 0.018 92.31
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interactions on the mild steel surface25.
Hence, the above discussion exposed that the hike in

efficiencies is due to enhance in electron density of the ad-
sorption center of MPPT which might be blocked the corro-
sion sites on the metal surface at elevated temperatures.

Kinetic and thermodynamic parameters:
Based on the data achieved from the temperature study,

the activation energy (Ea) and Arrhenius factor (A) can be
determined by the Arrhenius eq. (9);

Ealog CR = log A – —— (9)
2.303RT

where CR is the rate of corrosion, R is the gas constant and
T is the temperature.

In addition, entropy (S0) and enthalpy (H0) values were
calculated by the transition state eq. (10);

RT S H
T Nh R RT

0 0CRlog log
2.303 2.303

                          
(10)

where ‘h’ is Planck’s constant and ‘N’ is Avogadro’s number.
The straight lines of Arrhenius plots are procured by plot-

ting to log CR vs 1000/T with the slope (–Ea/2.303R) and an
intercept (log A) is shown in Fig. 3. From the slope and inter-
cept of Arrhenius plots, the activation energy (Ea) and pre-
exponential factor (A) can be determined. In the same way,
the particulars of the enthalpy and entropy can be attained
by plotting log (CR/T) versus 1000/T from the transition state
plots at various concentrations of the investigated MPPT as
shown in Fig. 3. The values of H0 and S0 are obtained

Table 3. Correlation between the temperatures and inhibition efficiencies for MPPT on mildsteel corrosion
Conc. CR (mg cm2 h–1) IE (%)
(ppm) 305 K 315 K 325 K 335 K 305 K 315 K 325 K 335 K
Blank 12.63 16.85 25.97 38.86 – – – –
10 6.85 9.85 17.49 28.73 45.73 41.53 32.65 26.08
30 2.24 2.80 3.52 5.33 82.24 83.38 86.46 86.28
50 1.53 2.03 2.56 2.80 87.89 87.98 90.15 92.80
100 0.77 1.12 1.37 1.55 93.92 93.36 94.73 96.01

Fig. 3. Arrhenius and transition state plots for MPPT in 1 M HCl solution.
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from the slope (–H0/2.303R) and intercept [(log (R/Nh) +
S0/2.303R] of the straight lines from the transition state
plots respectively.

The kinetic and thermodynamic data achieved from the
transition state plots and Arrhenius plots are summarized in
Table 4. Here, we can see a decrease in Ea with increasing
MPPT concentration at all worked temperatures which indi-
cate that the adsorption process is characteristic chemical
adsorption. Meanwhile, the diminished A values support the
inhibition process by the formation of the defensive coating
on the mild steel surface by MPPT molecule26. We also no-
tice from Table 4 that the positive H0 values reflect the cor-
rosion process is endothermic and also suggests that the
dissolution process of mild steel is difficult27.The negative
values of S0 expose that the decrease in entropy on the
mild steel corrosion28.

Table 4. Thermodynamic-kinetic data for MPPT on mild steel
corrosion

Conc. Ea A H0 S0

(ppm) (kJ mol–1) (g cm2 h–1) (kJ mol–1) (JK–1 mol–1)
Blank 14.00 3.9948×106 12.85 –193.91
10 17.94 7.6824×107 16.79 –192.63
30 10.39 2.6742×104 9.24 –196.09
50 8.54 1.902×103 7.39 –197.23
100 7.58 1.553×103 6.43 –197.32

Table 5. Langmuir parameters for MPPT on mild steel corrosion at
various temp.

Temp. Langmuir parameters

(K) Kads (L mol–1) G0
ads (kJ mol–1) R2

305 9192.87 –33.33 0.9973
315 9129.92 –34.40 0.9982
325 9337.94 –35.55 0.9985
335 9469.7 –36.69 0.9986

Isotherm model:
The adsorption abilities on the metal surface of the inhib-

iting mechanism of the corrosion adsorption process are iden-
tified by the number of adsorption isotherm models.

In this case, the most fitted model is Langmuir isotherm
and the adsorption parameters are acquired by the following
isotherm eq. (11);

Cinh 1
——— = ——— + Cinh (11)
 Kads

where Cinh is the concentration of the MPPT (ppm),  is the
surface coverage and Kads is the equilibrium adsorption con-
stant.

