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Abstract  
Corrosion is a natural phenomenon considered a chemical and an electrochemical process of 

metals interacting with the surrounding corrosive environment. Inhibition is a preventive measure 

used by corrosion engineers to reduce the effects of corrosion on metals, the environment, society, 

and the economy. The current study investigates the use of the Lippia javanica plant as an eco-

friendly green inhibitor for mild steel (MS), aluminium (Al), and zinc (Zn) corrosion in a 1 M HCl 

environment. The leaf extracts were prepared by the Soxhlet extraction method using methanol, 

ethanol, and acetone as solvents. The leaf extracts of L. javanica were characterized using Fourier-

transform infrared spectroscopy (FT-IR) and Liquid chromatography-mass spectrometry (LC/MS) 

analysis. The inhibitory potential of L. javanica extracts was established by performing weight 

loss measurements, electrochemical methods such as potentiodynamic polarization (PDP), and 

electrochemical impedance spectroscopy (EIS) techniques. The weight loss assessment was 

carried out at different temperatures (303 to 333 K) and varying concentrations of the extracts from 

200 to 800 ppm. The technique was also used to determine the stability of the extract with varying 

immersion times. Weight loss measurements showed that the inhibition efficiency increased with 

increasing concentration of the extracts up to 800 ppm for all three metals. Increasing the 

temperature of the corrosive environment resulted in a decrease in the inhibition efficiency of Al 

and MS corrosion, with that of Zn increasing with temperature. The variation of inhibition 

efficiency with time showed a similar trend, with the protective efficiency of Al and MS decreasing 

with time and Zn increasing with immersion time. Increasing Zn’s inhibition efficiency with 

temperature and immersion time implies a chemical protection mode. The reduction in the 

inhibition efficiency with temperature and immersion time for Al and MS suggests a physical 

protection mode. According to EIS measurements, the extracts adsorb onto Al, Zn, and MS 

surfaces to create a protective coating with pseudo-capacitive properties. The only component of 

the Zn and MS Nyquist plots in the high frequency was a capacitive loop, but the Al plots also 

showed an inductive loop at a lower frequency. The higher frequency loop represents the resistance 

for the charge transfer during the corrosion process. 

In contrast, the lower frequency loop represents the relaxing of hydrogen ions and the adsorption 

of corrosive chloride ions onto the oxide film. The PDP results revealed that for Al and MS, the 

three extracts had a similar impact on both the anodic and cathodic half-reactions. In contrast, both 

half-reactions were affected for Zn, but the cathodic area was more significantly impacted. 
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Undulation Tafel curves for MS and Zn were observed with and without the extracts; however, a 

longer passive region was detected for Al, particularly in the presence of the plant extracts. The 

investigational extracts function as mixed-type corrosion inhibitors for Al, Zn, and MS, as 

indicated by the control of both the anodic and cathodic areas with the introduction of the extracts. 

Among the many plotted isotherms for the three extracts on the metal surfaces, the Langmuir 

adsorption isotherm was determined to be the best-fit isotherm. The isotherm confirmed the 

mechanism of adsorption, which was a mixed-type adsorption for Al, Zn, and MS. Spectroscopy 

studies revealed that the interaction of the three extracts with Al, Zn, and MS resulted in the 

formation of metal-inhibitor complexes, which slowed the corrosion process.  Scanning electron 

microscopy/energy dispersive X-ray spectroscopy (SEM/EDS) studies demonstrated that L. 

javanica leaf extracts form a protective film on Al, Zn, and MS surfaces, protecting them from the 

corrosive environment. Theoretical simulations showed that the primary extract constituent 

(verbascoside) had binding energy greater than 13 kcal/mol on the surfaces of Zn(110), Al(111), 

and Fe(110). The high binding energy indicates a mixed-type binding process that includes 

chemisorption and physisorption. All corrosion experiments revealed that the three extracts 

exhibited superior inhibition performance for all the three metals studied with comparable results 

in 1 M HCl corrosive solution. 
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CHAPTER 1 

Introduction 
 

The thesis titled “Experimental and theoretical studies of the inhibition potential of Lippia 

javanica plant extracts for the corrosion of aluminium, mild steel, and zinc metals in acidic 

medium,” is divided into eight chapters.  

This first chapter specifically examines the impacts of corrosion, including the costs and 

significance of corrosion management, and explores the potential of plant extracts as corrosion 

inhibitors for metals such as zinc, aluminium, and mild steel. It also delves into the effects of 

corrosion on the oil and gas industry, as well as the benefits of using hydrochloric acid as a cleaning 

solution in this industry. Additionally, this chapter discusses various corrosion control methods, 

with a focus on using plant extracts as environmentally friendly corrosion inhibitors. The study’s 

objectives and goals are also discussed in this chapter.  
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1. Introduction and problem statement 
Metals and alloys play an essential part in the industrial world today. They are utilized to construct 

industrial and residential buildings, vehicles, pipelines, bulkheads, ports, passenger trains, piers, 

railway cars, engine construction, ships, and storage tanks [1]. They have always played such a 

role in past civilizations, but in the world today, a variety of coated metals/alloys with 

multifunctional materials (smart materials) are required [2]. The wide usage of metals such as 

copper, aluminium (Al), mild steel (MS), and carbon steel in several engineering and construction 

industries results from their low cost, workability, and specific physical, chemical, and mechanical 

properties [3-7]. During their use, metallic materials are susceptible to degradation [8, 9]. The 

phenomenon by which metallic properties are generally degraded and destroyed over time is called 

corrosion [9]. Corrosion delays industrialization and economic growth, and it is the worldwide 

most damaging factor for metallic components [10]. It affects almost all types of materials, 

including wood and polymers, due to their environmental conditions. Materials are most effective 

if their corrosion rate is slow and they work for many years before corrosion failure occurs. Metal 

corrosion is a hybrid process that includes a chemical reaction that converts metal atoms to metal 

ions and transfers metal valence electrons to electrochemically active ions and molecules in the 

metal environment. Therefore, metallic corrosion is termed an electrochemical process that 

contributes to the spontaneous degradation of a material subject to adverse environmental 

conditions over time [10-12]. Corrosion is primarily a slow process, typically on the metal’s 

surface, but the losses brought about by corrosion are of varying magnitude. Consequently, 

metallic objects like equipment and structures are rendered ineffective and inefficient [13]. 

Corrosion can cause significant economic and human losses in the modern world because of 

metal’s expanded utilization. Some of these financial and human losses include the collapse of 

buildings and bridges, road accidents due to wear and tear of nuts and bolts at joints, etc. [14]. 

Corrosion has been previously considered a problem for only metallurgists and chemists, but it is 

now considered an interdisciplinary field as metals are universal. Because of a growing awareness 

of the enormous losses caused by corrosion damage, material corrosion has taken considerable 

importance over the years. Due to corrosion problems, defence industries and other institutions 

lose trillions of dollars a year worldwide [15]. 
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In 2002, the United States (US) published a landmark report Federal Highway Administration 

(FHWA) on the costs associated with the corrosion of metallic products in various industries. The 

study showed that $276 billion, equal to 3.1% of the US gross domestic product (GDP), was the 

overall annual approximate direct cost of corrosion in the US per year, as shown in Figure 1.1 [16]. 

Evaluating corrosion concluded such determination of the expenses in different industries like 

production, design, construction, and management [17]. Besides significant economic losses, 

metal corrosion damages or destroys the environment in which it occurs [18]. It is, however, 

expected that savings of between 15 and 35% of corrosion costs could be made annually - 

approximately $375 billion and around $875 billion worldwide - using various corrosion control 

techniques [19].  

      

Figure 1.1: The total overall costs of corrosion in key industrial fields that contribute to these 

costs (a) and the annual cost of corrosion in the manufacturing and processing sectors (b) [16] 

Corrosion cost is part of building an appealing appearance for buildings, the direct cost of repair 

and maintenance, and the resulting economic loss due to interruptions in development. It also 

incorporates additional costs for using expensive materials and other measures to prevent corrosion 

and product loss or disposal. In addition to financial costs, consideration should be given to safety 

risks and environmental pollution due to corrosion. Personal damage may occur due to structural 

fractures (failure), pressure tank failure, and leakage of toxic or hostile liquids into containers [20].  

“Rust never sleeps”; this is because metals tend to return to their lower energy following 

processing and shaping; the law of entropy controls such a process. In the stainless-steel industry, 

considerable effort is made to turn naturally occurring iron ore into steel. Exposing the steel to 

(a) (b) 
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oxygen (O2) and moisture, on the other hand, reverses the energy used to convert the ore into steel 

[21, 22]. Thus, corrosion affects global metal supplies by removing the already refined components 

or structures from their service, which consumes a part of the earth’s total material supply. 

Therefore, corrosion scientists are keen on preserving the already available metals to reduce solid 

waste at recycling centres or landfills (Figure 1.2). Also, increasing the lifespan of a metal product 

allows further development or treatment, thus reducing greenhouse gas emissions [1]. 

    

Figure 1.2: Vintage car deterioration (a), including a land field view of the recycling, 

reclamation, and storage of used cars (b) [1] 

Most corrosion agents or causes are gaseous materials, oils, liquid substances, and humidity in the 

air [23]. The petroleum and petrochemical industries are some of the sectors that suffer the most 

from corrosion. Corrosion affects these industries’ oil and gas pipelines internally due to the 

chemicals they transport. Such effects are due to the corrosive environment that builds up within 

the pipelines and causes extensive damage across the entire supply chain, leading to an 

approximate cumulative annual cost of $1.372 billion [24-26]. The pipelines’ internal corrosion is 

a significant hazard to the initial production stage in industries [27]. Accordingly, from 1990 to 

2012, more than 9000 internal corrosion failures were registered, comprising 54.8% of all spills 

[28]. Figure 1.3 illustrates schematically some forms of internal corrosion that are likely to occur 

in pipelines. 

(a) (b) 
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Figure 1.3: Various forms of internal corrosion in hydrocarbon pipelines [29] 

The corrosion forms that develop in pipelines are primarily due to a localized attack and welds’ 

corrosion due to pitting or galvanic corrosion. These attacks are becoming harder to anticipate, 

leading to pipeline failure [30]. Pipeline operators' annual profit margins are frequently reduced as 

a result of corrosion-related failures. As a result, operators must learn to identify and assess the 

potential impact of corrosion on pipeline failure, as well as estimate the total cost of corrosion. 

This knowledge can help operators reduce the risks and costs associated with corrosion while also 

improving overall efficiency and profitability [31].  

While systemic measures to reduce corrosion-related damage in this field, such as increased 

corrosion assessment education, may be beneficial. One of the most difficult challenges in pipeline 

corrosion prevention is the fact that internal corrosion defects are frequently difficult to detect. 

Technicians who have received adequate training in corrosion detection and mitigation techniques, 

as well as a thorough understanding of the corrosion process, are required. It is difficult to 

implement effective remedy techniques without this knowledge and expertise, which can result in 

additional corrosion and damage to the pipeline. The economic cost of such an effort also makes 

it challenging. Consequently, the oil and gas industry has used corrosion prediction models that 

consider various assumptions to determine whether and what form of corrosion will occur during 

hydrocarbon extraction and production [32]. Acidic solutions are commonly used in the industrial 

process, such as acid washing, oil refining equipment washing, and acid pickling. Still, the problem 
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with such solutions is that they accelerate the corrosion of metallic materials, which affects their 

performance [33].  

Because of their relatively low cost, ease of manufacturing, and excellent mechanical and physical 

properties, carbon steels are commonly used as metallic structures for industrial applications [34]. 

Low carbon steel (i.e., mild steel) is used in metallurgy, desalination plants, storage tanks, 

chemical processing, screwdriver, petroleum refineries, pharmaceuticals, construction materials, 

gas industry, boilers, automobiles, electronics, and pickling processes, etc. [35-39]. Despite their 

benefits, corrosion from carbon steel limits their flexibility and application [40-42]. The corrosion 

processes on carbon steels result from redox electrochemical reactions on their metallic surfaces 

in environments consisting predominantly of Cl−, SO4
2−, NO3

− anions, etc., which slowly degrade 

the metallic alloy  [43]. 

However, some progress has been made to mitigate the effects of corrosion on materials, 

particularly metals. Some of the solutions used for such processes include various 

defensive/protective measures, particularly environmental modifications, metal selection, 

coatings, cathodic protection, and corrosion inhibitors, which are particularly interesting in the 

present study [44-46]. While there are many options to prevent metal corrosion, inhibitors are 

considered one of the best methods for shielding metals from corrosion [47-50]. Conventional 

organic and inorganic synthetic inhibitors are proven effective inhibitors of metal corrosion; 

however, their use is limited due to their toxicity and broadening the definition of “green 

chemistry” in science, technology, and engineering [51-53]. Green chemistry is a science and 

technology field that uses various concepts that minimize and apply environmental malignancies 

to natural and eco-friendly substances [54-56].  

Even though some synthetic inhibitors are considered safe [57, 58], current research mainly 

focuses on utilizing plant extracts that exhibit more robust anti-corrosive properties while being 

environmentally sound. Many chemical compounds, particularly heterocyclic compounds, are 

present in plant extracts and contribute to corrosion inhibition [57-59]. Plants’ effectiveness as 

inhibitors against metallic corrosion is due to molecules containing heteroatoms such as O2, 

nitrogen, sulfur, and phosphorus [60, 61]. This is because a metal protector(s) must have properties 

that can adsorb to the metal surface and delay the metal’s breakdown. The chemisorbed inhibitor’s 

resulting film protects the process by retarding it or as a shield against the metal and the corrosive 
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environment [62-68]. Although most studies have discovered new green corrosion inhibitors in 

different plant sections, a few have produced realistic coatings that can solve corrosion problems 

in oil and gas pipelines where corrosion is highly encountered. As such, molecules and the 

arrangement of their bond structures in plant extracts responsible for corrosion prevention should 

be first identified before any inhibition studies are conducted [69]. Therefore, studying the 

prevention of metals’ dissolution using plant-based corrosion inhibitors is of great interest. Several 

advantages are associated with using plant extracts as corrosion inhibitors. Plants are plentiful, 

easily accessible, cost-effective, biodegradable, biocompatible, and less or non-toxic [70]. 

Computational methods for studying corrosion inhibitors are now standard practice with 

technological advancements. The method is used in studying corrosion inhibitors because it helps 

elucidate compounds’ electronic structure and reactivity and understand inhibition mechanisms 

[71, 72]. Density functional theory (DFT) [73] is a veritable technique used to establish new 

standards for predicting and interpreting chemical processes. DFT methods have been used to 

study the inhibitory mechanism of organic molecules on the metal surface as a complementary 

measure to augment experimental data [74-79]. Computational techniques have been employed in 

this study to model the corrosion inhibitors’ behaviour in the bulk aqueous medium and near the 

metal-water interface.  

The research seeks to address several key questions: Can these previously unexplored plant 

extracts effectively inhibit corrosion within controlled experimental conditions? What molecular 

interactions underline their inhibition properties? How does temperature and immersion time affect 

the inhibition properties of the extracts.? These questions collectively contribute to an enriched 

comprehension of the inhibition capabilities inherent in natural compounds and the hypothesis for 

the study is that the exploration of L. javanica as a novel green inhibitor against the corrosion of 

various metals will result in the discovery of an efficient inhibitor as a result of the many chemical 

constituents produced by the plant with little or non-toxic effects. 

1.1. Scope and objectives of the current study 
The purpose of the current work is to highlight the potential of utilizing plant-based compounds, 

such as L. javanica leaf extracts, in inhibiting corrosion on metals like Al, MS, and Zn in a 1 M 

HCl solution. The effectiveness of plant extracts in this regard is demonstrated in the study. There 

has been no study or research on using L. javanica leaf extracts as a corrosion inhibitor. The study 
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investigates how temperature affects inhibition effectiveness, evaluates some thermodynamic 

parameters using chemical and electrochemical techniques, and investigates the binding geometry 

and energy of plant extract’s main constituent on metal surfaces using quantum chemical 

techniques. The following primary objectives guided the current investigation: 

• The determination of the active phytochemical constituents in L. javanica leaf extracts 

obtained through Soxhlet extraction using methanol, ethanol, and acetone solvents by 

employing LC/MS analysis and FT-IR characterization  

• Investigation of the mechanism of interaction of the metal-inhibitor by the use of different 

adsorption isotherms 

• Quantitative assessment of the corrosion resistance, degradation, and corrosion inhibition 

mechanisms of the inhibitors by electrochemical techniques 

• Determination of the wettability of the metal’s surface before and after protection by the 

extracts using water contact angle studies  

• Quantum chemical calculation to obtain the electronic structures of the active constituents 

of plant extracts and their stable adsorption structures on the various metal surfaces 

• Investigation of interactions between Al, Zn, and MS surface and the studied L. javanica 

leaf extracts in the corrosive 1 M HCl solution using spectroscopic techniques (FT-IR and 

UV-vis) 

• Assessment of the characteristics of the protective film formed on metal surfaces and 

determination of the elemental composition of these surfaces by SEM/EDS 

• Investigation of the influence of immersion period, temperature, and concentration of the 

extracts on the inhibition efficiency and corrosion rate of the 1 M HCl corrosive 

environment  
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CHAPTER 2 

Literature review 
 

The current study’s literature review is covered in this chapter. It provides a general overview of 

corrosion's basic principles, theories, and classification. This chapter also goes over various types 

of corrosion, such as sweet and sour corrosion. A more detailed explanation of corrosion control 

and the various methods available for this purpose are also provided. Corrosion inhibitors of 

various types have been discussed, including the corrosion inhibition process in acidic and near-

neutral solutions. Adsorption methods on metal surfaces, such as physisorption and chemisorption, 

have also been discussed. This chapter presents a history of using plant extracts as corrosion 

inhibitors to demonstrate their ability to control metal corrosion. It also provides a detailed 

description of the specific plant chosen for the study and discusses various corrosion monitoring 

techniques, with a focus on computational and electrochemical methods. 
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2. Definition of corrosion  
Corrosion is an electrochemical process due to a physicochemical interaction between metals and 

their surroundings. During this process, metal electrons are released from the metal’s surface into 

an external electron receiver, releasing metal ions into the surrounding medium, leading to 

progressive degradation [80], loss, or, in extreme cases, structural metal failure. This process 

involves a series of anodic and cathodic reactions of compounds in direct contact with or close to 

the metal surface [80]. Corrosion occurs in almost all environments, including air and water, 

industrial atmospheres (gases, alkaline, acids, and so on), salty and fresh water, and other organic 

or inorganic solutions or mediums [81-84]. Corrosion is also thermodynamically favourable, i.e., 

it is spontaneous and, given time, inevitable. On that basis, corrosion cannot be prevented but only 

slowed down by appropriate corrosion control measures. Wet and dry corrosion is another 

pervasive distinction. Wet corrosion involves liquids such as the aqueous electrolyte involved in 

the electrochemical corrosion of steel. It often occurs in the absence of fluid processes such as 

carburization and metal dusting and is associated with high temperatures [85]. Analyzing corrosion 

chemistry is essential before examining its various forms and control methods. As such, the 

chemistry of corrosion is discussed below. 