Table 5 and Fig. 4 reveals that the Langmuir adsorption
isotherm data obtained by plotting (Cinh/) vs Cinh for various
MPPT concentrations at different temperatures. Inspection
of Table 3 demonstrates that the increasing Kads values which

Fig. 4. Langmuir isotherm for MPPT in 1 M HCl solution.

corroborate the strong adherence performance of MPPT over
the metallic surface. Furthermore, the linear regression co-
efficient (R2) values at all the temperatures under investiga-
tion are closed to unity, which indicates that the adsorption
mechanism is consistent with the Langmuir adsorption iso-
therm29.

The values of standard free energy (G0) were calcu-
lated by eq. (13);

Gads
 = [–RT ln (55.5 Kads)] (12)

where R is the universal gas constant, T is the thermody-
namic temperature, 55.5 is the concentration of water in
probed solutions and Kads is the equilibrium adsorption con-
stant.

Additionally, the obtained G0
ads values are negative

suggesting the inhibition process is spontaneous and the
development of protecting barrier is denser. According to the
literature reports, the Gibbs free energy values around and
below –20 kJ mol–1 describe the mechanism as physisorption
whereas the values around or above –40 kJ mol–1 indicated
a chemisorptions method30. Exploration of Table 5 displays
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the G0
ads values ranged between –33.33 to –36.69 (kJ mol–1)

indicating the inhibition process is both the electrostatic and
chemical interactions.

SEM study:
Figs. 5a-5c exhibit the SEM micrographs for polished mild

steel, unprotected and protected metallic surfaces. As shown
in Figs. 5a-5c, the bare steel exhibits the smoother surface
while the unprotected metallic surface reflects the number of
pits and cracks due to the rust formation in the corrosive
medium. Moreover, the severe damages seen from the un-
protected surface are almost reduced in the presence of

Fig. 5. SEM micrographs for (a) bare steel surface, (b) unprotected
surface and (c) protected surface with MPPT in 1 M HCl solu-
tion.

Fig. 6. EDS of (a) bare steel surface, (b) uninhibitedsurface and (c) inhibited surface with MPPTin 1 M HCl solution.
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MPPT (100 ppm) which confirms the corrosion destruction is
hindered by the development of the thin film over the metal-
lic surface18.

EDS study:
Figs. 6a-6c display the EDS interpretation for bare steel,

unprotected and protected mildsteel specimens. The inspec-
tion of Figs. 10a-10c shows the appearance of chlorine peak
without MPPT due to rust generation in 1 M HCl solution.
The specimens examined with MPPT also demonstrate that
the presence of a nitrogen peak suggests the chemical inter-
action of the nitrogen atom with the iron surface19.

Meanwhile, we notice the quantity details of EDS analy-
sis from Table 6 that the corrosion mitigation is carried out by
the coordination of O and N atoms of MPPT with the iron
surface. Hence, all the EDS findings prove that the corrosion
sites of the metallic surfaces are proficiently barred by het-
eroatoms of MPPT in the 1 M HCl medium31.

rous structure with large deep pores due to the corrosive
environment. Meanwhile, the inhibited surface exhibits the
smoother area registering the roughness decreases with the
existence of the MPPT molecule.

It is also evident from the obtained values of average
roughness that the mild steel specimens before immersion,
unprotected immersion and protected immersion are 160.65
nm, 895.36 nm, and 188.08 nm in acidic corrosive media
respectively. The similar trend that occurred to a root mean
square roughness values for bare steel, unprotected, and
protected mild steel specimens are 195.31 nm, 1500.1 nm,
and 227.19 nm sequentially. It is clear that the closeness of
the investigated roughness data between the bare steel and
protected surfaces exhibiting the roughness of the metallic
surface is diminished by the adsorption of the MPPT protec-
tor. Accordingly, all the AFM findings corroborate the smoother
protected surface due to the development of impenetrable
and ordered barrier on the surface of the mild steel32.

Inhibition mechanism:
All the explorations referred to above showed that metal-

lic surfaces are protected by the adsorption of inhibitor spe-
cies by the development of inhibitive barriers on the steel
surfaces.

Herein, the electrochemical corrosion reactions can be
restricted by the adsorption of MPPT molecule either by physi-
cal and chemical interactions on the mild steel surface in the
following mechanisms33.

(i) The electrostatic interaction takes place in 1 M HCl
solution between the protonated nitrogen and oxygen atoms
of MPPT and the chlorinated metal surface.