2.1. Chemistry of corrosion 

Due to the high temperatures and pressures within the pipelines, as well as the presence of 

species such as carbon dioxide (CO2), oxygen (O2), and hydrogen sulphide (H2S), the 

corrosion process in oil and gas pipelines is complex and dynamic. This complexity is 

exacerbated by factors such as the type of metal used in pipeline construction, pH conditions 

at various processing stages, and corrosion material surface morphology. Figure 2.1 depicts 

the two half-reactions that occur on the surface of a metal during corrosion [86]: the cathodic 

reaction, in which the metal is reduced and gains electrons, and the anodic reaction, in which 

the metal is oxidized and loses electrons. The potential difference between different 

microstructural areas of the metal drives these reactions, which result in the movement of 

electrons or ions between the cathodic and anodic regions. The metal is dissolved into 

positively charged metal ions at the anodic region, which are carried away by the electrolytic 

solution, leaving excess electrons on the metal surface. 
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Figure 2.1: Acidic steel corrosion: a visualization of typical chemical reactions and their 

products [86] 

                                                           𝑀(𝑠)→ 𝑀𝑛+(𝑎𝑞) + 𝑛𝑒−
                                                                             (1) 

M is the atom on the surface of the metal, Mn+ is the solution ion(s), n is the reaction number of 

valence electrons and e− are the electron(s).  

The cathode reaction depends on the type of environment. Electrochemically active species take 

up the excess electrons that are released during anodic reaction at the cathodic region of the metal, 

balancing the anodic reaction above. In acidic solutions (pH < 4), the primary cathodic reaction is 

typically hydrogen production by proton reduction: 

                                                         2𝐻
+(𝑎𝑞) + 2𝑒

−
→ 𝐻2(𝑔)                                                                             (2) 

Dissolved O2 is the principal cathodic reactant in aerated near-neutral solutions, as shown in the 

following reaction:           

                                                     𝑂2(𝑎𝑞) + 2𝐻2𝑂(𝑙) + 4𝑒
−
→  4𝑂𝐻(𝑎𝑞)                                    (3) 

Even though the reduction of O2 occurs in aerated acidic solutions, it is usually not the primary 

cathodic reaction. Although that might be the case, the direct water reduction in the absence of 

dissolved O2 can be written as: 



12 
 

                                                      2𝐻2𝑂(𝑙) + 2𝑒− →  𝐻2(𝑔) + 2𝑂𝐻(𝑎𝑞)                                 (4) 

At low pH, where there is plenty of H+ ions in solution (more precisely, H3O
+), the primary cathodic 

reaction becomes: 

                                                            2𝐻
+(𝑎𝑞) + 2𝑒

− →  𝐻2(𝑔)                                               (5) 

The cathodic reaction of interest in this study takes place in a strongly acidic solution of 

hydrochloric acid (HCl), but other cathodic reactions can be observed in a weakly acidic solution 

of carbonic acid (H2CO3) at a pH of around 4, which is typical of sweet oilfield environments. At 

pH values greater than 5, the direct reduction of H2CO3 may become a significant cathodic reaction 

as the concentration of H+ ions decrease to the point where they are no longer the dominant reactant 

[87-91]. Despite decades of research, the detailed mechanisms of this cathodic chemistry are still 

unknown. 

As previously stated, the above reactions (2 to 5) are half-cell electrochemical reactions, and the 

general corroding reaction consists of a charge transfer and electrons exchange between electrodes. 

The anode oxidation and cathode reduction process are simultaneous activities that must occur at 

the same time. Furthermore, as a carrier for ions such as H+ or M+, a conducting solution 

(electrolyte) is required. The overall corrosion cycle for iron corrosion in water is demonstrated in 

Figure 2.1 [22, 87, 88].  

The environment influences the formation of corrosion products on metallic surfaces such as those 

of iron and carbon steel, which can either promote or inhibit corrosion. Iron is typically bare and 

free of corrosion scales or films in strongly acidic conditions, and corrosion reactions occur 

directly on the metal’s surface. However, corrosion scales or films are more commonly observed 

in higher pH environments, and they may include compounds such as lepidocrocite (π-FeOOH), 

goethite (α-FeOOH), ferric hydroxide (Fe(OH)3), and ferrous hydroxide (Fe(OH)2) [90]. The 

primary corrosion scale in sweet, carbon dioxide-rich aqueous environments with low levels of 

dissolved oxygen is typically siderite (FeCO3), which may or may not provide substrate protection 

depending on factors such as temperature. 

The metallic surface of pipelines acquires corrosive species like hydroxides, carbides, oxides, and 

carbonates due to the oils and gases passed through them. Bare metal surfaces have been observed 

depending on the acidic conditions of the pipelines [92]. This is illustrated by Figure 2.2 which 
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details iron’s thermodynamics in an aqueous water environment at 25 oC. The Pourbaix diagram 

can be divided into three regions: passivation, corrosion, and immunity. However, the diagram 

limitation is that there is very little knowledge concerning the reaction rates, and the information 

provided is derived from pure metals and environments [93]. Therefore, it should be noted that 

such a diagram provides only partial reaction rate information. The benefit of this sort of diagram 

is that it provides a straightforward method for predicting the condition of the potential and pH 

state in which any metal can potentially react with an electrolyte. Such a theoretical model-based 

pH and potential predictor diagram strongly correlate with actual corrosion situations [93]. For 

instance, this situation can be considered when the iron is partially covered with its oxide and 

immersed in a neutral solution at pH 7. If the potential in relation to a standard hydrogen electrode 

(SHE) falls to -0.6 V, it is in a resistant state (Figure 2.2).  

 

 

Figure 2.2: The Pourbaix diagram for iron: a visualization of the active dissolution region (A), 

stable metal oxides (B and C), and stable oxide phase (D) [95] 

 

Similarly, if the conditions are the same as before but with a potential that only falls to -0.2 V 

concerning the saturated calomel electrode (SCE), the iron would still be in a corrosion state. At 

pH < 7, the iron is in a corrosion zone, but at pH > 7, the iron is in a passivation region. To protect 



14 
 

the iron from corrosion, protection has to be based on reducing the potential to the extent that the 

iron corrosion does not theoretically become part of the immunity domain. For example, Ev = -

0.62 V (SHE) = -0.89 V (SCE) if the pH is below 10 [93]. The graph demonstrates that the state 

of iron at pH ≤ 2 can vary between Fe0, Fe2+or Fe3+ along a wide range of potential, impacting 

the metastable states on the metal’s surface [94]. 

Stainless steels comprising of more than 10% chromium have a very small top surface layer up to 

the nanometer-scale of chromium oxide (Cr2O3), which provides enhanced corrosion resistance 

[96]. However, factors such as the surface texture of the metal, which can create crevices, pits, and 

other imperfections that promote corrosion, can also influence the corrosion rate of these steels. 

These surfaces can become anodic, resulting in increased iron ion dissolution, which occur at faster 

rate in the presence of corrosive species like chloride ions [86]. Furthermore, the dissolution 

process can alter the metal surface structures by forming thin films of corrosion products, 

complicating the corrosion mechanisms even further. These examples highlight the complexity of 

the metal surface structures used in oil and gas pipelines, which are affected by a range of factors 

such as temperature, strain, electrochemical potential, pH, solvation, alloy preparation process, 

and solvated species [86]. Due to the many system-specific conditions that affect corrosion 

mechanisms in oil and gas pipelines, it is difficult to generalize the findings of research in this 

field. One of the most cost-saving measure to reduce the degradation of metallic substrates in oil 

and gas wells is to use lower-grade carbon steels in conjunction with corrosion inhibitors. [97]. 

2.2. Classification of Corrosion  
Corrosion can be classified in various ways depending on the nature of the corrosive system. Some 

key considerations include temperature, chemical composition, and the presence of moisture. For 

example, when a metal comes into contact with an electrolytic solution or when two dissimilar 

metals are combined, wet corrosion may occur. This type of corrosion is often responsible for 

metal oxidation and the electrochemical corrosion of steel [22]. Dry corrosion, often seen at high 

temperatures, occurs without the presence of a liquid phase and can manifest as carburization or 

metal dusting. In the oil and gas industry, the most common forms of corrosion are sweet corrosion 

caused by CO2 and sour corrosion caused by H2S [10, 98, 99]. Metal surfaces and equipment in 

oil and gas production facilities can be severely damaged by this type of corrosion. Extensive 

research on these mechanisms has been conducted, though most research has focused on pipeline 
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corrosion rather than downhole corrosion. Furthermore, systems such as, but not limited to, 

workover fluids, sulfur solvents, and hydrate-prevention fluids can introduce O2 in surface 

pipelines, which also facilitates the corrosion process [100].  Some of the most common corrosion 

types in the oil and gas pipelines resulting from the chemicals transported through them are briefly 

discussed below. 

2.2.1. Oxygen (O2) induced corrosion 

Although O2 is not typically present in oil and gas reservoirs, it can enter these environments 

through various channels such as leaking pump seals, process vents, casing, and open hatches. 

This can increase the electrochemical process of the cathodic reaction and accelerate the anodic 

dissolution of metals [98]. The presence of O2 can also enhance the corrosive effects of CO2 and 

H2S gases, resulting in higher levels of corrosion. In sour wells, the presence of oxygen can be 

especially harmful, as it can interfere with the formation of protective iron sulfide (FeS) by 

dissolving elemental sulfur. Previous research has shown that concentrations of O2 as small as 5 

parts per billion (ppb) could be very harmful to oil and gas pipelines and needs to be extracted 

with an O2 scavenger [101]. Figure 2.3 displays typical corrosion in a pipeline caused by the 

presence of O2. 

 

 

Figure 2.3: Oxygen-induced corrosion in the oil and gas pipelines [98] 

2.2.2. Sweet or carbon dioxide (CO2) corrosion 

Carbon dioxide (CO2), naturally present in oil and gas fields, is pumped intentionally into wells to 

boost oil recovery. Corrosion of CO2, also known as “sweet corrosion,” is among the significant 

issues in the petroleum industry, costing billions of dollars annually [102]. On its own, dry CO2 is 
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not corrosive at the temperatures typically found in oil and gas processing. However, when it is 

dissolved in water, it forms H2CO3, which makes the liquid acidic and can corrode steel. This is 

why CO2 corrosion is only a concern when it is mixed or dissolved in an aqueous phase [103]. 

                                 𝐹𝑒(𝑠)  + 𝐶𝑂2(𝑔)  + 𝐻2𝑂(𝑙)  →  𝐹𝑒𝐶𝑂3(𝑠)  + 𝐻2(𝑔)                              (6) 

This sweet corrosion is often influenced by elevated temperatures and is widespread in gas 

pipelines [99, 104]. Corrosion increases as CO2, system pressure, and temperature increase. 

Usually, this corrosion is gradual, localized, and leads to pitting. Pits are tough to detect because 

of their small size and the corrosion materials that cover them [102]. Figure 2.4 illustrates a typical 

example of mesa corrosion resulting from CO2 in the pipeline. The morphology of the attack is 

influenced by factors like the flow system, partial CO2  and H2S pressure, the presence of other 

gasses, and the water composition produced from the wells [100]. Carbon dioxide (CO2) that 

dissolves in water forms carbonic acid, which lowers the pH of the system and initiates a corrosion 

cycle on pipeline steel. This reaction results in the precipitation of corrosion products, such as iron 

carbonate, on the surface of the metal [105]. The CO2 in oilfields can come from various sources, 

including mineral dissolution and by-products of petroleum formation processes, particularly 

injection processes [10]. On its own, bare steel is extremely corrosive. However, exposure to a 

corrosive environment causes the accumulation of corrosion products on its surface, which 

eventually provides protection by slowing the corrosion rate. To further reduce CO2 corrosion, 

corrosion inhibitors have been used to create a protective film on the metal surface, which 

minimizes its interaction with water or other corrosive elements. The morphology of the corrosion 

layer, which is thick and composed of carbonate, can determine whether the corrosion attack is 

continuous and dissolution-free with protective films, or whether it results in low protective 

corrosion rates or localized corrosion with pitting and mesa attacks [106].  
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Figure 2.4: A typical example of mesa corrosion as a result of CO2 in the pipeline [107] 

 

2.2.3. Sour or hydrogen sulfide (H2S) corrosion 

Hydrogen sulfide ( H2S) corrosion occurs when water and H2S are present in the fluid in the 

pipeline [108]. The presence of  H2S in the oilfield is more problematic than CO2 since it is highly 

toxic and because the  H2S concentration above 700 parts per million (ppm) kills instantly; 

therefore, its leakage should be prevented [109]. Like CO2, H2S alone does not cause corrosion; it 

becomes highly corrosive in the presence of water leading to the cracking of pipelines [10]. The 

majority of  H2S in the oilfield comes from various natural processes like the volcanic process, 

dissolution of the mineral deposits, bacterial activities, and sweet wells that can be transformed 

into a sour well with age or specific processing activities, including injection of water [10]. In 

understanding the kinetics of the scale formation and its growth, knowledge of the reliance on the 

surface-scale layer formed on the surface of the metal is always helpful. In comparison to CO2, 

which only forms ferrous carbonate (FeCO3) scale on the surface of the metal,  H2S forms different 

iron sulfides, including amorphous ferrous sulfides, smythite, ferrous cubic sulfide, pyrrhythite, 

greigite, troilite and pyrite [110].  
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Figure 2.5: Proposed mechanisms for mild steel dissolution in aqueous solutions containing H2S 

[110, 111] 

The interaction of Fe with  H2S in aqueous environments proceeds toward mackinawite formation 

through the reaction paths shown in Figure 2.5, according to Sun et al. [110, 111]. After the initial 

adsorption of  H2S on Fe’s surface, mackinawite may be formed by either Path 1 or Path 2 from 

an amorphous FeS. Smith and Miller [112] investigated the mechanisms of sour corrosion. They 

identified that mackinawite is first produced and converted to other forms of iron sulfide when 

exposed to  H2S in the longer term [113]. Sour corrosion can be prevented using various control 

methods, such as injection of H2S scavengers, pH monitoring by caustic injection, corrosion 

inhibitors, and alloy selection according to the sulfide stress cracking prevention standard [114]. 

Other forms of corrosion experienced in metallic-based materials include galvanic, crevice, 

fretting and pitting corrosion, and environmentally induced cracking, among others, based on the 

attack’s morphology, as shown in Figure 2.6. 
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Figure 2.6: Diagrammatic summary of the various corrosion types [115] 

2.3. Corrosion control 
Various methods for protecting metals/alloys from corrosion have been developed over the years. 

The complexity and scope of these methods vary greatly. They can, however, be classified as 

variants of one or more of the three main methods: creating a barrier between the material and its 

surroundings (i.e., environmental modification), material selection, and surface engineering [116]. 

It is not always easy to decide which corrosion control method is most appropriate for a specific 

application. Still, the so-called PAC rule, i.e., performance, availability, and cost, can be used to 

select the proper technique [117]. Furthermore, more than one method is frequently used at the 

same time. 

2.3.1. Surface engineering 

Surface engineering requires ex-situ alteration of the metal/alloy surface to decrease its corrosion 

rate (i.e., before service). There is a vast variety of these technologies, which vary widely in 

complexity and expense, for example, the application of surface modification induced by paint and 
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laser. Outstanding performance can be achieved using the appropriate technique, but the 

engineered surface condition must be controlled carefully, as the protective action may be lost due 

to degradation [117].  

2.3.2. Material selection 

The selection of material is, as its name suggests, selecting the most appropriate material for a 

particular application and environment. One would initially assume that the best option for 

protection against corrosion is to choose metals highly resistant to deterioration during the 

engineering process. However, an engineer must consider the costs and availability of such types 

of metal. Metal experience different kinds of attacks in different environments and knowing the 

type of corrosion that affects specific metals is vital. For instance, choosing a high-end corrosion-

resistant alloy for a long oil export pipeline is not very practical because it would cost prohibitively. 

Also, no sufficient source quantity can be available for such material [117]. Titanium is often the 

preferred choice for materials due to its exceptional resistance to corrosion. However, steel is 

sometimes used in its place because it is less expensive and durable. In the oil industry, steel is 

commonly used for its mechanical properties and cost-effectiveness in the production of vessels, 

pipes, tanks, and wells [118]. 