(ii) The chemical interaction exists between the vacant d

Table 6. Elemental analysis for MPPT on mild steel corrosion
Specimens Weight percentage

Fe O C Cl N
Bare mild steel 79.82 7.98 12.20 – –
Unprotected mild steel 49.66 43.44 5.84 1.06 –
Protected mild steel 75.56 12.73 10.46 – 1.25
with MPPT

Fig. 7. 3D-AFM images of (a) polished surface, (b) unprotected surface and (c) protected surface with MPPT in 1 M HCl solution.

AFM study:
The AFM patterns of bare steel, uninhibited surface and

inhibited surface of tested specimens with MPPT (100 ppm)
are shown in Figs. 7a-7c. The bare mild steel reveals the
uniform surface with small scratches while the uninhibited
metallic surface demonstrates the relatively rough and po-
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orbital of the iron atoms of the mild steel specimens and the
unshared electron pairs of N and O atoms present in the
MPPT molecule.

(iii) The donor-acceptor interaction also occurred as a
result of chemisorptions via the -electrons of MPPT spe-
cies with vacant d orbital of iron atoms.

Therefore, all the conclusions interpret that the corrosion
reactions are hindered by the adsorption of MPPTprotector
on the metallic surface involving in both physical and chemi-
cal interaction. However, the temperature study declared that
the corrosion inhibition process is more chemisorption than
the physisorption.

Conclusion
The hindered efficacy of MPPT inhibitor on mild steel was

determined by the gravimetric and electrochemical methods
in the 1 M HCl medium. The outcomes achieved by the mass
loss technique were consistent with the electrochemical ap-
proaches. Consequently, all of the above measurements
showed that the defense efficiencies were enhanced in both
the elevated concentrations and temperatures. Meanwhile,
the electrochemical assessments pointed out that MPPT was
a mixed kind protector and the adsorption isotherm interpre-
tation exposed that the inhibition process pursued the
Langmuir adsorption. The lower Ea values supported that
the corrosion inhibition process was a characteristic chemi-
cal adsorption and the negative G0

ads values represented
that the corrosion process was a spontaneous case. Here
with, the positive H0 exposed that the inhibition process
was an endothermic reaction and the negative values of S0

displayed the solution entropy of the adsorption system was
decreased. Conclusively, SEM, EDS, and AFM examinations
proved the development of inhibitive barriers on steel sur-
faces. All the above findings confirmed that the MPPT per-
formed in the 1 M HCl solution as a proficient inhibitor against
mild steel corrosion.
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The corrosion mitigation behaviour of 1-benzyl-4-(naphthalen-2-yl)-1H-1,2,3-triazole (BNT) has been explored on mild steel in 
1M HCl medium employing chemical and electrochemical techniques. The observed results illustrate that the hindered efficacy was 
increased as increasing concentration of BNT and with rising temperatures. The electrochemical studies point out that the inspected 
BNT is a mixed kind inhibitor and the adsorption isotherm discussions proposed the inhibition mechanism obeyed Langmuir 
isotherm. The kinetic and thermodynamical parameters exposed that the adsorption process is endothermic, spontaneous and the 
mechanism is both physical and chemical adsorption. Further, the morphological investigations have been carried out by SEM, 
EDS and AFM techniques. The highest efficiency perceived for BNT is found to be 91.35% and behaved as a proficient inhibitor 
against mild steel corrosion in the 1M HCl environment. 

Keywords: Corrosion, Electrochemical, Kinetic, Langmuir isotherm, Triazole. 

Mild steels are one of the most essential materials 
employed in human desires and they discover many 
applications, especially for construction, automobiles 
and industrial works1,2. Even though mild steels 
encompassing a wide range of applications, they are 
sternly pretentious by corrosion when they are in contact 
with acidic atmosphere and other chemical processes3,4.  

Meanwhile, the environmental hazards also 
influenced the quality of mild steels and the rusting of 
mild steels more easily occur in the acidic and humid 
atmosphere5. The corrosion concert of mild steel and 
its alloys are primarily dependent on their composition 
and microstructure6. Also, environmental factors such 
as temperature and degree of aeration are affected by 
this corrosion recital. Hence, corrosion is one of the 
noteworthy and costliest harms around the globe. In 
previous decades, many endeavors have been put into 
practice to resolve these problems and utilization of 
inhibitors is the universally accepted and widely 
utilized technique for curtailing the rate of corrosion. 
In this circumstance, organic inhibitors are employed 
as the foremost anti-corrosion candidates comprising 
heteroatoms such as nitrogen, oxygen and sulphur for 
mild steels in assorted corrosive environments7-12.  

In recent years, 1,2,3- triazoles derivatives have 
great attention to employing the mitigation of corrosion 

rate in different aggressive media13-15. Moreover, the 
hindered efficiency chiefly depends on their molecular 
structure, presence of heteroatoms, substituent effect, 
π electron density and petite toxicity of the triazole 
derivatives16-18.  

In this study, 1-benzyl-4-(naphthalen-2-yl)-1H-
1,2,3-triazole (BNT) was used to evaluate the 
corrosion inhibition performance on mild steel in 1M 
HCl medium and the molecular structure of BNT is 
given in Fig. 1. 

Experimental Section 

Materials  
Mild steel specimens (IRS M41/97steel) utilized in 

the present investigation comprising the elemental 
composition (wt %) were P- 0.089, Si- 0.319, Mn-
0.43%, S-0.009, Al-0.028, C-0.076, Cr-0.52, Ni- 0.20, 
Cu-0.31 and Fe-99.69. For the mass loss method, the 
rectangular-shaped mild steel specimens enclosing the 
dimensions 5cm × 2cm × 0.2cm were employed. Mild 
steel specimens were prepared by different numbers 
(up to 1500) of SiC emery papers and the polished 
specimens were washed with distilled water, rinsed 
with ethanol and degreased with acetone19.  

A corrosive solution (1M HCl) was prepared for 
the gravimetric experiments from 37% Analar HCl 
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with distilled water. Meanwhile, BNT was synthesized 
and characterized by melting point, FT-IR, 1H NMR 
and 13C NMR analysis20. The desired concentrations 
of BNT were prepared in ethanol for further 
measurements. 

Gravimetric method  
The gravimetric analysis was performed using 

accurately weighed polished mild steel specimens 
before and after immersion in 1M HCl solution with 
10, 30, 50 and 100 ppm concentrations of BNT for six 
hours exposure time at room temperature. Further, all 
the experiments were carried out in thrice for the 
determination of mean mass loss values with the same 
conditions. From the average mass loss, the corrosion 
factors such as corrosion rate, inhibition efficiency 
and surface coverage were calculated by equations 1, 
2 and 3 respectively.. 

At

ΔW
CR  ...(1) 

where ΔW is the mean mass loss (mg), A is the 
total area (cm-2) and t is the immersion time (h) in the 
presence and absence of BNT in 1M HCl solution. 
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where Wo and W are the mean mass loss (mg) of 
mild steels in the absence and presence of BNT in 1M 
HCl solution respectively. 

Electrochemical techniques 

Polarization measurements 
The potentiodynamic polarization assessments 

were executed by a three-electrode CH instrument 
(CHI-66 model). Herein, a platinum foil was used as a 
counter electrode and a standard calomel electrode 

was employed as a reference electrode. Besides, 1cm-2 
area of the test specimen was immersed in 1M HCl in 
the presence and absence of the BNT performed as a 
working electrode and this area of the test specimens 
was fixed throughout the experiments. Before every 
measurement, the stabilization period 30 min was 
applied to attain the open circuit potential. After that, 
the polarization curves were acquired by varying the 
electrode potential from -500 mV to +500 mV. 

From the Tafel extrapolation technique, the corrosion 
current density (Icorr) values were obtained and inhibition 
efficiencies for all the working concentrations were 
calculated using equation 4 

100
corri

(inh)ii
IE(%) corrcorr 







 
  …(4) 

where Icorr (inh) and Icorr are the corrosion current 
densities in the presence and absence of BNT in 1M 
HCl solution. 

Impedance study 
The electrochemical impedance study was conducted 

with CH instrument and the impedance parameters 
were acquired from the Nyquist plots in the frequency 
range between 100 kHz and 10 MHz. Charge Transfer 
Resistance (Rct) and electrical double layer capacity 
(Cdl) was achieved from the Nyquist plots. The 
inhibition efficiency (IE %) and electrical double 
layer capacity (Cdl) values were determined from the 
charge transfer resistance values using equations 5 
and 6 respectively. 

100
(inh)R

R(inh)R
I.E(%)

ct

ctct 






 
 …(5)

ctmax.RC2ππ.