2.3.3. Environmental adjustment 

Since corrosion is a reaction between the metal and its surroundings, a specific environmental 

adjustment can reduce corrosion. Such changes are cost-effective if the problem is limited to a 

small area since environmental modifications are limited to particular applications or techniques. 

This technique is most effective when the building raw material for a specific environment has 

already been selected, such as the piping system. In such cases, it is possible to change the 

environment in which they are located. Factors influencing corrosion rates, such as concentration 

or the flow velocity of the corrosive species, or temperature, can be manipulated to prevent 

corrosion. In general, lowering one of these factors slows down the corrosion process. However, 

changing the corrosive system temperature has little or no effect on the corrosion rate in some 

cases [85]. 

Protective barriers or substances can also be inserted into an environment to make it less corrosive. 

The inducement of protective barriers involves adding a chemical that interacts with the corroding 

metal/alloy to form a corrosion-resistant interfacial barrier. No modification is made to the 
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concentration of corrosive species in the bulk fluid [117]. One prime example of the inducement 

of protective barriers is corrosion inhibition, which is the central theme of this thesis, and will, 

therefore, be discussed further in the following sections. 

2.4. Corrosion inhibitors  
One of the most economical ways of dealing with corrosion is using corrosion inhibitors. Various 

scholars have used several definitions to describe and define what corrosion inhibitors are. 

Godlinez-Alvarez et al. [119] identified inhibitors according to their chemical properties, 

inhibition mechanism, chemical structure, etc. A chemical that can thus be referred to as a 

corrosion inhibitor is a substance that can be added or sprayed into a corrosive environment to 

reduce the corrosiveness (i.e., corrosion rate) of the environment to appropriate concentrations 

while not significantly altering the concentration of the aggressive ions [120].  

This description excludes O2 scavengers, which are known to reduce the corrosion rate by 

modifying the environmental composition [10]. Corrosion inhibitors work by inducing a shift at 

or near the substrate’s surface, which is achieved through an adsorption process that leads to barrier 

formation on the surface of the metal. The exact form of this barrier varies with the corrosion 

inhibitor’s type and condition.  

The critical use of inhibitors is to monitor general corrosion in sweet environments. Different 

inhibitors are available to control mesa and pitting corrosion, which occurs in sweet and sour 

conditions. Intensive laboratory tests can be conducted to select corrosion inhibitors combined 

with chemical surfactants and biocides to create a commercial package that is eventually inserted 

into pipelines. Successfully developed inhibitor molecules interact with corrosion processes, 

decreasing the corrosion rate by at least two orders of magnitude [121]. It is vital to select an 

appropriate inhibitor type to control a particular form of corrosion [122]. It is critical to use caution 

when selecting an inhibitor for a specific system. An inhibitor that protects one metal well in one 

corrosive environment may actually worsen corrosion in other metals in the same environment. 

[123]. The selection also requires consideration of numerous parameters, including solution flow, 

pH, system temperature, metallurgy, and the presence of dissolved organic or inorganic 

substances.  
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Consequently, when selecting an inhibitor to protect pipelines, corrosion scientists must consider 

several influencing factors. Generally, long-chain nitro-based compounds, such as amides or 

amines, are used in hydrocarbon pipelines as corrosion inhibitors. Organophosphates can also be 

used to prevent corrosion in pipelines. They prevent corrosion by forming a bond between the 

compound’s charged active group and the pipeline’s metal walls. The inhibitor is said to be 

physically adsorbed to the wall before being chemically attached to its surface as a result of a 

charge transfer between the inhibitor and the metal surface of the pipeline, resulting in the 

formation of a chemical bond. Because hydrocarbons are present in the inhibitors’ structures, it is 

assumed that they control corrosion by forming a hydrophobic layer between the metal walls and 

the corrosive solution [122].  

The mechanism by which inhibitors prevent metal corrosion is said to be twofold: the displacement 

of adsorbed water molecules from the metallic pipe walls via the formation of an adsorption layer 

and the modification of the surface potential, which inhibits both oxidation and reduction corrosion 

reactions. For the optimum delivery and storage properties of the inhibitor, inhibitors are used with 

a solvent carrier liquid and other addictive substances, such as surfactants. Corrosion inhibitors are 

known not completely to stop corrosion, but they are designed to slow it down to a manageable 

rate [122]. Over time the inhibitor’s effectiveness is decreased by equilibrium desorption, 

mechanical shearing, or chemical reactions. For an inhibitor to be effective, it must be 

dispersed/injected into the water-wet surface and be capable of achieving and maintaining a 

proactive film in this location. Transporting the inhibitor to all corroding sections along the 

pipeline length is critical, regardless of where the corrosion occurs [124].   

2.5. Classification of corrosion inhibitors 
Many compounds can be used as corrosion inhibitors, and an effective inhibitor in one system 

might not work in another, indicating that inhibitors are not uniformly applicable [10]. Thus, 

different inhibitors are required for specific conditions or environments. Corrosion inhibitors are 

classified based on their protective mechanism (anodic, cathodic, or both) or chemical composition 

(organic and inorganic). They may also be classified as “green inhibitors” in other classes. The 

inhibitors are classified as anodic, cathodic, or mixed based on their electrochemical defence 

mechanism [125, 126]. 
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2.5.1. Anodic mechanism of protection 

As the name suggests, anodic inhibitors work by modifying the anodic process. This can result in 

a significant shift in the corrosion potential (Ecorr) in a positive direction, forcing the metal's surface 

into the passive region. This, in turn, reduces the corrosion current density (Icorr). This is achieved 

by supporting the natural tendencies of the passivation of metal surfaces or forming an insoluble 

film surface layer. Anodic corrosion inhibitors are typically used in near-neutral solutions where 

corrosion products with low solubilities, such as salts, oxides, and hydroxides, are produced. These 

inhibitors inhibit metal anodic corrosion reactions by facilitating the formation of a passive layer; 

thus, they are known as passive corrosion inhibitors [127]. The inhibitor’s interaction with the 

corrosion products on the metal surface results in the formation of a cohesive and insoluble layer 

[128]. These corrosion inhibitors have no effect on the cathodic reaction [129], but they can 

increase the anodic electrochemical potential, as shown in Figure 2.7. This shifts the anodic and 

cathodic curves so that they intersect at a lower corrosion current and higher corrosion potential. 

Anodic inhibitors are most effective when used at high concentrations and in environments with 

high levels of chloride [130].  

 

Figure 2.7: Corrosion potential with anodic inhibiting effect [129] 
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2.5.2. Cathodic mechanism of protection 

Cathodic inhibitors work by preventing the cathodic reaction on the steel during the corrosion 

cycle [128]. They do this by producing insoluble compounds that precipitate on the cathodic 

regions of the metal, forming a barrier that restricts the diffusion of O2 and conduction electrons 

[128, 129]. This reduces the supply of O2 during the corrosion cycle [128],  which in turn 

decreases the corrosion rate and shifts the corrosion potential to lower negative values [128, 129]. 

If corrosion’s potential is reduced, it’s customary to assume a lower chance of decay [129]. A 

cathodic inhibitor’s presence promotes a ‘hang’ in the potential for corrosion and corrosion rate 

to Ecorr and Icorr, respectively, as shown in Figure 2.8. Cathodic inhibitors operate by either slowing 

the cathodic reaction by moving the Ecorr to a more negative value or selectively increasing the 

surface impedance. This limits the migration of reducible species to areas where the Icorr has 

decreased, as shown in Figure 2.8. [131-133]. As the potential for corrosion decreases to lower 

values, the rate of corrosion decreases [129], leading to cathodic polarization. Some common 

cathodic inhibitors include carbonates, phosphates, polyphosphates, and silicates [129]. Zinc 

oxide has also been shown to have cathodic inhibitor properties by Rincón et al. [134]. Sodium 

hydroxide and sodium carbonate are among the most commonly used cathodic inhibitors [135], 

as they increase the pH of the steel, reduce O2 transport, and form a film on the surface of the 

steel. Cathodic inhibitor concentrations tend to be higher than those of anodic inhibitors, as their 

effect on suppressing the corrosion process is weaker than that of anodic inhibitors [136]. 

 

Figure 2.8: Corrosion potential with cathodic inhibiting effect [129] 



25 
 

2.5.3. Mixed mechanism of protection 

In current practice, using inhibitors in the form of single compounds is unusual. It is more popular 

to use formulations that consist of two or more inhibitors. This formulation is because single 

inhibitors are successful with only a small number of metals, and multi-metal system protection 

demands more than one inhibitor to be present. Chemicals with different properties (e.g., anodic 

and cathodic inhibition) often complement each other’s deficiency, and the mixed inhibitor’s 

efficacy increases. Consequently, dosage concentration can be decreased dramatically, reducing 

the production costs and the environmental impacts caused by chemicals [10]. The mixed 

inhibitors work on both the cathodic and anodic regions, usually by adsorption on the metal 

surface, forming a protective layer [135], thus being known as adsorption inhibitors [137] or 

inhibitors of pellicular formation [138]. Some corrosion inhibitors act as mixed inhibitors when 

there is little change in Ecorr with a decrease in Icorr, as shown in Figure 2.9. The inhibitor decreases 

the corrosion rate and does not change the corrosion potential significantly. These inhibitors reduce 

the corrosion rate without significantly altering the corrosion potential. They have minimal effects 

on the corrosion potential of the anodic or cathodic site, regardless of which reaction is most 

affected [129]. The type of inhibitor used can be determined using anodic and cathodic Tafel slopes 

(βa, βc) [139]. An anodic inhibitor is indicated by an increase in only the anodic Tafel slope, 

whereas a cathodic inhibitor is indicated by an increase in only the cathodic Tafel slope. While an 

increase in both slopes indicates a mixed-type corrosion inhibitor. 

 

Figure 2.9: Corrosion potential with mixed inhibiting effect [129] 
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2.6. Chemical composition 
The action of mechanisms and the use of inhibitors are derived from their chemical composition. 

Various inhibitors are divided into inorganic and organic chemical compounds [140]. 

2.6.1. Inorganic inhibitors  

Nitrites stand out as the most widely used inorganic inhibitors. These inhibitors were primarily 

applied as a protective measure mixed with concrete in the 1950s. Sodium nitrite has been 

researched in the past. However, it was substituted with calcium nitrite, the first commonly sold 

inhibitor, because of the side effects of sodium nitrites, such as a weaker concrete strength and an 

increased risk of alkali-silica reactions and adverse effects on the concrete [141]. Nitrites also 

inhibit the chloride and sulfate ions’ action in the corrosion process [142]. Nitrites accelerate the 

setting of fresh concrete and increase their strength gains among concrete side effects [129]. While 

nitrites effectively reduce the corrosion rate of reinforced concrete structures in many European 

countries, such as Germany and Switzerland [143], they are prohibited due to their carcinogenic 

and toxic effects [144]. This prohibition has culminated in the investigation of alternative 

inhibitors. 

 

2.6.2. Organic inhibitors 

Like inorganic inhibitors, organic inhibitors have been widely used in recent years, with many 

studies focusing on their modes of action and efficacy [145-148].  Organic compounds can donate 

or receive electrons from the metal surface, form a covalent bond, and are considered suitable 

corrosion inhibitors [148]. Ryu et al. [149] argue that organic inhibitors are common in reinforced 

concrete, even in the presence of chloride ions, and are often used to prevent corrosion. Organic 

inhibitors are often composed of compounds with O2, nitrogen, and sulfur atoms, and multiple 

bonds within the molecules. These structural features enable the inhibitor to adsorb to the metal 

surface, and the efficacy of the inhibitor is often related to its adsorption properties. The 

effectiveness of adsorption can depend on the condition and type of metal surface, the corrosive 

environment, and the chemical structure of the inhibitor [150]. The adsorption of these inhibitors 

on the metal surface depends on various factors [151, 152]. These include the inhibitor group’s 

physical-chemical properties, the functional group, the p-orbital character, and the donated atom’s 

electronic mass. Therefore, the efficiency of inhibition depends on the molecular electronic 

structure comprising active adsorption centres, the method of absorption, the molecular size, the 
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inhibitor cover rate on the metal surface, and the formation of metallic compounds [148]. Amines 

and alkanolamines are commonly used as corrosion inhibitors because they are highly water-

soluble and have a limited effect on the properties of concrete in its fresh and hardened states 

[145]. These inhibitors are effective at spreading through concrete and are known as volatile 

inhibitors or migration inhibitors because they can be mixed into the concrete, fixed mortar, or 

applied to the concrete surface during operation [141]. Amines are organic compounds that contain 

a lone pair of nitrogen atoms, which allows them to bind to the metal surface and form a protective 

layer. This layer shields the metal from corrosion [145] and can also extract corrosion products 

from the metal surface, ensuring direct contact between the protective layer and the metallic 

surface [141]. Another class of organic inhibitors is carboxylates, which are distinguished by the 

presence of carboxylic acids (-COOH) [145]. Like amines, these compounds can bind to the metal 

surface and create an organic layer that protects the steel from corrosion [129].  

 

2.6.3. Green inhibitors 

Inhibitors can be either synthetic or natural [128]. Synthetic inhibitors are artificially manufactured 

and can have negative effects on both humans and the environment, particularly synthetic organic 

inhibitors. As a result, there has been increasing interest in using green or natural inhibitors, which 

are environmentally sustainable and often more effective than synthetic inhibitors [153-155]. 

Natural inhibitors are derived from plants, spices, and other sources and are biodegradable[154, 

156]. They are also inexpensive to extract using simple methods, making them a cost-effective 

alternative to synthetic inhibitors. Thus, extensive research has been conducted to extract natural 

roots, leaves, or seeds from plants [153-156]. Red mud, a compound based on ferric oxide and 

alumina and a residue generated for Al production in bauxite processing, is included in the green 

inhibitor’s classification. There is no universally accepted definition of corrosion. However, 

Darling and Rakshpal [157] defined green chemistry as a technique for synthesizing, 

manufacturing, and using chemicals in a way that minimizes harm to human health and the 

environment. 

2.7. Corrosion inhibition in acidic media 
Inhibitors that inhibit the corrosion of metallic materials in an acidic environment are typically 

organic species that form an adsorbed 2-D layer based on the above-mentioned corrosion inhibitor 

classifications [158]. Organic corrosion inhibitors are effective because they contain both 
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hydrophilic and hydrophobic moieties. With varying lengths of carbon numbers, these molecules 

typically have a hydrocarbon chain attached to a polar or ionic head group. The mechanism by 

which these inhibitors reduce corrosion is not fully understood, but it is thought that the polar 

molecule group allows surface water molecules to be displaced (Figure 2.10) [159], which relies 

on its polarizability and electron density [158]. The polar head and hydrocarbon tail of corrosion 

inhibitors work together to facilitate adsorption onto the metal surface from an aqueous solution. 

The concentration of the inhibitor plays a crucial role in its effectiveness. At low concentrations, 

the inhibitor adsorbs onto the steel surface in a parallel or inclined orientation [160]. As the 

concentration increases, the hydrophobic tail groups extend into the aqueous phase, allowing for 

more surfactant molecules to be accommodated and increasing the surface coverage. 

 

 

Figure 2.10: The action of inhibitor molecules on steel pipe wall corrosion is depicted 

schematically, with examples of some of the chemical fragments for each part of the inhibitor 

[159] 

 

At the critical micelle concentration (CMC), a monolayer distribution of the inhibitor is formed. 

The tail groups are arranged parallel to each other and perpendicular to the metal surface [160], 

which becomes hydrophobic. McMahon [161] showed that the adsorption of inhibitor molecules 

(e.g., oleic imidazoline) on steel produces a hydrophobic surface with no water affinity. This 

creates a waterproof barrier between the corrosive aqueous phase and the steel pipe.  
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Ramachandran et al. [162, 163] studied the inhibition of iron corrosion by a series of imidazoline 

derivatives and proposed a self-assembled monolayer mechanism for corrosion inhibition. This 

model suggests the following criteria for an effective inhibitor molecule: 

• Adequate solubility and inhibitor conveyance rate from solution to the surface 

• The surfactant headgroups strongly bind to the metal surface 

• Self-assembly of headgroups forming a thick and orderly layer  

• Hydrocarbon tail self-assembly to form a hydrophobic barrier 

In terms of organic corrosion inhibitor bonding, these inhibitors are said to adsorb onto the metal 

surface via physical, chemical, or a combination of the two [158]. 

2.8. Corrosion inhibition of near-neutral solutions 
Because of the corrosion cycle mechanisms variations between acid and near-neutral solutions, the 

inhibitors used in acid solutions typically have little to no inhibition effect in near-neutral solutions. 

The inhibition activity in acid solutions is due to the adsorption on metal surfaces free of oxides. 

The principal cathodic mechanism in these media is the evolution of hydrogen. The corrosion cycle 

of metals results in sparsely soluble surface materials, such as oxides, hydroxides, or salts, in 

almost neutral solutions. The partial cathodic reaction is the reduction of O2. In near-neutral 

aqueous solutions, inorganic or organic compounds and chelating agents are used as inhibitors. 

Inorganic corrosion inhibitors may be classified according to their modes of action: 

1. The metallic content is self-passivated by oxidizing agents such as chromates and nitrites. 

Maintaining the concentration of these inhibitors above a safety level is crucial. If not, the 

oxidizer can cause severe corrosion due to pitting or localized attack. 

2. Carbonate precipitation on metal surfaces forms a protective film. This typically occurs due to 

Ca2+ and Mg2+ ions commonly found in polluted waters. 

3. Protective film formation and maintenance can be achieved by adding inorganic anions, such 

as polyphosphates, phosphates, silicates, and borates. 