1
CdI  …(6)

where and Rct(inh) and Rct are the charge transfer 
resistance in the presence and absence of BNT in 1M 
HCl solution and fmax is the highest peak frequency of 
the Nyquist plots. 

Surface morphology 
The morphological examinations of the tested mild 

steel specimens were conducted by Scanning Electron 
microscope (SEM), Electron dispersive spectrum 
(EDS), and Atomic Force Microscope (AFM) 
techniques. For this exploration, the mild steel 
specimens were immersed in 1M HCl in the absence 

Fig.1 — 1-benzyl-4-(naphthalen-2-yl)-1H-1,2,3-triazole (BNT) 
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and optimum concentration of BNT for 6 hours of 
exposure time.  
 

Results and Discussion 
 

Mass loss study 
Figure 2 shows the correlation between the 

corrosion rates and inhibition efficiencies of various 
concentrations of BNT in the 1M HCl solution. As 
shown in Fig. 2 and Table 1, inhibition efficiencies 
increase with increasing concentration of BNT and 
the corrosion rates decrease correspondingly21. 
Inspection of Table 1 also reveals the maximum 
efficacy is 91.35% at 100 ppm. Meanwhile, the 
increasing values of surface coverage suggesting  
BNT species protect the large area of the metal with 
increasing concentration. These observations showed 
that the corrosion rates for mild steels are mitigated 
by the adsorption of BNT species in an acidic 
environment.  
 

Electrochemical techniques 
 

Polarization study 
Tafel polarization curves for different concentrations 

of BNT in 1M HCl solution are shown in Fig. 3  
and the electrochemical polarization parameters are 
presented in Table 2. As we can see from Fig 3 and 
Table 2, the values of corrosion potential (E0) in the 
presence inhibitor are less than ± 85 mV with respect 
to the blank solution which indicates BNT acts as a 
mixed type inhibitor22. It also evident from the values 
of Tafel slopes that the polarization occurs on  
both sides but cathodic polarization is more 
predominant than the anodic move. Besides that, the 
values of corrosion current density (I0) decrease with 
increasing concentration of BNT which exposes the 

electrochemical corrosion reactions are hindered by 
the adsorption of BNT on mild steel specimens. Also, 
the optimum efficiency observed is 90.12% at 100 
ppm. All the polarization findings conclude that BNT 
performed as a potential protector in the 1M HCl 
medium. 
 
Impedance study 

Figure 4 exhibits the Nyquist plots of different 
concentrations of BNT in 1M HCl solution and the 
diameter of the loops increases with increasing 
concentration of BNT which suggests that the 
hindrance of charge transfer in the presence of BNT. 
It also explains the obtained plots are not perfect 
circles due to the roughness of the metallic surface 
and uneven distribution of active centers during the 
corrosion process23. Table 2 shows the decreasing 
values Cdl with increasing concentration of BNT 
which designates the increasing thickness of the 
electrical double layer at metal solution interface 
prevents the metallic surface from rust formation in 
1M HCl solution. Further, the highest efficiency 
attained in this study is 90.60% which corroborates 

 
 

Fig. 2 — Correlation between the corrosion rates and inhibition
efficiencies for BNT on mild steel specimens in 1M HCl 

Table 1 — Effect of BNT concentration on mild steel corrosion  
in 1M HCl 

Conc. 
(ppm) 

Corrosion 
rate 
(mg.cm-2.h-1) 

Inhibition 
efficiency 
(IE %) 

Surface 
coverage 
(θ) 

Blank 0.4894 - - 
10 0.3238  33.83 0.34  
30 0.1022  79.12 0.79  
50 0.0695  85.79 0.86  
100 0.0423  91.35 0.91  
 

 
 

Fig. 3 — Effect of temperature on inhibition efficiencies for various 
concentrations of BNT on mild steel specimens in 1M HCl 
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the investigated BNT is an efficient defender against 
mild steel corrosion in an acidic medium. 
 