4. The surface film’s protective properties are modified by adding Ni2+, Co2+, Zn2+, or Fe2+. 

Organic acid sodium salts such as benzoate, salicylate, cinnamon, tartrate, and azelate can 

substitute inorganic inhibitors, particularly in ferrous solutions. When such compounds are used 

in solutions containing other anions, such as chlorides or sulfates, the concentration of inhibitors 
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required for successful defence may depend on the aggressive anions’ concentration. Therefore, 

instead of the critical concentration, the critical pH value for inhibition must be considered [164]. 

2.9. Adsorption process  
Adsorption is a mechanism that allows a molecule (adsorbent) to reach the surface (adsorbent), 

resulting in the molecule being held close to the surface. The bonding mechanism involved in the 

adsorption process is distinguished from its physical origin [165, 166]. Adsorption is classified 

into two types based on the strength of the interaction between the adsorbate molecules and the 

adsorbent: 

2.9.1. Chemical adsorption (chemisorption) 

Chemisorption occurs due to the binding/attraction of the molecule-metal surface interface marked 

by a covalent chemical bond between the inhibitor and the surface of the metal. During this 

adsorption process, the electronic structure of the chemisorbing molecule dramatically changes. 

Chemisorption binding is the creation of a shared pair of electrons with the metal surface from 

inhibitor molecules. As such, a transfer of electrons leaves the inhibitor molecule with a formal 

positive charge. Although the receiver (metal) may have orbitals for more than one pair of 

electrons, it is unlikely that more than one electron pair will be donated per molecule. A short 

equilibrium distance between the adsorbate and substrate occurs during chemisorption. Hence, the 

van der Waals forces are not dominant in such surface systems. 

2.9.2. Physical adsorption (physisorption) 

Physisorption involves weak adsorbate-substrate interactions, such as the two substituents’ 

polarization or van der Waals interactions. Therefore, no significant chemical changes arise from 

the adsorption process on the adsorbent’s chemical composition (i.e., no exchange of electrons is 

observed) [158, 167]. Thus, physisorption is easily reversible since no permanent bonds are formed 

between the adsorbate and the surface. The energy interaction comparable to the vaporization heat 

(condensation) is characteristic of physisorption adsorption. The standard binding energies of 

physisorption are a few kcal/mole at most [168]. Among the most important parameters for 

effective corrosion inhibition are the surface coverage and the strength of the inhibitor binding to 

the substrate. Usually, it is assumed that inhibitors must adhere to a more significant proportion of 

active surface sites to protect the metal properly. The fraction of the corrosion inhibitor’s metal 
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surface may be connected to the bulk solution’s inhibitor concentration [158]. The surface 

coverage typically rises as the concentration of the inhibitor increases [169]. 

The adsorption degree depends on the adsorbate and adsorbent’s nature, activation of the 

adsorbent, adsorbent surface area, and experimental conditions such as temperature, pressure, etc. 

The adsorption mechanism is commonly analyzed through graphs known as the isotherm of 

adsorption. This is the sum of adsorbate on the adsorbent as a function of its pressure or 

concentration at a constant temperature. The adsorbed quantity is almost always normalized by the 

adsorbent’s mass so that different materials can be compared [170]. In 1916, Irving Langmuir 

published a new isothermal model for solid-adsorbed gases, the Langmuir adsorption isotherm 

[171, 172]. It is a semi-empirical isotherm derived from the proposed kinetic mechanism. This 

isotherm is believed to occur between adsorbed gaseous molecules and free gaseous molecules 

under several different conditions. The isotherm is based on various assumptions: only a 

monolayer is formed at maximum adsorption so that adsorbent molecules do not deposit on the 

other adsorbent molecules that are already adsorbed but adsorb only on the free adsorbent surface; 

adsorbent molecules do not interact with each other; the adsorbent surface is uniform, meaning 

that all adsorbent sites are equivalent; and all adsorption occurs through the same adsorption 

mechanism [170]. Irving Langmuir proposed that the mechanism of adsorption takes place through 

the following equation: 

                                               𝐴 (𝑔) +  𝐵 (𝑠) ⇌
𝐷𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛

𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛

𝐴𝐵                                                        (7) 

A is the unadsorbed gaseous molecule, B is an unoccupied metal surface, and AB is the adsorbed 

gaseous molecule. The direct and inverse rate constants are k and k-1. According to the Langmuir 

adsorption mechanism, the surface coverage (θ) and concentration of the inhibitor (Cinh) in bulk 

solution are related by the following equation: 

                                                         𝜃 =
𝐾𝐶

1+𝐾𝐶
                                                       (8) 

K is the equilibrium constant of adsorption, θ is the fractional surface coverage, and C is the 

inhibitor concentration in solution. It is often suggested that the fractional surface coverage (θ) 

may be directly linked to a corrosion inhibitor’s inhibition efficiency. Still, the validity of this 

statement is largely untested and therefore questionable. In addition, assuming monolayer 
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coverage for good inhibition efficiency is debatable, and it may be that the inhibited surface is 

covered by θ < 1 monolayer or multiple layers (e.g., a bilayer). Other standard adsorption isotherms 

include the Freundlich [173], Frumkin [174], and Temkin [175] adsorption isotherms, amongst 

others.  

Inhibitors adsorption blocks the active sites on the metal surface, thereby restricting the corrosion 

process; this is one possible mechanism for inhibiting corrosion. The adsorption of a substance on 

the metal surface involves its build-up at the connection between two phases, like the liquid and 

solid interface or the gas and solid. At the interface, the molecule that builds up, or adsorbs, is 

known as adsorbate, and the adsorbent is the solid on which the adsorption process occurs. 

Desorption is a reverse process by which the inhibitor molecules desorb (i.e., detach) from a solid 

or liquid surface to a gas or liquid [176]. As mentioned above, there are two significant forms of 

adsorption: chemical adsorption and physical adsorption. Polar groups in molecular structures that 

can adsorb heavily into the metal surface or react to the surface corrosion product to form a 

protective layer promote most organic inhibitors’ adsorption. The adsorption of organic molecules 

at the interface between metal and solution is significant in surface chemistry and can significantly 

alter metals’ corrosion-resistant properties [177]. Below are some crucial factors influencing the 

inhibitor molecules’ adsorption and inhibition efficiency on the metal’s surface.  

2.9.3. Interaction of the inhibitor with water molecules 

The propensity of an adsorbent molecule depends on its water affinity in contrast with its 

adsorption affinity. Organic inhibitors can be adsorbed by displacing adsorbed water molecules on 

an electrode/electrolyte interface on the electrode’s inner Helmholtz plane, as shown in the 

equation below [178]. 

                                   𝑂𝑟𝑔(𝑠𝑜𝑙) + 𝑛𝐻2𝑂(𝑎𝑑𝑠)  →  𝑂𝑟𝑔(𝑎𝑑𝑠)  +  𝑛𝐻2𝑂(𝑠𝑜𝑙)                           (9) 

In this equation, n represents the number of water molecules that are adsorbed for each inhibitor 

molecule extracted from the metal surface, and Org(sol) and Org(ads) represent the organic 

inhibitor molecules in the electrolyte and the adsorbed inhibitor molecules on the metal surface, 

respectively [179]. The adsorption of organic inhibitor molecules onto the metal surface is driven 

by the higher energy of interaction between the metal and the substrate compared to the metal and 

water molecules. 
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2.9.4. Influence of surface charge on the metal  

The adsorption of corrosion inhibitors onto the metal surface may be driven by electrostatic forces, 

which attract ionic charges or dipoles on the adsorbed species and electric charges on the metal at 

the metal-solution interface. The charge on a metal surface is often expressed in terms of its 

potential relative to the zero-charge potential, which is more relevant to adsorption than the 

potential on the hydrogen scale. The signs of these two potentials may differ. As the potential of a 

metallic surface becomes more positive, anion adsorption is favored, and as the zero-charge 

potential becomes more negative, cation adsorption is favored. At zero-load potential, the electrode 

has no ion-double layer and adsorbs substances dissolved in the electrolyte. In cases of potential 

variations in the ionic double layer, an electrode’s ability to adsorb organic molecules is decreased. 

This is because the field pulls organic molecules from the metal surface into water molecules with 

a high dielectric constant. Thus, an electrode’s adsorbent power is below the zero-charge potential 

at its limit [180].  

2.9.5. Influence of molecule structure and functional group  

Inhibitors may also bind to metal surfaces by transferring an electron to the metal to form a 

coordinate bond type. This process is favored by the presence of vacant low-energy electron 

orbitals, which are commonly found in transition elements/metals. The availability of loosely 

bound electrons in anions and neutral organic molecules containing lone pairs or multiple bonds 

(e.g., triple bonds or aromatic rings) promotes electron transfer from adsorbed species. At the 

functional group, the electron density decreases as the inhibitive capacity increases in various 

compounds. As a result of the easy transfer of electrons, the strength of the coordinate bonds forms 

increases, resulting in greater adsorption of the inhibitor on the surface of the metal [181]. 

2.9.6. Changes in the electrical double layer  

One of an inhibitor’s effects is created by altering the electrical double-layer structure at the 

interface between metal and solution. The electrostatic adsorption of ionized inhibitor molecules 

or species causes this effect. An inhibitor’s introduction into the electric double layer causes the 

alteration of its structure and composition. The presence of inhibitor molecules on the metal 

surface can affect the electric double layer by inducing changes in the dielectric properties of the 

water molecules in the layer. This can alter the orientation of the water molecule dipoles, leading 

to a decrease in the dielectric constant and double-layer capacitance. The decrease in double-layer 
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capacitance may be due to the reduced electrolyte area resulting from the formation of an inhibitor 

film [182].   

2.10. Synergism of corrosion inhibitors  
Some corrosion inhibitors with decent inhibitory ability have been widely criticized for their 

environmental problems or high costs. The use of environmentally friendly inhibitors that do not 

interrupt environmental equilibrium or adversely affect human health has increased. This class of 

inhibitors has been classified by Ivusic et al. [183] on an ad hoc basis as green inhibitors (plant 

extracts). The use of corrosion inhibitors is no longer just about their ability to prevent metal 

corrosion. The effectiveness of the inhibitor is now also a key consideration. The effectiveness of 

an inhibitor can be grouped into three categories based on the inhibition efficiency they can 

provide, which can either be poor (those with %IE < 40), moderate (those with %IE between 40 

and 69), and excellent inhibitors (those with %IE > 70). To address the problems of poor or 

moderate inhibitor’s ability and exorbitant prices in recent years, corrosion scientists have taken 

steps to find substances that may have synergistic effects when combined with the inhibitor. Such 

a combination should decrease the price of inhibitors or increase their efficiency [184]. Synergism 

is a nonlinear cumulative effect observed when two or more substances combine to create a 

sequential or complementary impact more significant than either of which would have manifested 

on their own. That effect is referred to as a “synergistic effect” [185, 186]. Synergism is one of the 

most significant effects in the inhibition mechanism, and it is regarded as the basis for most modern 

anticorrosion formulations [187, 188]. It is also essential in improving inhibitors’ ability to inhibit, 

minimize waste or use of individual compounds and diversify the use of inhibitors in corrosive 

media [189]. Corrosion scientists must recognize, explore and apply synergy in complex corrosive 

media. Aramaki and Hackerman [190] assessed the effect in terms of synergism parameter (Sθ) as 

follows: 

                                                                  𝑆𝜃 =
1−𝜃1,2

1−𝛳′
1,2

                                                               (10) 

where 𝜃1,2 = (𝜃1 + 𝜃2) − (𝜃1𝜃2), 𝜃1 is the surface coverage by inhibitor, 𝜃2 is the surface 

coverage by the additive and 𝜃′
1,2 is the surface coverage measured for the combination of the 

inhibitor and the additive. When the value of Sθ is greater than unity (Sθ > 1), it implies the 

existence of a synergistic inhibition effect between the two substances or inhibitors, and when Sθ 
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is less than unity (Sθ < 1), it is an indication that the synergistic effect is not significant. While if 

Sθ is equal to 1 (Sθ = 1), there is no synergistic effect between inhibitors. 

Plant extracts can be considered multi-component inhibitors because they have more than one 

molecule capable of inhibiting corrosion. It is essential to investigate their synergistic effect to 

determine each molecule’s contribution to the metal surface coverage and inhibition efficiency. 

2.11. Plants extracts as corrosion inhibitors  
Plants undergo several metabolic and biochemical processes during development, forming and 

accumulating various chemical substances that shape the plant’s chemical composition [191, 192]. 

A plant extract is a material with unique properties typically obtained from a plant’s tissues by 

treatment with a solvent for a particular reason [193]. Plant extracts are complicated and often 

contain several different chemical compositions in different plant sections [194-196]. Plant 

metabolites range from alkaloids, tannins, flavonoids, saponins, terpenes, glycosides, etc. They 

have a wide range of heterogenic atoms such as sulfur, phosphorous, nitrogen, aromatic tendencies, 

pi and sigma connections (double and triple bonds), etc. These plant metabolites have a strong 

surface binding tendency. They can displace water molecules concentrated on the metal surfaces 

and create a film barrier that prevents corrosive agents from attacking the protected (metal) surface  

[14, 197-199]. Parts of the plants that control corrosion include seeds, flowers, fruit, leaves, etc. 

Natural products such as plant extracts are entirely biodegradable, non-toxic, and readily available 

[170]. Tannic acid is regarded as one of the most effective and well-known plant extracts used as 

a corrosion inhibitor to treat rusted iron [200]. It is found in various plant materials and can be 

extracted commercially from oak, sumac, and willow galls. It is also found in about one-third of 

the flowering plant families, fungi, brown seaweed, green algae, mosses, and ferns [201]. Tannic 

acid prevents corrosion by forming a protective layer with corrosion-inhibiting properties by 

reacting with metallic iron or rust and precipitating ferric tannates, as illustrated in Figure 2.11 

[202].  
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Figure 2.11: Schematically illustration of carbon steel corrosion process in a corrosive 

environment with tannic acid as a corrosion inhibitor [202] 

Plant-derived oils can also be used as corrosion inhibitors. These include carboxylic acid salts 

extracted from colza, palm, and sunflower are some of the most well-known vegetable oils that 

have been studied for the conservation of metals such as copper, iron, and lead alloys [203]. The 

most common classification for these inhibitors is surfactant-type corrosion inhibitors. 

The literature review also reveals the use of Moringa oleifera gum exudate  [204], Hibiscus 

sabdariffa [205], Argemone Mexicana [206], and other plants as environmentally friendly 

corrosion inhibitors in neutral and acidic media, as they cover organic compounds with higher 

electron density in hetero atoms. The use of phytochemicals as corrosion inhibitors can be traced 

back to the 1960s, when tannins and their derivatives were used to protect steel, iron, and other 

metals from corrosion. In 1973, Srivatsava and Sanyal studied caffeine and nicotine’s effect on 

mild steel corrosion in neutral media as an effective inhibitor [35].  

Haida et al. [207] identified Cistus monspeliensis plant as a potent antioxidant and corrosion 

inhibitor. Extracts from the plant were obtained through maceration in a mixture of water and 

acetone solvents. The extracts were then subjected to phytochemical testing to determine their 

composition. The antioxidant capacity of the extracts was assessed using two methods: the DPPH 

reduction test and the FRAP test. EIS and PDP were used to investigate the extract's ability to 

inhibit corrosion. The results showed that the extract, with a yield of 27.6%, contains phenolic 

compounds, flavonoids, saponins, tannins, reducing sugars, and glycosides. The extract had an 

antioxidant potential similar to ascorbic acid, with an inhibition concentration of 0.077 mg/mL and 

0.102 mg/mL for the DPPH and FRAP tests, respectively. Tafel plots showed that the extract was 

an effective inhibitor of cathodic reactions, with maximum inhibition of 92% achieved at 298 K 
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with 0.25 g/L of the inhibitor. The impedance plot was characterized by a single capacitive loop, 

indicating that the inhibitor works by adsorbing onto the metal surface and forming a protective 

film that inhibits corrosion of ordinary steel. 

Odidika et al. [208], in 1 M H2SO4 solutions with ethanol extract of Commelina benghalensis 

leaves, have determined the corrosion inhibition of mild steel using the gravimetric technique. The 

extract was analyzed phytochemically, and its concentration effect, temperature, time of 

immersion, and acid concentration were determined on the corrosion cycle. The extract’s corrosion 

inhibition efficiency increased with an increase in the extract concentration and decreased with the 

temperature rise. The corrosion rate of mild steel increased with an increase in the temperature of 

the H2SO4 solution with and without various concentrations of the extract. Adsorption isotherms, 

Langmuir and Freundlich, were the isotherms followed by the extracts. The inhibition efficiency 

trends with temperature indicated a physical adsorption mechanism and measured Gibbs free 

energy, activation energy, and enthalpy of adsorption values. The amount of %IE of the plant 

extract has been assigned to the plant-derived phytochemical constituents.  The study also showed 

that Commelina benghalensis could serve as a strong mild steel corrosion inhibitor in an acid 

medium. It reached a corrosion inhibition efficiency of 91.91% at a concentration of 2.0 g/L 

extract. 

Sivakumar and Srikanth [209] performed a comparative analysis of the inhibitory effect of 

different sections of the Mimusaps Elangi (ME) plant extract (leaves, fruits, barks, seeds) on the 

mild corrosion of 1 N HCl medium by weight loss, PDP and EIS. Polarization studies have shown 

that plant extracts act as mixed inhibitors. The weight loss approach has demonstrated that ME 

extracts inhibition efficiency increases in a concentration-dependent manner, which 

electrochemical techniques tests have also confirmed. Maximum inhibition efficiency for ME 

leaves extract was found at a concentration of 20 ppm to be 98.50%. The surface coverage values 

were graphically tested for appropriate adsorption. Temperature studies revealed a decrease in 

inhibition efficiency with temperature increase, suggesting a mechanism for physisorption. 

Essential oils isolated from the aerial parts of the Artemisia herba-alba plant were hydrodistilled 

by Boudalia et al. [210], and their chemical composition was studied using capillary gas 

chromatography and gas chromatography-mass spectrometry. The main extracted components 

were 1,8-cineole (35,6%) and camphor (24,1%). Using PDP, EIS, and SEM studies, the oils were 
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tested as a stainless-steel corrosion inhibitor in 1 M H3PO4. The results of this study suggest that 

Artemisia essential oils can reduce the rate of corrosion. The Tafel polarization approach indicated 

that the plant extract acts as a mixed-type inhibitor, and the efficiency of inhibition increased with 

the concentration of the inhibitor, reaching a maximum of 88% at 298 K and 1 g/L of oil. Nyquist 

diagrams obtained from impedance studies also confirm the anti-corrosive effects of the plant. The 

temperature effect on the corrosion of stainless steel in 1 M H3PO4 without and with Artemisia 

herba-alba oil at 1 g/L was studied in a range of 298 to 353 K. The thermodynamic parameters 

suggest that the adsorption process is spontaneous and exothermic, supporting the mechanism of 

physical adsorption. The experimental evidence fits well with the Langmuir adsorption isothermal 

model. 

Ogunleye et al. [211], using gravimetric, depth of attack, and surface analysis techniques, 

investigated Luffa cylindrica leaf extract’s corrosion inhibition. The effect of inhibitor 

concentrations, temperatures, and immersion time on the extract’s inhibition efficiency on mild 

steel immersed in a 0.5 M HCl solution was observed. The proposed inhibitor’s constituents were 

identified using gas chromatography-mass spectroscopy. Using an FT-IR spectrophotometer, the 

media solutions and adsorbed film on MS have been described. 

The ethanol extract of Musa sapientum peels (banana) was used by Eddy and Ebenso [212] as a 

corrosion inhibitor of mild steel. Classical Langmuir and Frumkin adsorption models showed that 

the inhibitor worked by adsorbing onto the MS surface. The physical adsorption process 

description was consistent with the inhibitor’s adsorption properties. Musa sapientum peels’ 

inhibitory effects were primarily regulated by temperature, immersion time, pH, potential 

electrodes, and inhibitor concentration.  

Singh [213] studied Adhatoda vasica extract’s inhibition effect in an aqueous solution of 0.5 M 

H2SO4 on mild steel corrosion and its corrosion inhibition mechanism by weight loss, 

potentiodynamic polarization, and electrochemical impedance spectroscopy. Adhatoda vasica’s 

inhibition efficiency of mild steel corrosion in 0.5 M H2SO4 solution increased with an increase in 

concentration and decreased with an increase in temperature. The PDP measurement results 

showed that the extract acted as a blended type of inhibitor, and Langmuir isotherm was found to 

be best suited to the adsorption of the extract on a mild steel sheet. 
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The inhibition effect of the Garcinia Mangostana fruit pericarp acid extract on mild steel corrosion 

was studied in HCl. The study shows that the corrosion inhibitor extract’s efficacy increased with 

the inhibitor dosage and decreased as the temperature increased. Electrochemical parameters 

indicated a mixed but predominantly cathodic mode of inhibition. Kumar et al. [214] proposed 

that the metal surface’s adsorption was due to heteroatoms in the extract’s organic components. 

Cocos nucifera, palmyra palm (Borassus flabellifer Linn.) shell, and coconut shell extract were 

studied for their ability to inhibit the corrosion of mild steel by Vijayalakshmi et al. [215]. The 

researchers used mass loss, polarization, and electrochemical impedance techniques to evaluate 

the effectiveness of the extracts as inhibitors. The results showed that the extracts acted as strong 

inhibitors for the corrosion of mild steel. The inhibitor adsorption on the MS surface was random, 

endothermic, and consistent with the assumptions of the Langmuir adsorption isotherm. 

Electrochemical measurements indicated that the extracts acted as mixed-type inhibitors. 

Okafor et al. [216] used weight loss and Gasometric techniques to investigate the inhibitory action 

of Azadirachta indica leaves, roots, and seed extracts on the corrosion of mild steel in H2SO4 

solutions. They found that the inhibition efficiency increased with both the concentration and 

temperature of the extracts. The researchers proposed a mechanism for the chemical adsorption of 

the phytochemical components of the extracts onto the metal surface. The experimental data were 

consistent with the Freundlich adsorption isotherm. 

Ekanem et al. [217] studied the inhibition properties of Pineapple leaf extract on a mild steel 

surface in the HCl system by gravimetric and hydrogen gas evolution at a temperature range of 

30-60 °C. Weight loss studies revealed that pineapple leaf extract protects mild steel from 

corrosion using a concentration and temperature-dependent model. They also studied the corrosion 

inhibition mechanism of the Langmuir adsorption model. 

Satapathy et al. [218] researched the methanol extract of Justicia gendarussa leaves in the HCl acid 

medium for the inhibition of MS corrosion. The authors used the gas chromatography-mass 

spectrometric technique to classify the organic compounds present in the methanol extract. The 

findings showed that the compounds in the methanol extract were difficult to isolate because most 

of the compounds’ retention times were similar. Electron spectroscopy was used for chemical 

analysis and atomic force microscopy to obtain film formation details on a mild steel specimen’s 

surface. 
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The use of natural plant extracts as corrosion inhibitors for metals has gained significant attention 

in recent years due to their environmentally friendly and cost-effective nature. In a study, the 

inhibitory action of leaves, seeds, and a combination of leaves and seeds extracts of the Phyllanthus 

amarus plant were tested on the corrosion of mild steel in HCl and H2SO4 solutions. The results 

showed that the extracts functioned as strong inhibitors in both conditions, and their inhibition 

efficiency improved with an increase in the inhibitor concentration. Temperature studies also 

showed that the inhibition efficiency improved with an increase in temperature, and the activation 

energy decreased in the presence of the extract. The researchers proposed a mechanism of chemical 

adsorption of plant components onto the metal surface to explain the inhibition behavior. The 

Temkin isotherm was used to model the adsorption properties of the inhibitor on the surface of the 

metal [35]. 

Using gravimetric and electrochemical methods, Singh et al. [219] extracted natural chemicals 

from Piper Longum Fruit and studied their corrosion inhibition action on mild steel surfaces in a 

1 M HCl environment. Results of weight loss showed that plant extract molecules’ inhibition 

properties depend mainly on their concentration, time, and temperature. The Tafel plot showed 

that plant extracts could prevent mild steel corrosion through a mixed-type inhibition mechanism. 

Scanning electron microscopy, Fourier infrared spectroscopy, and dispersive X-ray spectroscopy 

techniques confirmed the protective layer formed on a mild steel sheet.  

Vijayalakshmi et al. [220] investigated the inhibitive effect and adsorption properties of the petiole 

extract produced by the destructive distillation of Cocos nucifera for mild steel corrosion at 0.5 M 

H2SO4 and 1 M HCl. The constant values of Tafel βa and βc confirmed that the extract of coconut 

palm petiole acts as a mixed inhibitor. The inhibitor adsorption on a mild steel surface was 

spontaneous, endothermic, and consistent with Langmuir adsorption isotherm assumptions.  

The corrosion inhibition action of alkaloids extracted from the Annona squamosa plant for C38 

steel was demonstrated in 1 M HCl solution. PDP and AC impedance were used to test the anti-

corrosion action of the extract. It was found that inhibition of corrosion efficiency increased as the 

concentration of plant extracts increased. PDP studies have shown that extracts from Annona 

squamosa are a mixed-type HCl corrodent inhibitor. The experimental results predicted that the 

corrosion inhibition efficiency of Annona squamosa extract is temperature-dependent and 

increases the corrosion activation energy. This revealed the physical adsorption of the corrosion 
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inhibitor molecules present in the extract on the metal surface. The Langmuir adsorption isotherm 

was discovered to be the preferred adsorption model, and the extract's inhibitive effect was 

attributed to the presence of organic compounds in it. The study also discovered that the extract 

was not cytotoxic [221]. 
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2.12. Description of L. javanica 
Common names: Fever tea (English), Lemoenbossie (Afrikaans), Umsuzwane (Zulu), Inzinziniba 

(Xhosa), Musukudu (Tswana), Musuzugwane (Tshivenda) 

Scientific name: L. javanica 

Domain: Eukaryota  

Genus: Lippia 

Class: Asteridae   

Species: Javanica 

Family: Verbenaceae  

Order: Lamiales 

Kingdom: Plantae 

Phylum: Magnoliophyta  

Subphylum: Magnoliopsida,  

L. javanica was previously classified as a member of the Lamiaceae family [222], but it is now a 

Verbena or Verbenaceae family member. There are over 200 species of Lippia, ranging from 

shrubs and herbs to small trees [223]. L. javanica (f. Burm.) Spreng (Fever Tea), a species of 

interest for this study, is an upright, multi-stemmed, woody bush  [224] with high aromatic leaves 

that emit lemon fragrance when compacted [222]. Lippia is distinguished among the genera by the 

two sepals, which are 2-4 toothed in general. Three or four petals, four stamens, and an ovary are 

found in these plants, which have two chambers and one ovule per chamber. The margins of the 

leaves on both sides are finely dense and hairy, while the flowers are creamy-white, clustered 

together in a thick circular spike at the tip of the stem, and the seeds are tiny brown nuts. The fruits 

are small, dry and located at the base of the flower clusters. When looked at in cross-section, the 

stems appear to have a square shape. The plant is said to be one of the most aromatic of the 

indigenous shrubs of South Africa [222, 225-227]. Six indigenous Lippia species have been 

identified in South Africa and are widespread throughout the country, except for the Western Cape 

[227]. They grow from the Eastern Cape northwards, extending to tropical Africa, including 
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Swaziland, Botswana, Malawi, Mozambique, Kenya, Tanzania, and Zambia [228]. They can be 

grown from seeds but can also be quickly grown from cuttings of different plant sections. They 

proliferate in open fields, bush and forest edges, preferably in sunny areas. Generally, the genus 

Lippia appears to have a clear chemical composition and pharmacological activities [227]. The 

most common use of Lippia species is in the treatment of respiratory disorders. Various sections 

(leaves, twigs, and sometimes roots) of the plant are used for multiple purposes. Infusion from its 

leaves is widely used in Africa as a tea to treat colds, coughs, bronchitis, and fever. It also treats 

conditions such as chest ailments, stomach problems, measles, flu, malaria, rashes, and headaches 

[226, 229-232]. Zulu people also use cold infusions of plant leaves to treat gangrenous rectitis. 

The Xhosa people combine weak leaf and stem infusions to treat colds, coughs and bronchial 

diseases. It is also helpful for managing skin conditions, scalp infections, scabies and disinfecting 

anthrax-infected meat. In West Africa, leaves and roots are used for fever, headache, and skin 

diseases. Zimbabweans use the leaves for asthma, headaches, fever, respiratory issues, and 

seizures. While Batswana use the plant’s roots for bronchitis, sore eyes, and food poisoning. 

Vhavenda people use leaf infusions for respiratory and febrile diseases and prophylactics against 

dysentery, diarrhoea, and malaria [227, 231]. The plant contains a high concentration of volatile 

oils, including ipsdenone, limonene, cariophyllene, carvone, sabinene, linalool, piperiteone, p-

cymenone, myrcenone, ocimenone, tagetenone [224, 233-236], some of which are used in the 

production of fragrances. Research by Viljoen et al. [224] has shown that L. javanica essential oil 

profiles are characterized by interspecies and intraspecies variations due to different metabolic 

production pathways. The plant is also used ritually in cleansing ceremonies when someone has 

been in contact with a corpse and also for protection against dogs, crocodiles, and lightning strikes 

[224, 227, 237]. Because there have been no reports of L. javanica extracts being used as anti-

corrosive agents in the literature to date, it can be deduced that the plant could be used as a potential 

corrosion inhibitor against metal corrosion because it contains a diverse range of molecules that 

may act as effective inhibitors. They are non-toxic, eco-friendly, low-cost, easily accessible, and 

renewable. Therefore, this study aims to extract different chemical compounds from L. javanica 

leaves and test their potential to prevent the corrosion of precious everyday metals (Al, Zn, and 

MS) in an acidic solution. 
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2.13. Understanding corrosion inhibition through computational 

models 
Experimental surface chemistry techniques can provide detailed information about the atomic 

bonding between the metal surface and molecules of interest [238]. However, uncovering such 

information can be challenging and the data obtained may not always be sufficient to fully 

understand the mechanisms of interaction. Atomistic simulation techniques can be useful in 

complementing experimental results, particularly for complex systems, to provide deeper insight 

into the behaviour of molecules adsorbed on the surface [239-241]. The computational simulation 

approach is the most widely utilised method for gaining insight into the atomistic information 

related to metal surface molecule interactions. Computational simulations are divided into three 

categories: those that utilise classical mechanics methodology, those that utilise quantum 

mechanics approaches, and those that combine classical mechanics approaches and quantum 

mechanics approaches. In the next subsections, a detailed review of methods that utilise the 

classical approach and quantum approaches to understanding surface molecule interactions are 

reviewed. 

2.13.1.  Molecular mechanical methods  

Molecular mechanics (MM) is a computational method that is based on the laws of classical 

mechanics for structure and property prediction. It is characterized by a “force field” that enables 

the measurement of the potential energy surface for a particular arrangement of atoms of a 

molecule under study [242]. MM aims to find the lowest energy structure, i.e., the equilibrium 

geometry of the molecule. According to MM, a molecule is composed of atoms that are 

interconnected by various interatomic forces [243]. The bonded atoms in these molecules are 

modelled as balls constrained by springs (bonds). The electrons around the nucleus and the nucleus 

itself are treated as a perfect sphere. The force fields associated with each spring are used to 

calculate the molecules potential energy. A force field is a set of equations and associated constants 

designed to reproduce molecular geometry and the selected properties of the structures studied. It 

is used in MM simulations to determine the potential energy of the atomic system or the coarse-

grained particles [244]. The energy of the molecule can be calculated via the mechanic’s force 

field as shown in Equation (11) below; 
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𝐸𝑠𝑡𝑒𝑟𝑖𝑐 = ∑ 𝐾𝑟(𝑟 − 𝑟𝑒𝑞)
2
+ ∑ 𝐾𝛳(𝛳 − 𝛳𝑒𝑞)

2
+ ∑

𝑉𝑛
2

[1 + 𝑐𝑜𝑠(𝑛𝜙 − 𝛾)] +

𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠𝑎𝑛𝑔𝑙𝑒𝑠𝑏𝑜𝑛𝑑𝑠

 

∑ [
𝐴𝑖𝑗

𝑅𝑖𝑗
12 −

𝐵𝑖𝑗

𝑅𝑖𝑗
6 +

𝑞𝑖𝑞𝑗

𝜀𝑅𝑖𝑗
] + ∑ [

𝐶𝑖𝑗

𝑅𝑖𝑗
12 +

𝐷𝑖𝑗

𝑅𝑖𝑗
10]

𝐻−𝑏𝑜𝑛𝑑𝑖𝑛𝑔𝑛𝑜𝑛−𝑏𝑜𝑛𝑑𝑖𝑛𝑔

                                                               (11) 

 

The potential functions are based on experimental parameters, which includes the force constants 

and equilibrium values. In a given force field, the potential energy function is the sum of each of 

the functions for bonding, bending of angles, torsional energies and non-bonding interactions 

(Figure 2.12) [242, 245].  

 

Figure 2.12: Schematic representation of the various molecular mechanical force field 

contributions; bending of angle, bond stretching, torsional terms, and non-bonded interactions 

(Figure adapted from reference [246]) 

The force field approach to molecular modelling provides no insight into processes involving 

bond-making or bond-breaking which are all chemical processes. The bond formation mechanism 

will be investigated in the current study and, as the force field approach does not take into account 

bond formation, it will not be used in this study. This can only be done by quantum mechanical 

(QM) or semi-empirical methods [247]. The method is also restricted by parameters of equations 

(i.e. it requires a different force-field for different types of atoms), and it is also not applicable for 
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electronic properties as it ignores the motion of electrons and only calculates the potential energy 

of the system as a function of nuclear position. However, its advantage is that it requires less 

computational time as compared to quantum mechanics and it is widely used to give accurate 

structures and energies for molecules [248]. 

2.13.2. Quantum mechanics methods 

Quantum Mechanics (QM) approach is the mathematical description of electronic behaviour 

within a system of interest and employs the laws of quantum mechanics to predict the geometry 

and properties of atoms or molecules. In principle, QM can be employed to predict the 

characteristics of an atom or molecule reliably. QM equations have only been precisely solved for 

a one-electron system. A multitude of methods has been developed to estimate the solution for 

multiple electron systems [249]. Quantum mechanics approaches the study of chemistry by 

assuming that the behaviour of a molecule can be fully understood in terms of the interactions 

between the electronic charges within the molecule. Unlike MM, the quantum model assumes that 

molecules are composed of both electrons and nuclei. This allows for a more accurate description 

of the behaviour of molecules at the atomic level [250]. Such electronic methods are defined either 

by the way the wavefunction is approximated, and the Schrödinger equation is solved or by the 

methodology used to determine the electron probability density. The Schrödinger equation is 

regarded as the most fundamental equation in the field of QM. By solving the Schrödinger equation 

for multi-body systems, both dynamic properties such as adhesion and diffusion, and static 

characteristics, such as geometric configurations or vibrational frequencies can be satisfied and are 

vital when studying chemical reactions. However, it is difficult to solve the Schrödinger equation 

analytically, except for the most trivial of systems, due to the difficulty of multi-body interactions.  