Temperature study 

Figure 5 reveals the inhibition efficiencies with 
various concentration of BNT in 1M HCl solution at 
different temperatures ranging from 305K to 335 K.  
It can be seen that moderate increase in hindered 
efficiencies from Fig. 5 for all the working 
concentrations (30, 50 and 100 ppm) and the 
inhibition efficiencies for lower concentration (10 
ppm) falls in all studied temperatures. It suggests that 
the decreasing efficiency at elevated temperature is 
attributed to physical adsorption while the increasing 
efficiencies are associated with chemisorptions or 
both physical and chemical interactions24. The values 
of corrosion rates and the inhibition efficiencies are 
summarized in Table 3 and the inhibition efficiencies 
increase with increasing BNT concentration and  
the maximum efficiency obtained is 93.26%. The 
temperature study suggests that the adsorption process 
of BNT on mild steels favors at elevated temperatures 
in the 1M HCl atmosphere. 

Thermodynamic activation parameters 
The activation energy (Ea) and pre-exponential 

factor (A) were acquired by the following Arrhenius 
equation 7 
 

RT

Ea
AlogCRlog                  …(7) 

 

Where, R is the universal gas constant, CR is the 
corrosion rate (mg.cm-2.h-1) and T is the temperature (K).  

Figure 6 represents the straight lines of Arrhenius 
plots that are attained by plotting to log CR Vs 
1000/T with slope (Ea/R) and intercept (log A). Also, 
Ea and A values are determined from the slope and 
intercept respectively and listed in Table 4 As we see 
in Table 4, the decreasing values of activation energy 
as rising inhibitor concentration which stand for 
chemical adsorption25. Moreover, we observe the 
decreasing values of the Arrhenius factor support the 
corrosion process is effectively prohibited by the 
adsorption of BNT onto the metal surface. 

In the same way, the thermodynamic activation 
parameters such as entropy of activation (ΔS*) and 

Table 2 — Electrochemical polarization and impedance parameters for BNT on mild steel specimens in 1M HCl 

Conc.(ppm) 

Polarization parameters Impedance parameters 

E0 (mV) I0 (mA) bc (mV) ba(mV) IE (%) Rct (Ω.cm2) 
Cdl 

(μF.cm-2) 
IE (%) 

Blank -420.613 3.46 995.82 254.55 0 9.45 3.2095 0 
10 -487.864 2.05 97.82 262.02 40.90 16.61 1.2369 43.11 
30 -449.694 0.63 672.88 561.31 81.68 49.26 0.1626 80.82 
50 -437.671 0.56 153.55 102.96 83.96 81.77 0.0513 88.44 

100 -436.141 0.34 161.80 78.76 90.12 100.55 0.0241 90.60 
 

 
 

Fig. 4 — Tafel polarization curves for various concentrations of 
BNT on mild steel samples in 1M HCl 
 

 
 

Fig. 5 — Nyquist plots for various concentrations of BNT on mild
steel samples in 1M HCl 
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enthalpy of activation (ΔH*) were determined from 
the following transition state equation 8 
 







 
















2.303R

ΔS

Nh

RT
log

T

CR
log  …(8) 

 
where h is Planck’s constant and N is Avogadro’s 
number. 

Transition state plots are obtained by plotting log 
CR/T Vs 1000/T with slope (-ΔH*/2.303R) and 
intercept [(log (R/Nh) + ΔS*/2.303R] of the straight 
lines as shown in Fig. 7. The values of ΔH* and ΔS* 
are calculated from the slope and intercept 
respectively and the values for enthalpy of activation 
and entropy of activation are presented in Table 4.  

It reveals the positive values of ΔH* indicating the 
adsorption process is endothermic and characteristic 
chemisorptions26.. The negative values of ΔS* 
suggesting the entropy decreases at metal solution 
interface due to the displacement of water molecules 
adsorbed on the metal surface by BNT species27. 
Further, Table 4 shows the difference between the 
values of Ea and ΔH* for all the concentrations are 
approximately equal to 2.61 KJ.mol-1 (average value 
of RT) which gratify the equation Ea - ΔH* = RT and 
it mention that the corrosion process is controlled by 
the thermodynamic activation parameters28. Hence, 
the effect of temperature on the adsorption process 
clearly explains the adsorption mechanism involving 
through chemical interactions. 