2.13.2.1. The Schrödinger equation 

Electrons exhibit a unique property known as wave-particle duality, which means that they cannot 

be fully described by classical mechanics. Instead, they must be studied using the principles of 

quantum mechanics. The Schrödinger equation, developed in 1926 by Erwin Schrödinger, is a 

fundamental equation in quantum mechanics that provides a basis for determining the 

wavefunction of any system [251]. The time-independent Schrodinger many-body equation is 

particularly important for studying the behavior of multiple particles in a quantum system, 

                           Ĥ (𝑟1, 𝑟2, 𝑟3, . . . ,  𝑟𝑁) 𝜓 (𝑟1, 𝑟2, 𝑟3, . . . ,  𝑟𝑁) =  𝐸 𝜓 (𝑟1, 𝑟2, 𝑟3, . . . ,  𝑟𝑁)                (12) 
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where  𝑟𝑁 is the three-dimensional position vector for particle N, 𝜓 is the many-body 

wavefunction, E is the total energy of the system and Ĥ is the Hamiltonian operator defined as the 

sum of the kinetic energy operator (T̂) and the electron-electron interaction potential energy 

operator (V̂) of the system:  

                                                                      𝐻̂ = 𝑇̂ + 𝑉̂                                                             (13) 

A key distinction of classical mechanics and quantum mechanics is that the latter is probabilistic, 

meaning that it can only predict the possibility of obtaining particles in a given location. According 

to the Schrödinger equation, the probability of finding all N particles simultaneously at positions 

(r1, r2, r3, . . . ,  rN) is given by |ψ(r1, r2, r3, . . . ,  rN)|2. This equation also provides the relationship 

between energy and nuclear coordinates, which is crucial for studying chemistry, physics, and 

other fields. However, most systems do not have an analytical solution to the Schrödinger equation, 

so approximations are often used to make it feasible to solve. When such approximations are 

applied to a system consisting of a set of atoms, they easily obtain their ground state energy. The 

Born-Oppenheimer approximation [252] is one of the most significant approximations in quantum 

mechanics. It allows for the separation of the nuclear and electronic motion in a molecule, enabling 

the Schrödinger equation solution for the electrons while treating the nuclei as fixed parameters. 

This is possible because the nuclei are much more massive than the electrons, making their 

quantum behaviour insignificant in many situations. However, solving the Schrödinger equation 

for multi-electron systems remains a complex task, requiring further calculations. 

2.13.2.2. Hartree-Fock (HF) theory 

The Hartree-Fock (HF) theory is an ab initio method for solving the Schrödinger equation in 

quantum mechanics. It is based on the approximation that the motion of each electron is 

independent of the others, allowing for a simplified treatment of the electron distribution in a given 

system. This approach, known as an isolated-particle model, is commonly used as a starting point 

for more advanced methods. The total wavefunction (𝜓) in the HF theory is expressed as a 

combination of individual electron orbitals, making it possible to describe the wavefunction of a 

system with N electrons according to the following equation [170]; 

                           𝜓𝑡𝑜𝑡𝑎𝑙 = (𝑟1, 𝑟2, 𝑟3, . . . ,  𝑟𝑁) = 𝜓1(𝑟1)𝜓2(𝑟2)………( 𝑟𝑁)                               (14) 
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where 𝜓𝑡𝑜𝑡𝑎𝑙 is the total wavefunction, 𝜓1, 𝜓2….𝜓𝑁 are the wavefunction for electrons 1, 2 … N, 

respectively. 𝑟1, 𝑟2, ….𝑟𝑁 are space and spin coordinates for electrons 1, 2, …N, respectively. 

One limitation of the above equation (12) is that it does not account for Pauli's exclusion principle, 

which states that fermions, such as electrons, cannot occupy the same quantum state [253]. This 

can be addressed by using a linear combination of wavefunctions to describe a system of N 

electrons, as shown in the following equation: 

                          𝜓𝑡𝑜𝑡𝑎𝑙(1,2, …𝑁) =
1

√𝑁!
∑(−1)𝑝 𝜓1(𝑘1), 𝜓2(𝑘2)………𝜓𝑁(𝑘𝑁)                     (15)     

In the HF theory, the normalization factor 
1

√𝑁!
 ensures that the wavefunction is properly 

normalized, while the factor  (−1)𝑝 accounts for the sign of the wavefunction. This factor ensures 

that the sign of the wavefunction remains unchanged for an even number of transpositions, but 

changes for an odd number of transpositions [254]. This property is important for properly 

describing systems of fermionic particles, such as electrons, which must obey Pauli's exclusion 

principle. A common tool used in the HF theory for expressing the linear combination of spin-

orbital wavefunctions is the Slater determinant, shown in the following equation: 

|
|

𝜓1(𝑟1) 𝜓1(𝑟2) 𝜓1(𝑟3). . . . . . . . 𝜓1(𝑟𝑁)

𝜓2(𝑟1) 𝜓2(𝑟2) 𝜓2(𝑟3). . . . . . . . 𝜓2(𝑟𝑁)

𝜓3(𝑟1) 𝜓3(𝑟2) 𝜓3(𝑟3). . . . . . . . 𝜓3(𝑟𝑁)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

𝜓1(𝑟1) 𝜓1(𝑟2) 𝜓1(𝑟3). . . . . . . . 𝜓1(𝑟𝑁)

|
|
 

The variational theorem is a principle of quantum mechanics that states that the energy of any trial 

wavefunction, or approximation of the true wavefunction of a system, is always greater than or 

equal to the ground-state energy of the system. This theorem provides a way to approximate the 

ground-state energy of a system by testing different trial wavefunctions and selecting the one that 

gives the lowest energy. However, a limitation of the Hartree-Fock method is that it assumes the 

potential of the electrons to be an average contribution from all the electrons in the system, 

neglecting the potential of each individual electron. This can lead to significant errors in the 

calculated geometric and energetic parameters of a system, compared to experimental results. 
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2.13.3. Semi-empirical methods 

Semi-empirical methods are a type of computational approach used to approximate the solution of 

the Schrödinger equation in quantum mechanics. They aim to simplify and accelerate the 

computational cost of ab initio Hartree-Fock methods by empirical parameterization[255], while 

still retaining a high degree of accuracy. These methods typically focus on the valence electrons 

of a system, using different approximations to account for the core electrons, such as nuclear 

charge reduction or effective core potentials. The computational cost of evaluating two-electron 

integrals in quantum chemistry can be greatly reduced by making the Zero Differential Overlap 

(ZDO) assumption, which states that the product of two basis functions of the same type that are 

located on different atoms is equal to zero. This assumption allows for significant simplifications 

in the calculation of two-electron integrals, reducing the computational cost of these calculations. 

Examples of semi-empirical methods include AM1 (Austin Model 1) [256] and PM3 

(Parameterized Model 3) [257]. Usually, these methods have relatively fast computational time 

especially for large molecules such as proteins, polymers, or transition metal compounds [247]. 

These semi-empirical methods differ from each other as to how they approximate Schrödinger’s 

equation and what values are included in their set of parameters. Given that each approximation 

and parameter list have a limited scope, choosing a semi-empirical method that is well suited to 

the molecule and properties being examined becomes significant. Compared to MM, semi-

empirical calculations are slightly slower, however faster than ab initio calculations. The weakness 

of semi-empirical calculations is that the outcome can be unpredictable and only a few properties 

can be accurately predicted if the molecules in record used to parameterize a method are considered 

the results can be very good. However, if the molecule in the parameterization set varies from what 

is already in the record, the results could be largely negative [258]. Below is a brief description of 

some of the semi-empirical methods. 

2.13.3.1. Modified Neglect of Diatomic Overlap (MNDO) 

The method is based on the neglect of differential diatomic overlap (NDDO) integral 

approximation, which is regarded as an advanced version of the intermediate neglect of differential 

overlap (INDO) method. INDO itself represents an improvement over the complete neglect of 

differential overlap (CNDO) approximation. The method uses spectroscopic data generated for all 

isolated atoms and parameterizes the one centre-two-centre integrals. The MNDO method is a 

semi-empirical approach to solving the Schrödinger equation, which uses a combination of s and 
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p-orbital basis sets. The most recent MNDO/d model extends this approach by adding d-orbital 

basis sets, allowing for the classification of d-block elements and hypervalent sulphur species. 

However, the MNDO method has some limitations, such as its inability to accurately describe 

hydrogen bonding and its low accuracy in predicting heats of formation [259]. 

2.13.3.2. Austin Model 1 (AM1) 

AM1 is a semi-empirical method that is based on NDDO integral approximation. In particular, it 

is a generalization of the modified MNDO approximation. Dewar et al. [256] are responsible for 

designing the method. An AM1 method uses approximations to evaluate the two-electron integrals 

and a different expression for nuclear-nuclear core repulsions. This expression accounts for van 

der Waals interactions, which can introduce non-physical attractive forces. AM1 is a useful tool 

for characterizing hydrogen bonds, but it has a tendency to systematcally overestimate the basicity 

of substances or molecules [259].   

2.13.3.3. Parameterized model number 3 (PM3) 

PM3 is a semi-empirical method that is based on the NDDO integral approximation, just like the 

AM1 method. The two methods use the same equations and formalism, but there are some 

differences in the way they are parameterized. PM3 uses two Gaussian functions for its core 

repulsion function, whereas AM1 uses a variable number of functions. Additionally, the numerical 

values of the parameters in PM3 are optimized, whereas some of the parameters in AM1 are taken 

from spectroscopic measurements. These differences in the parameterization of the two methods 

result in slightly different predictions of molecular properties [257]. PM3 advantage resides in 

estimating heats of formation. Several of the drawbacks associated with PM3 include the lack of 

precision of molecular conformational energies, the overestimation of activation barriers and the 

fact that radical theories are not quite precise [260].   

2.13.3.4. Parameterized method number 6 (PM6)  

The PM6 method is a semi-empirical approach based on the integral approximation of the MNDO 

method, similar to the ZDO assumption. However, the parameters in the PM6 model are 

optimized to reproduce molecular properties rather than atomic properties. The PM6 model was 

developed to address the limitations of the MNDO/AM1/PM3 system, such as its limited 

coverage of main group elements and poor treatment of transition elements. The PM6 model 

features modifications to the core-core approximations and includes tailored parameters for 
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transition elements, enabling the accurate description of over 70 different elements, with a 

particular emphasis on biochemical compounds [261]. 

2.13.4. Density Functional Theory 

In DFT, the solution to the Schrödinger equation is approximated by a combination of one-electron 

densities, similar to the HF method. This allows for the calculation of the total energy of a system 

without the need to solve the computationally demanding multi-electron wavefunction. Instead, 

the only variable required is the total electron density, 𝜌(𝑟), which is expressed as a function of 

real-space coordinates, 𝑟 = (𝑥, 𝑦, 𝑧). The energy of a system in DFT (𝐸[𝜌(𝑟)]) is known as a 

functional, because it is a function of the electron density, which is itself a function of the real-

space coordinates. In DFT, the ground-state energy of a system is given by the expression  [262]: 

                                               𝐸[𝜌(𝑟)] =  𝑇𝑠 + 𝑈 + 𝑉𝑛𝑢𝑐 + 𝐸𝑥𝑐[𝜌]                                            (16) 

where 𝑇𝑠 is the kinetic energy of the non-interacting Kohn-Sham orbitals,  𝐸[𝜌(𝑟)] is ground-state 

energy, U is the Coulomb energy, 𝑉𝑛𝑢𝑐 is the nuclear-electron potential, and 𝐸𝑥𝑐[𝜌] is the 

exchange-correlation energy. The main advances of DFT over the HF method lie in the 

development of the expressions for 𝑇𝑠 and 𝐸𝑥𝑐[𝜌]. 

2.13.4.1. Exchange-correlation functional 

DFT is implemented in practice using the well-received Kohn-Sham method [263, 264]. The 

theory measures the self-consistent electronic field structure, including the approximation of the 

exchange-correlation energy functional, 𝐸𝑥𝑐[𝜌], for the ground state properties of the atoms. 

Densities must be approximated only when the 𝐸𝑥𝑐[𝜌] is measured, depending on the electron spin 

up, 𝑛↑(𝑟), and spin down 𝑛↓(𝑟). In DFT, 𝐸𝑥𝑐[𝜌], is approximated using one of two forms: the local 

density approximation (LDA) or the generalized gradient approximation (GGA). The LDA was 

widely used in the 1970s and 1980s to calculate the electronic structure of solid materials, but it 

has several limitations [265]. For example, it relies on the calculation of 𝐸𝑥𝑐[𝜌] based solely on 

the value of the electron density at each point in real space, assuming a uniform electron gas. This 

can lead to overestimations of binding energies in molecules, and it does not accurately describe 

the ground state of bulk Fe. In contrast, the GGA is more accurate for molecules and bulk materials 

and is the focus of the current study. The outcome of the LDA results is not the exact result of the 

Schrödinger equation but is suitable for structures that share some of the characteristics of the 

uniform electron gas (e.g., simple metals). It explains the atomic structure, vibrational and elastic 
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properties for a broad variety of structures realistically, but energy, such as activation energy and 

reaction energy, are not precise enough due to the LDA overestimation of the binding energies of 

molecules and solids [264, 266-270]. GGA is an improvement over the LDA and uses both the 

local density and the local density gradient. It provides more realistic energy barriers, molecular 

energies and structural energy differences and increases the accuracy of measured parameters such 

as bond lengths and lattice spacing compared to LDA in general,  but is not always more reliable 

than LDA [263, 266]. In the late 1980s, GGAs were popularized and represent most of the 

functionals currently in use. The other difference between GGAs and LDAs is that GGAs does not 

only account for ρ at each point in space but also considers the gradient ∇ρ. There are many GGA 

exchange-correlation functionals, but the functional developed by Perdew-Burke-Ernzerhof (PBE) 

[263] and that developed by Perdew-Wang (PW91) [271] are the two most commonly used 

functionals. 

The GGA functional can be expressed mathematically as: 

                                         𝐸𝑋𝐶
𝐺𝐺𝐴[𝑛↑, 𝑛↓] = ∫𝑓(𝑛↑, 𝑛↓, 𝛻𝑛↑, 𝛻𝑛↓)𝑑

3𝑟                                          (17) 

where 𝑛↑ and 𝑛↓ are the up and down spin densities, respectively, then the GGA exchange-

correlation functionals can be related to the energy per particle of a uniform electron gas 

𝜖𝑥𝑐
𝐺𝐺𝐴(𝜌(𝑟), 𝛻𝜌), as shown in the equation below [263, 264]: 

                                      𝐸𝑋𝐶
𝐺𝐺𝐴[𝜌(𝑟)] = ∫ 𝜌(𝑟)𝜖𝑥𝑐

𝐺𝐺𝐴(𝜌(𝑟), 𝛻𝜌(𝑟))𝑑𝑟                                         (18) 

In addition to PBE and PW91, other common GGA exchange-correlation functions include [263, 

264, 271], Revised Perdew-Burke-Enzerhof (RPBE), Lee-Yang-Parr (LYP), Becke-Perdew (BP) 

and Perdew-Wang 86 (PW86). PW91 is regarded as the first reasonable GGA functional, and is 

reliable for a broad range of systems, but has some difficulties, as reported by Perdew et al [263], 

as it leads to “spurious wiggles” in the exchange-correlation potential. PBE on the other hand gives 

an accurate explanation of the linear responses of the uniform electron gas, a smoother potential 

and correct behaviour under uniform scaling. For the modelling of the adsorption of molecules on 

the surface of metals, PBE functional is the most commonly used functional, since the functional 

does not report strong over-binding compared to PW91 for adsorption on metal surfaces such as 

platinum surfaces [272-274]. Accurate chemisorption adsorption findings have been observed with 

RPBE functional on metallic surfaces and also its ability to describe surface adsorbates without 

over-binding, but only in the absence of substantial contributions from van der Waals interactions 
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and in such situation lower energies are observed that what is reported experimentally [274-276]. 

While both PBE and RPBE are capable of predicting adsorption energies without significant over-

binding, only PBE produces results for lattice and molecular bond lengths that are consistent with 

experimental values in the presence of strong adsorbate species such as atomic OH and O [277, 

278]. 

2.13.4.2. Plane-waves and Blöch theorem  

The simplest way to model an ideal surface or solid is to construct a unit cell that is repeated in 

two or three dimensions. This is even more true for metallic systems when valence electrons are 

delocalized, and bands are formed. The unit cell is replicated to achieve a perfect periodic system. 

The periodicity of the systems is the product of the plane wave basis sets used in the calculation. 

This means that a translation operator is being used, and that operator must communicate with the 

Hamiltonian systems: 

                                                              [𝐻̂,  𝑇̂] = 0                                                                      (19) 

To minimize the infinite number of one-electron wave functions to be computed to the number of 

electrons in the unit cell, the Blöch theorem [279] uses translation symmetry. The one-electron 

wave-functions can then be represented as the product of a periodic part of a cell and a wave-like 

part (i.e., Blöch functions). For the Hamiltonian, Blöch functions can be picked as eigenvectors, 

and from the crystalline orbitals, the Schrödinger equation can be solved. Thus, the Hamiltonian’s 

eigenfunctions will include or contain the translational symmetry. A linear combination of base 

functions can be used to expand crystalline orbitals. Such an expansion is made possible by plane 

waves which are common in the fields of physics and electromagnetism. Solid-state physics 

employs them to model the band structure of solids. The Blöch theorem is stated as follows: 

                                                          𝜓𝑘⃗ 
(𝑟 ) = 𝑢𝑘⃗ 

(𝑟 )𝑒𝑖𝑘⃗ .𝑟                                                           (20) 

where 𝜓𝑘⃗ 
(𝑟 ) the Blöch wave, 𝑟  is the position vector, 𝑢𝑘⃗  is the periodic Bloch function, and 𝑘⃗   is 

the crystal wave vector. This representation allows for the convenient mathematical treatment of 

crystalline systems using plane waves follows: 

                                                     𝜓𝑘⃗ 
(𝑟 ) = ∑ 𝑢𝑘⃗ (𝐺

 )𝑒𝑖(𝑘⃗ +𝐺 ).𝑟 
𝐺                                                    (21) 
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where 𝐺  is the reciprocal lattice vector. In principle, the basis set should be complete and therefore 

contain an infinite number of plane waves, in order to represent any possible form of 𝜓𝑘⃗ 
(𝑟 ). The 

goal of using a complete basis set is to ensure that the wavefunction is accurately represented. 

However, this is not feasible in practice, so a cut-off energy is used to limit the plane waves to 

those with kinetic energy below a certain threshold. This allows for a more practical 

implementation of the basis set. 

                                                        
ħ2|𝐺 +𝑘⃗ |2

2𝑚
< 𝐸𝑐𝑢𝑡−𝑜𝑓𝑓                                                             (22)    

For near k-points, the modification of 𝜓𝑘⃗ 
(𝑟 ) with 𝑘⃗  becomes negligible. In DFT, the study of a 

solid or surface is often performed using a finite number of k-points, which approximate the 

infinitely many 𝑘⃗  vectors in the system. The number of k-points chosen is known as the k-point 

sampling, and it is one of the parameters that must be carefully evaluated to ensure convergence 

of the calculation, typically with respect to the total energy of the system. A plane wave basis set 

has several advantages, including a single convergence criterion, equal treatment of all space, and 

the natural incorporation of periodic boundary conditions (PBC) for solid-state calculations. 

However, some disadvantages of using a plane wave basis set can be addressed by using an atom-

centered basis set instead. For example, the number of plane waves needed is determined by the 

wavefunction's greatest curvature, which can be challenging for some systems. This issue can be 

addressed using pseudopotentials, which are commonly used in solid-state calculations. 

2.13.4.3. Pseudopotentials 

To provide a proper description of the core electrons of an atom it is vital to have a huge number 

of plane waves. This is true even when using the Blöch theorem and calculating only the plane 

waves with a certain kinetic energy, and pseudopotentials are used to address this issue. It is known 

that core electrons do not participate in chemical bonds, so if one only wants to deal with chemical 

processes, it is not necessary to describe them explicitly. Therefore, the pseudopotential concept 

is a result of the fact that bonding electrons (i.e., valence electrons) determine the chemical 

properties of most atoms [280]. This justifies the use of the approximation of so-called frozen-core 

electrons, where core electrons are calculated in the reference configuration and remain constant 

in other calculations. The valence electron wavefunctions are then replaced by pseudo-wave 

functions, which reproduce the energetic levels obtained by the measurement of all-electrons. 



55 
 

These pseudo-wave functions differ from the all-electron wave functions, as they are designed not 

to have any nodes in the inner region, near the nucleus. This results in a substantial reduction in 

the number of plane-waves required. There are various forms of pseudopotentials available, such 

as non-preservative pseudopotentials [281], US pseudopotentials [282], and PAW 

pseudopotentials [281, 283]. The general form of norm-conserving pseudopotentials (NCPP) is 

given by [280]: 

                                       𝑉𝑝𝑠𝑒𝑢𝑑𝑜(𝑟) = ∑ |𝑌𝑙𝑚〉 𝑉𝑙𝑚(𝑟) 〈𝑌𝑙𝑚|𝑙,𝑚                                                   (23)    

where the spherical harmonics are referred to as |𝑌𝑙𝑚〉 and considered to be semi-local since they 

are only local in the radial part but non-local in the angular part. |𝑌𝑙𝑚〉 projects a one-particle 

wavefunction, such as one Kohn-Sham orbital, to the angular momentum labelled by 𝑙, 𝑚. The 

pseudopotentials are represented by 𝑉𝑙𝑚(𝑟), and acts on the projected component.  

Troullier and Martins [284] and Rappe et al. [285] were the first to implement the pseudopotential 

approach for plane-wave basis sets successfully. The pseudopotentials of the Troullier-Martins are 

built to offer exceptionally soft potentials. The comparison with the corresponding all-electron 

results between the standard pseudo-wave function and the Pseudopotential is shown in Figure 

2.13 for a 3s state. In the case of the use of suitable pseudopotentials (i.e., NCPP), the cost of 

computing is substantially reduced due to the simultaneous maintenance of an accurate description 

for most systems. For instance, the use of NCPP reduces the number of electrons that would 

normally be accounted for during the computation of palladium (Pd) from a total of 46 electrons 

to 10 d electrons [286].  

 



56 
 

Figure 2.13: Schematic illustration of the difference between the all-electron (solid line) and the 

pseudo 3s (dashed line) wave function.  The vertical line indicates the core radius rc [280] 

2.13.5. Basis sets  

Ab initio and DFT methods use a mathematical definition of molecular orbitals called basis sets to 

perform calculations. Most quantum chemical computations use atom-centred basis sets to 

describe the electronic wave function. Such a description uses the natural localization of electrons 

within molecules, thereby offering a very rapid convergence (compared to the fully-delocalized 

plane waves) of energies and molecular properties in terms of base-set size [287, 288]. A balance 

needs to be struck between the size and the accuracy when selecting a base set. If the basis set used 

is small, it is inaccurate, and if too large, it goes beyond the capabilities of the available computers 

[289]. The analytical Gaussian-type orbitals (GTO) and Slater-type orbital (STO) are the most 

widely employed atom-centred bases. They represent the radial component of the orbital as a linear 

combination of the functions of Gaussian or Slater and are centralized in particular spatial locations 

usually, but not always, on the nuclei of a molecule [287, 288]. STO advantage is that they conform 

to the Schrodinger equation radial solutions for the hydrogen atom and as a consequence possess 

correct asymptotic solution at zero and large distances, thus providing better convergence (as 

opposed to the pure GTO) [287, 288]. STO mathematical expression is given as follows: 

                                𝜙𝑖(𝜁, 𝑛, 𝑙,𝑚; 𝑟, 𝛳, 𝜙) = 𝑁𝑟𝑛−1𝑒−𝜁𝜏𝑌𝑙𝑚(𝛳, 𝜙)                                            (24) 

where Ylm is the angular momentum part, r, θ and φ are the spherical coordinates, N is a 

normalization constant, and ζ is called the exponent. The n, l and m are quantum numbers: 

principal, angular momentum and magnetic respectively. 

GTO advantage on the other hand is that it is capable of computing the two-electron integrals 

represented by Gaussian functions quickly analytically. This is in contrast to the STO in which 

numerical assessment of the two-electron integrals is required [287, 288]. GTO is usually 

introduced due to the computational demand required by STO and is represented by the equation: 

                                      𝑔(𝛼, 𝑙,𝑚, 𝑛; 𝑥, 𝑦, 𝓏) = 𝑁𝑒−𝛼𝑟2
𝑥𝑙𝑦𝑚𝓏𝑛                                                (25)  

where N is a normalization constant. The x, y and z are the cartesian coordinates.  
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An alternative to the two above-mentioned analytical basis in molecular electronic-structure 

computations are the numerical atomic orbitals (NAO): 

                                           𝜓𝑖(𝑟, 𝑅) = 𝑢𝑖(|𝑟 − 𝑅|)𝑌𝑙𝑚(𝛺)/|𝑟 − 𝑅|                                          (26)     

where r and R are the electron coordinates and the basis-set centre, 𝑢𝑖(|𝑟 − 𝑅|) is the radial shape, 

and 𝑌𝑙𝑚(𝛺) are the spherical harmonics. The radial form is tabled numerically during the basis-set 

construction. This offers additional flexibility in the representation of the radial component of the 

atomic orbitals, which contribute to a greater convergence of energies and molecular properties 

compared to the analytical bases. The NAO can be implemented at the DFT level [288] and the 

present study makes use of the DFT program referred to as DMol3 contained in the BOVIA 

Materials Studio software package. The basis sets used by the DMol3 module are denoted as 

minimal (MIN), double numeric (DN), double-numerical +d (DND), triple numerical polarized 

(TNP) and double numeric with polarization functions (DNP) basis sets. The NAO basis sets are 

reported to be much more accurate than the Gaussian basis set of the same scale. For example, 

DNP is one of the most reliable bases set in the DMol3 module, and the literature review shows 

that it is comparable to the 6-31G ** Gaussian basis set [290-293], hence, the current work uses 

the DNP basis set. 

2.13.6. Geometry optimization  

Geometry optimization is required to determine the equilibrium or stable geometry of the systems 

under study when searching for a structure with the lowest total energy. This is done by analyzing 

the total energy minima along the potential energy surface (PES), which is always a very expensive 

computational task and whose complexity is reduced by starting with a good initial estimate of 

geometry. Typically, the minima are determined using the first and second derivatives, where the 

first derivatives find the PES stationary points, and the second derivatives allow for their 

characterization. Generally, the most desirable stationary point is when the second derivatives are 

positive. The other type of a stationary point, however, is where the second derivatives are all 

negative and are referred to as the “maximum”. Saddle points are also found where the second 

derivative is negative but positive in all other directions, as shown in Figure 2.14 [294]. These 

minimum points refer to the stable conformers of the minimized structures, the saddle points are 

transition states and the ground state structures are the global minimum. 
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Figure 2.14: An illustration of a multidimensional PES, displaying the maxima, the minima and 

the saddle points [294] 

There are various methods available to solve this dynamic multidimensional problem of 

minimization, which requires a great deal of freedom to be optimized [295]. One of these methods 

is the Steepest Descent method, a simple method in which the system is guided towards the 

minimum energy function E(x), by moving downward along the gradient measured at each point. 

The direction being searched is the negative direction (d) of the gradient (g), where 𝑔𝑖 =
𝛿𝐸

𝛿𝑋𝑖
 and 

the step size is either fixed or reliant on the gradient magnitude. This approach will always 

approach a minimum, but it can be very slow to converge. The Conjugant Gradient approach is 

another method that can be employed to achieve convergence, but the technique is slightly more 

complicated. The method converges to a minimum a lot faster and operates by looking in a 

direction at step, 𝑛, which is a combination of the current gradient and the previous search 

directions, 𝑑𝑛−1.  

                                                                𝑑𝑛 = −𝑔𝑛 + 𝛽𝑛𝑑𝑛−1                                                   (27)    

where β is a coefficient that determines the level of mixing. This approach simply utilizes the 

history of the gradient to decide a better path for the next step. 
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Although the above methods function quite well, they can be very slow in non-linear systems. A 

version of the Newton-Raphson [296] method is included in most modern nuclear simulation 

software packages. This method converges with a very limited number of steps to the nearest 

stationary point, but it can be very costly to calculate. The Newton-Raphson method speed is 

derived from its calculation of the second derivative matrix (Hessian matrix) which allows it to 

predict the distance from the current geometry to the stationary point, as well as the form of the 

stationary point upon arrival. The minimum can be verified if all the correct values produced by 

the Hessian diagonalization are valid and positive (i.e., positive definite Hessian), otherwise, the 

stationary point with the negative eigenvalues value N is the N-th order transition state. Newton-

Raphson’s only big disadvantage is that it can only find local minima and that the construction and 

inversion of the Hessian matrix can become very expensive. Several methods can be used to 

estimate Hessian using gradient history so that cost-consuming analytic Hessian analysis is not 

measured at every step. There are various algorithms that can be used to achieve convergence with 

respect to a particular property, such as the geometry of the system. One effective approach is to 

use the Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimization algorithm, which employs both 

first and second energy derivatives to identify the minima of the system. This leads to achieving  

convergence much faster than just implineting the first derivative, as is the case with the steepest 

descent algorithm. The choice of convergence algorithm can significantly impact the efficiency 

and accuracy of the calculation. 

2.13.7. DFT-based DMol3 code 

The local orbital density functional (DMol3) method is a standard, commercial and academic 

software package based on a numerical base set that uses the DFT method [297]. DMol3 calculates 

the different characteristics of the electro-structural, optical, vibrational, cluster, molecular, 

crystalline solid materials and nanomaterial surfaces from the first calculation principles [298]. 

DMol3 is currently a package of BIOVIA-designed Material Studio software. DMol3 can be used 

in solid-based materials or low-dimensional periodicity modelling in either vacuum (gas-phase 

conditions; non-periodic) or three-dimensional periodic boundary conditions (PBC). DMol3 has 

many functions, including single-point calculation, dynamics, restricted and unrestricted DFT 

calculations, geometry optimization, transition search, frequency calculation, etc. Two favourable 

DMol3 functions are possibly DFT and dynamics.  In general, DMol3 permits the optimization of 

geometry and the calculation of different characteristics depending on the electronic configuration. 
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This function is useful for searching for a saddle point with and without geometric constraints. 

DMol3 has increasingly been used for structural, electronic, optical and vibrational properties of 

metal oxide clusters [299, 300], polymers [301, 302],  and biomolecules [303, 304]. 

2.13.8. Surface slab 

The combination of DFT with plane-wave basis sets and pseudopotentials has become a popular 

technique for studying condensed matter systems [272, 305]. These calculations are often 

performed in periodic supercells to accurately represent the physical system being investigated. 

However, this method can also be applied to non-periodic systems, such as defects in a crystal or 

a crystal surface. In these cases, it is necessary to construct an appropriate periodic representation 

for the calculation, which requires special attention. Overall, this approach allows for the accurate 

and efficient calculation of the electronic structure of a wide range of condensed matter systems. 

Although with the bulk metal calculations periodicity is satisfied naturally, the introduction of 

surface results in the removal of the periodicity in one direction. Considering that the surface is 

normal to the z-direction, a semi-infinite vacuum and bulk region along the z-axis (orthogonal to 

the surface plane) will have to be addressed with periodicity being only maintained in the x-y plane 

[280, 286, 306]. However, with the slab approach, the semi-infinite metal is replaced by a slab that 

consists of two surfaces along with a finite number of layers. In doing so, a two-dimensional lattice 

is obtained in which periodicity is provided by the surface unit cell. The slab is repeated in the z-

direction to restore the three-dimensional periodicity through the addition of a sufficiently large 

vacuum region between the layers as shown in Figure 2.15. This makes it possible to extend the 

wavefunction computationally in a plane-wave basis set, even in the case of non-periodic surface 

problems. 
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Figure 2.15: Illustration of the supercell approach to the metal surface model representing a slab 

comprising a finite number of layers and a large vacuum space repeated periodically [280] 

The chosen vacuum must be large enough (∆z ≥ 10 Å) to ensure that the slab surfaces are 

effectively separated to prevent non-physical interaction between the solid surfaces and/or 

adsorbates, which ensures that the artificial supercell is still close enough to the physical reality. 

Also, the slab should be thick enough to model the bulk states and any surface relaxation with 

precision. To ensure realistic behaviour, enough bulk and surface layers should be used, four or 

more layers are already ideal for convergence on low-index metal surfaces. Finally, the cell surface 

unit size must be chosen in such a way that it corresponds to known experimental coverage or is 

broad enough to exclude lateral interactions between adsorbates. In general, the bulk atomic 

surface coordinates are frozen, while the layers of the solid surface are allowed to relax along with 

any molecule adsorbed on the metal surface (Figure 2.16). This approach allows for a more 

accurate representation of the system under investigation. 

2.13.9. Surface energy  

It is preferable to use the optimized unit cell to build a slab surface during its modelling as this 

decreases the computation cost. Surfaces can be considered to be generated through the cleavage 

of an infinite solid. Such a process requires some amount of energy, or else the crystal would 
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cleave spontaneously. Therefore, surface energy is the amount of energy required to split a crystal 

along a specific surface plane into two halves. 

 

Figure 2.16: An example of a surface supercell showing the top surface, adsorbate, bulk, and 

vacuum layers (modified from [280]) 

Surface energies (γ) of a monoatomic solid at 0 K can be calculated as follows [280, 307]:  

                                                       𝛾 =
1

2𝐴
(𝐸𝑠𝑙𝑎𝑏 − 𝑁. 𝐸𝑏𝑢𝑙𝑘)                                                    (28)    

where Eslab denotes the total energy of the slab per supercell, N denotes the number of slab 

atoms, Ebulk denotes the total energy of the bulk material per atom, and A denotes the supercell's 

surface area. The 1/2 factor accounts for the formation of the two halves of the surface formed 

during crystal cleavage. However, this equation can give incorrect results for certain systems, such 

as when the slab thickness is increased [307-309].  In these cases, a correction must be made to 

account for the difference between the well-converged Ebulk and the bulk energy associated with 

the surface slab’s lower portion. One solution is to use the Boettger equation, which calculates the 

slab-derived bulk energy using incrementally thicker slab energies [308]. The equation can be 

written as: 

                                             𝐸𝑏𝑢𝑙𝑘 = 𝐸𝑠𝑙𝑎𝑏
𝑖 − 𝐸𝑠𝑙𝑎𝑏

𝑖−1 =
𝛥𝐸𝑠𝑙𝑎𝑏

𝛥𝑁
,                                                  (29)     

where 𝑖 is the slab thickness. The Boettger method makes use of the average values of ΔEslab for 

different i increments results to improve the method predictions.  
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2.13.9.1. Adsorption energy 

In DFT computations of chemical reactions, the electrons of the reactants are often expected to 

follow their nuclei adiabatically in their respective ground state. This is true for most reactions, 

although there are significant exceptions such as photochemical reactions or scattering processes 

involving charge transfer processes [310]. Due to these constraints, the total DFT energy per 

supercell is obtained by a fixed set of ionic coordinates. The adsorption energies (Eads) were 

obtained by considering the positive sign value of Eint (Eads = −Eint) [311] calculated from total 

energies from DFT data according to equation 29: 

                                                  𝐸𝑖𝑛𝑡 = 𝐸𝑡𝑜𝑡𝑎𝑙 − (𝐸𝑠𝑙𝑎𝑏 + 𝐸𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒)                                    (30) 

where Etotal is the total energy of the slab with an adsorbed molecule, Emolecule is the total energy of 

the free molecule, and Eslab is the total energy of the clean metal slab. 