Table 3 — Effect of temperature on the inhibition efficiencies for different concentrations of BNT on mild steel specimens in 1M HCl 

Conc.(ppm) 
 

CR (mg.cm2.h-1) I.E (%) 
305 K 315K 325K 335K 305K 315K 325K 335K 

Blank 704.70 1149.83 1636.80 2138.33 - - - - 
10 466.28 870.15 1314.98 1886.40 33.83 24.32 19.66 11.78 
30 147.15 223.73 271.28 312.60 79.12 80.54 83.43 85.38 
50 100.13 115.28 136.05 162.23 85.79 89.97 91.69 92.41 
100 60.98 98.40 118.58 144.08 91.35 91.44 92.76 93.26 

 

Table 4 — Thermodynamic activation parameters for BNT on mild steel specimens in 1M HCl 

Conc.(ppm) Ea 

(KJ.mol-1) 
A 

(g.cm2.h-1) 
ΔH*  

(KJ.mol-1) 
ΔS* 

(JK-1.mol-1) 
Ea-ΔH*

 

 
Blank 31.38 1.75 X 109 28.74 111.24 2.65 

10 39.23 2.59 X 1010 36.59 135.67 2.64 
30 20.98 7.33 X 106 20.98 67.72 2.66 
50 23.63 6.15 X 106 18.32 66.26 2.67 
100 13.69 2.17 X 105 11.02 38.45 2.65 

 

 
 
Fig. 6 — Arrhenius plots for various concentrations of BNT on 
mild steel samples in 1M HCl 
 

 
 
Fig. 7 — Transition state plots for various concentrations of BNT 
on mild steel samples in 1M HCl 
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Langmuir adsorption isotherm 
The mechanism of the corrosion inhibition process 

was described by many isotherm models and this 
adsorption process follows Langmuir isotherm. The 
Langmuir isotherm parameters were achieved by the 
following equation 9 
 

inh
ads

inh C
K

1

θ

C
    …(9) 

 

where Cinh is the concentration of BNT (ppm), θ is 
the Surface coverage and Kads is the equilibrium 
adsorption constant of the adsorption process. 

The equilibrium constant values (Kads) are obtained 
from the intercept of the straight lines by plotting 
Cinh/θ Vs Cinh for various concentrations of BNT  
at different temperatures are shown in Fig. 8 and 
recorded in Table 5. From the tabulated results,  
the increasing values Kads at raised temperatures 
suggesting the strong adsorption and we can also 
perceive the linear regression coefficient (R2) values 
are closed to 1 which indicates the adsorption process 
follows Langmuir isotherm. The adsorption standard 

free energy values (ΔG0
ads) were determined using the 

following equation 10 
 

 )K(55.5InRTΔG adsads   …(10) 
 

where R is gas constant, T is the thermodynamic 
temperature (K), 55.5 is the concentration of water in 
tested solutions and Kads is the adsorption equilibrium 
constant.  

It can be seen from Table 5 that the ΔG0
ads values 

ranged from -33.25 to 36.61 KJ.mol-1which expose 
that the adsorption process involving both physical 
and chemical adsorptions29.  
 
Surface interpretation 
 

SEM  
Figure 9a-9c displays the SEM examination of bare 

steel, unprotected surface and protected surface in 1M 
HCl solution. The polished steel before immersion 
exhibits the smooth surface as shown in Fig. 9a and 
the mild steel after immersion in 1M HCl solution 
exposes severe damages as shown in Fig. 9b. Further, 
Fig. 9c reflects the steel surface without cracks and 
pits in the presence of BNT in 1M HCl solution which 
corroborates the thin film formation on the metallic 
surface against mild steel corrosion by the adsorption 
of BNT species in the corrosive medium30. 
 
EDS 

The electron dispersive spectra of mild steel 
specimens before immersion, after immersion and in 
the presence of BNT respectively were plotted. It 
displays the characteristic peaks of Fe, C and O 
present in the bare steel and reflects the existence of 
chlorine peak due to rust formation. Besides that, it 
also shows the nitrogen peak along with the inspected 
elements which indicates that the corrosion damages 
are reduced by the adsorption of BNT molecule on the 
mild steel surface. The EDS data of the examined 
steel specimens are registered in Table.6 and the 
weight percentage values support that the corrosion 
behavior is hindered by the development of protective 
film via nitrogen coordination with the steel surface in 
1M HCl solution31. 
 
AFM  

Inspection of Table 7 shows that the average 
roughness values for polished mild steel, specimens in 
the absence and presence of BNT are 160.65nm, 
895.36 nm and 212.72 while the corresponding  
RMS values are 195.31nm, 1500.1nm and 262.45 nm 
respectively. The larges values of roughness noted for 

 
 
Fig. 8 — Langmuir isotherm for BNT on mild steel specimens in 
1M HCl at different temperatures 
 

Table 5 — Langmuir parameters for BNT on mild steel  
specimens in 1M HCl at different temperatures 

Temp 
(K) 

Langmuir isotherm 

Kads 

(L.mol-1) 
ΔG0

ads 
(KJ.mol-1) 

R2 

305 8912.42 -33.25 0.9975 
315 9006.66 -34.37 0.9986 
325 9206.83 -35.52 0.9987 
335 9222.97 -36.61 0.9992 
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unprotected surfaces indicating the metal surface is 
severely damaged by the corrosive medium. In the 
presence of inhibitor, the roughness values are closer 
to the bare steel which corroborates that the corrosion 
attacks are reduced by the adsorption of inhibitor.  

It is also evident that the bare steel shows the 
smoother surface and the unprotected specimen 
reveals rough surface due to acid attack Further, it 
exhibits the roughness of the steel surface is 
considerably reduced by the adsorption BNT in 1M 
HCl solution32. 
 

Mechanism of corrosion inhibition 
The electrochemical corrosion reactions are 

hindered by the adsorption of BNT on to the metal 
surface either by physical adsorption, chemical 
adsorption, or both. In this study, all the verdicts 
explained that the inhibition process is carried out 
through both the physical and chemical interactions33,34. 
Protonation happens at the heteroatom of BNT while 

chloride ions adsorb on the metal surface exposed in 
1M HCl solution and the surface become negatively 
charged. Thus, the electrostatic interaction takes place 
between the cationic BNT species and anionic metal 
surface. 

Also, chemical interaction takes place in two ways; 
(i) the interaction between the unshared pairs of the 
nitrogen atom of BNT and the vacant d orbital of the 
Fe atoms. (ii) π electrons of the aromatic rings present 
in BNT molecule interact with the d orbital of the  
Fe atoms resulting in chemisorptions. Both kinds  
of mechanisms are expressed in the following 
equations11 &12 
 

(FeCl-)ads + [(FeCl-)(BNT+)]adsBNT+
     …(11) 

 

+ BNT(ads) [Fe-BNT]2+
(ads)Fe2+

     …(12) 
 

Moreover, the thermodynamic activation 
parameters suggested that the adsorption process is 
carried out by the displacement of water molecules 35 
on the mild steel surface by BNT and is given by the 
following equation 13 
 

BNT(sol)+ nH2O(ads) BNT(ads) + nH2O(sol)         …(13) 
 

where n is the number of water molecules replaced 
by BNT molecules.  

Thus, all the data proposed that the corrosion 
process is effectively controlled by both the physical 
and chemical adsorption but chemical adsorption is 
more predominant than the electrostatic attraction. 
 
Conclusion 

The anti-corrosive effect of BNT molecule on mild 
steel corrosion in 1M HCl solution was investigated 
by mass loss, polarization and impedance techniques. 
All the explored methods revealed that they were in 

 
 

Fig. 9 — SEM images of (a) polished mild steel; (b) unhindered sample and (c) hindered sample with BNT in 1M HCl 
 

Table 6 — Elemental analysis for polished mild steel specimen, 
unprotected and protected steel specimens in 1M HCl 

Specimens 
Weight % 

Fe O C Cl N 

Polished mild steel 79.82 7.98 12.20 - - 
Unprotected mild steel 49.66 43.44 5.84 1.06 - 
Protected mild steel  
with BNT  

75.67 9.73 13.21 - 1.39 
 

Table 7 — AFM parameters for bare steel, unprotected and 
protected steel specimens in 1M HCl  

Samples 
Average  

Roughness  
(Ra)nm 

RMS  
roughness  
(Rq) nm 

Bare steel surface 160.65 195.31 
Unprotected surface 895.36 1500.1 
Protected surface with 
BNT inhibitor 

212.72 262.45 
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good agreement with each other and BNT act as a 
mixed type inhibitor with cathodic predominance 
according to polarization study. The thermodynamic 
activation parameters suggested that the adsorption 
process is endothermic, spontaneous and decreased 
the solution entropy. The adsorption process obeyed 
Langmuir isotherm and the mechanism involved both 
the physical and chemical interactions but more 
chemisorptions were reported. Moreover, SEM, EDS 
and AFM analysis corroborated the corrosion rate is 
hindered by the development of protective coating  
on the mild steel. Therefore, all the conclusions 
corroborated that BNT was a proficient inhibitor on 
mild steel surface in the 1M HCl solution.  
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