Such calculation gives an insight into the type of interaction (adsorption mechanism) between the 

molecule to be adsorbed and the surface of a metal.  

2.13.10. Solubility prediction models  

An adequate simulation model is essential for accurate theoretical justifications and experimental 

predictions. Such a model includes atoms and interactions that play an important role in the 

mechanisms studied. This requirement presupposes suitable methods for comprehensively 

measuring forces and molecular models. The solvent model used in the calculations is particularly 

important [312, 313]. Most of the chemistry occurs in solution and practically all of the 

biochemistry. The solvent significantly affects the solution, especially the water-like polar solvent. 

Precise thermodynamic modelling of solvent effects is time-consuming and often supplemented 

by solvent continuum modelling or other simplified methods [314]. Solubility can be defined as 

the amount of solute that will dissolve in a given volume of solvent at a specific temperature, 

pressure, and pH [315]. Solubility can be divided into four categories: kinetic, intrinsic, 

thermodynamic, and apparent solubility. Among these, intrinsic solubility is of most interest for 

most theoretical models and refers to the solubility of unionized molecules in a saturated solution 

[316]. In computational chemistry, solubility models can be grouped into the following categories: 

informatics models, explicit models, and implicit models [317]. These categories reflect the 

different approaches used to model and predict solubility in a given system. 
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2.13.10.1. Informatics 

Informatics is the science of processing, storing, and mining data [317]. Models are used in this 

field to predict the physical properties of a molecule by comparing its structural features to those 

of other known molecules. The quantitative structure-property relationship (QSPR) and the 

quantitative structure-activity relationship (QSAR) are the most common models in this category, 

which use regression analyses to relate structural properties to empirical data and predict the 

properties of a molecule based on its structure [316-318]. QSAR is typically used to predict 

chemical or biological properties, while QSPR is used to predict physical properties. These 

models are not generally applicable, but are effective for molecules with high structural similarity 

to those used in the training set [316, 317]. The general solubility equation (GSE) is a common 

QSPR model that uses a solute’s partition coefficient and melting point as input to predict its 

solubility. Although these models have proven successful in predicting solubility, they are not 

always effective for molecules that differ from those used in their training sets, and do not fully 

interpret physical properties in all cases [319, 320]. 

2.13.10.2. Explicit solvation models (ESM)  

A measurement of explicit solvent examines the direct effects of a solvent on a molecule, including 

any changes to the solvent or the molecule's properties as a result of their interaction. This allows 

for a detailed examination of the physical interactions between a solvent and a molecule. ESM 

uses methods such as molecular dynamics, Monte Carlo [317, 321], MM, and water as the most 

commonly used solvent due to its well-known microscopic properties relative to other solvents. 

Although explicit solvent calculations are a very realistic method for determining solvent effects, 

they are generally associated with high computational costs and convergence problems. For 

example, it is important to incorporate Newton’s laws of motion into all atoms by measuring all 

atomic forces at each measured phase during a molecular dynamics simulation. In addition, the 

fact that non-bound interactions are particularly difficult to quantify for long-range electrostatic 

interactions between atoms, and such approximations are implemented in a way that restricts the 

system to a finite size and limits the number of pairwise interactions to those within a specific 

radius [322]. The use of boundary conditions and the spherical cut-off are examples of these. These 

approximations, however, can result in inaccurate representations of Lennard-Jones interactions, 

dielectric properties, and full-charge systems, resulting in artefacts [323]. 
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2.13.10.3. Implicit solvation models (ISM)  

ISM, also known as continuous solvent models, treat solvents as a continuous isotropic medium 

with known permittivity. These models assume that an implicit treatment can adequately capture 

solvent effects by representing the solvent as a continuous medium, rather than as individual 

solvent molecules. This approach is less computationally demanding than explicit solvent models 

but lacks the structural details of explicit solvent models. The polarizable continuum model 

(PCM), the integral equation formalism for PCM (IEFPCM), and the conductor-like screening 

model are all examples of implicit solvent models (COSMO) [296, 317]. 

2.13.10.4. Conductor-like screening model (COSMO)  

The COSMO model is an implicit solvent model that describes the behavior of a solute molecule 

in a conductor-like solvent [324]. The model allows for the calculation of solubility without the 

need to explicitly consider the solvent molecules. This can make the calculations more efficient 

and allow for the study of larger systems. The solute is assumed to be sufficiently polar to interact 

with the solvent, and the resulting uneven distribution of charges on the polar surface of the solute 

leads to the formation of a molecularly shaped cavity in the solvent. This cavity is created 

according to specific rules and the atomic radii of the solute’s constituent atoms, as shown in 

Figure 2.17 [325]. The dipole and higher moments of the solute molecule attract the charges of the 

surrounding solvent molecules to neutralize the charges on the cavity surface. This results in a net 

surface potential of zero, and the solvent is said to have screened, solvated, and stabilized it. 

The amount of screening is determined by the size of the cavity surface screening charges, with 

larger cavities resulting in more screening. The COSMO model is considered to be a highly 

effective continuum solvation model and has advanced versions, including COSMO-RS  and 

COSMO-SAC [326, 327], which offer improved performance for real solvent systems and 

segment activity coefficient calculations. The surface screening charge, q∗, refers to the total 

potential, Φtot, generated on the cavity surface, and the potential, Φsol due to charge distribution 

in the solute only by [325, 328]: 

                                                        𝛷𝑡𝑜𝑡  = 0 = 𝛷𝑠𝑜𝑙 +  𝐴𝑞∗                                                    (31) 

where A is the Coulomb interaction matrix accounting for the probability of interactions between 

surface charges and is a function of the cavity geometry [329]. 
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Figure 2.17: Schematic representation of the ideal solvation process with the molecule positioned 

in a cavity and conductive medium based on the COSMO solvation model [325] 

By simply scaling the distribution of the surface charge within the conductor (σ*), the surface-

charging distribution in a finite dielectric solvent can be approximated. In this way, COSMO 

significantly reduces computation costs with a small loss of precision [329]. The screening charge 

q* in the finite dielectric given by equation 32 is adjusted by a scaling factor for a dielectric system 

(solvent) with a finite permittivity value, Ɛ: 

                                                           𝐹(𝜀) =
𝜀−1

𝜀+0.5
                                                                     (32)   

The COSMO approach is unique in that it uses a boundary condition called the vanishing 

electrostatic surface potential, which does not require an electrostatic conductive potential on 

cavity surfaces. Compared to the typical dielectric boundary condition employed in the polarized 

continuum model, this boundary condition is more straightforward and numerically stable. 

COSMO is effective, elegant, scalable, and less computationally intensive for liquid and solution 

phase calculations. Because the solute charge density optimization is carried out automatically to 

incorporate the screening potential into the self-consistent field cycle (SCF), the COSMO 

technique is also flexible. COSMO calculations are carried out by building the Ɛ to infinity, which 

describes solvents as a perfect conductors [317],  but any solvent of interest can be identified using 

a finite value of the dielectric constant [328]. 

COSMO-RS is a version of COSMO specifically designed to estimate the thermodynamic 

properties of pure liquids. The model is a non-empirical approach that uses only molecular 

structures as input for its calculations. It consists of two basic stages: first, each variable in the 

system is subjected to a unimolecular quantum chemical calculation; second, a statistical 

thermodynamic calculation is conducted utilizing the results of the quantum chemical calculation 
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[326, 330, 331]. The COSMO-RS model is known for its ability to accurately predict the solubility 

of molecules in a wide range of solvents without the need for experimental data. This makes it a 

valuable tool for predicting the solubility of new or unknown molecules. Based on the surface 

polarization/screening charge densities of the solution’s component parts and their corresponding 

absolute energies in the conductor from the quantum chemical COSMO calculation, COSMO-RS 

determines the chemical potential of the solution. COSMO-RS deals with any interaction between 

mixture components or solutions (especially the electrostatic and hydraulic connections) as contact 

between surfaces of components that can be connected to the screening charge densities 𝜎 and 𝜎’ 

of the contact surfaces of the respective surfaces [328, 331]. From a statistical thermodynamic 

perspective, a solute in a solvent can be divided into patches, and the surface charge density, σ, 

can be calculated for each patch using the COSMO model. The ensemble is defined based on the 

distribution of surface charge densities across the patches, and is known as the sigma profile, 𝑝𝑠(𝜎), 

which is a plot of the corresponding probability distribution. For a solvent with n components, the 

sigma profile 𝑝𝑠(𝜎) is related to the surface charge density of each component 𝑋𝑖 by the following 

expression:  

                                                         𝑃𝑆(𝜎) =
∑ 𝑥𝑖

𝑛

𝑖
 𝑝𝑥𝑖(𝜎)

∑ 𝑥𝑖
𝑛

𝑖

                                                            (33) 

Where 𝑥𝑖 and 𝑝𝑥𝑖(𝜎) are the molar fraction and sigma profile, respectively, of each ensemble 

component. 

For example, 𝑝𝑠(𝜎) is derived using the calculation output from the DMol3 program after a 

COSMO-RS run. The presence of peaks near the zero-screening charge density (x-axis) confirms 

the occurrence of screening. The COSMO-RS calculations can also provide important 

thermodynamic properties, including hydraulic free energy, vapour pressure, and octanol-water 

activity coefficient.  

2.14. High-performance liquid chromatography/mass spectrometry 

Liquid chromatography in its high-performance (HPLC) or ultra-performance (UPLC) forms are 

the most widely used analytical technique for confirming the active components of extracts. It is 

frequently combined with detection instruments such as mass spectrometry (MS), resulting in the 

hyphenated technique known as LC/MS [332-336]. In LC, analytes are transported through a 

stationary phase column using a liquid mobile phase. In the column, the extract mixtures are 
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separated into their components. LC can achieve chemical separation because different compounds 

migrate at different rates in each column and mobile phase [337, 338]. The choice of stationary 

and mobile phases primarily determines the extent of the separation. The amount of water in a 

mobile phase determines how strongly the hydrophobic analyte is repelled and retained in the 

stationary phase. How the analyte is retained also depends on the chemical nature of the stationary 

phase. As a result, LC is a selectivity-driven technique accomplished through two interacting 

phases [339, 340]. The separated components can be manipulated by selecting different mobile 

and stationary phases [341, 342]. Following retention and separation, the separated samples are 

sprayed into an atmospheric pressure ion source , which converts them into gas-phase ions, with 

most of the eluent pumped to waste. The ions are then organized based on their mass-to-charge 

ratio (m/z). The mass analyzer can separate ions based on charge ratios or scan overall ion m/z 

values. Ions exiting the mass analyzer are counted, and the signal produced by each ion can be 

amplified. A high vacuum is used for all mass analysis and detection, which is achieved by 

combining foreline (roughing) and turbomolecular pumps [170], this is to avoid the ions to have 

interaction with other gases from the surrounding environment which may influence the trajectory 

of ions inside the mass analyzer, thereby resulting erroneous m/z measurement. Contact angle and 

surface hydrophobicity  

The addition of inhibitor compounds, such as plant extracts, to the corrosive solution, can affect 

the wettability of surfaces such as Al, MS, and Zn. Adsorption of inhibitors to metal surfaces or 

corrosion products via the metal-surface-oriented hydrophilic portion of the molecule and the 

liquid-phase oriented hydrophobic portion results in a more hydrophobic metal surface, thereby 

reducing liquid water wettability [343]. The contact angle is one of the simplest ways to determine 

the hydrophobicity of a substance. Hydrophilic surfaces have a water contact angle of less than 

90° because the liquid spreads along the surface. While highly hydrophobic surfaces have a contact 

angle greater than 90° [344]. Surface tension is caused by intermolecular bonds or cohesive forces 

between water molecules. When water comes into contact with the surface of solid surfaces such 

as metals, mutual attraction usually occurs. During the liquid phase (water) interaction with a solid 

phase (metal), adhesive forces between the material and water compete with cohesive forces in 

water. Water tends to spread along the material’s surface when the adhesive forces are stronger 

than the cohesive forces. Water forms a droplet on the material surface when the adhesive surfaces 

are weaker than the cohesive forces. The geometry of a sessile or resting drop is commonly used 
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to describe wettability [345]. Figure 2.18 shows that different contact angles can be observed on 

the solid surface, including a small contact angle propagating along the solid surface of the material 

and a large contact angle observed when the liquid rolls/beads off the surface. When the surface 

contact angle is less than 90°, wetting is favourable, and the liquid tends to spread over a large 

surface area of the material/solid. A contact angle greater than 90° indicates unfavourable surface 

wetting, resulting in a smaller surface-liquid contact area and a compact liquid droplet. Complete 

wetting of the solid surface occurs when the contact angle is 0° because the placement of the water 

droplet on the surface results in a shallow puddle of water. For superhydrophobic surfaces, the 

contact angle formed by a tactile drop of water is usually greater than 150°, indicating that the 

contact between the drop and the solid surface is minimal [346]. 

 

Figure 2.18: Different wetting behaviour based on the static water contact angle (θw) on a 

smooth, homogeneous solid surface, which leads to different contact angles [347]  

The contact angle geometry is defined as the angle a water droplet makes at the three-phase 

interface were a liquid, a gas, and a solid intersect, with three different forces acting on it, as shown 

in Figure 2.19. 
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Figure 2.19: The profile of a contact angle formed by a droplet of water on the surface of a solid 

material showing three interfacial tensions between a solid, a droplet of water, and air [348] 

The γsv is the surface tension of a solid material (i.e., surface free energy), the surface tension of 

the water droplet is given by γlv, while γsl is the interfacial tension between the solid material and 

the water droplet. The balance at the three-phase contact is described by the well-known Young´s 

equation below: 

                                                              𝛾𝑠𝑣 = 𝛾𝑠𝑙 + 𝛾𝑙𝑣𝑐𝑜𝑠𝜃𝑌                                                   (34) 

Young´s contact angle θY is the equilibrium contact angle of wetting formed by the interfacial 

tensions, γsv, γsl, and γlv. 
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2.15. Electrochemical techniques for corrosion rate measurements 

2.15.1. Open-circuit potential (OCP)  

The open-circuit potential (OCP) is the value determined between the working electrode (WE) and 

the reference electrode (RE) when no current is transferred. The WE assume an intrinsic potential, 

Ecorr (relative to a reference electrode), which is the OCP when it is in contact with a given 

corrosive electrolyte and is not attached to any instrumentation, as it would be ‘in service.’ A 

specimen at Ecorr has the anodic and cathodic half-currents taking place simultaneously on its 

surface so that no net current can be measured. OCP can be defined as the potential at which the 

oxidation rates are the same as the reduction rates. Open circuit-related experiments are referred 

to as potentiometric studies. The potential of a metal dissolved in aquatic solutions depends on the 

metal’s fundamental reactivity and the oxidizing strength of the aqueous solution. These potential 

measurements aim to determine the working electrode’s potential without influencing 

electrochemical reactions occurring on the surface. These potential measurements must be made 

with respect to a stable reference electrode to compare any changes in the measured potential with 

changes at the sample/resolution interface. The specifications for the reference electrode are that 

its potential should be reproducible and stable. If an adequate reference is used, it is possible to 

control the working electrode’s potential reproducibly and confidently relate changes in the 

measured potential in the test to the changes in the working electrode potential. Unbalanced or 

contaminated reference electrodes are unacceptable and lead to aborted or improper experiments 

[349]. OCP calculation can be run over some time to analyze corrosion behaviour. Information 

obtained through the simple measurement of OCP is only minimal, but corrosion’s relative 

probability can be evaluated. Potential increase (i.e., a more positive OCP value) may be due to 

the formation of a physical barrier onto the metal surface, which reduces its susceptibility to 

electrochemical dissolution. However, this is not true for cases where an increased cathodic 

reaction rate produces a more positive OCP. The potential of a metal in a negative direction 

indicates that it is in an active state and may undergo dissolution. Fluctuations or noise in the OCP 

versus time curve suggest localized corrosion, which indicates damage and rebuilding of the 

passive metal surface film. OCP only provides information on the phase of corrosion and not on 

the rate of corrosion. Additionally, using OCP as part of another parameter, such as the addition 

of corrosion inhibitors, can help to understand the system's response to perturbation. In addition, 
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EIS and PDP depend on OCP stability, and their usefulness is questionable if OCP changes 

dramatically during testing. 

2.15.2. Potentiodynamic polarization (PDP) 

With a PDP scan, essential insights can be gained into the processes at the working electrode. This 

technique provides information on the corrosion rate, susceptibility to pitting, passivity, and the 

cathode behaviour of the electrochemical system [349]. Several parameters must be specified when 

configuring the instrument to perform a potentiodynamic scan. The first is the starting and ending 

potential to define the path of the scan. The starting point depends on the type of information 

requested. Anodic (scanning progressing toward positive potentials) and cathodic (scanning 

progressing toward negative potentials) scanning should ideally be initiated from the open circuit 

potential. Scans are started primarily at a slightly anodic (potentially positive) OCP during the 

cathodic (negative) scan. With anodic scanning, the open circuit potential is slightly cathodic. 

Although in many cases, these deviations from the open circuit potential do not affect the 

experiment, they do modify the surface of the metal. Such modifications may take the form of 

increased or decreased oxide thickness or deposits on the metal surface by the solution’s 

components. The greater the difference to the open circuit potential, the greater the effect. The 

positioning of the final potential also depends on the type of knowledge one wishes to acquire. 

The scan also runs until the target current is reached, and then the scan ends. For example, if pitting 

is initiated for a passive metal in a chloride-containing electrolyte, the potential increases even 

further; thus, no useful information is generated. 

Similarly, when the potential for hydrogen evolution in a cathodic scan is sufficiently negative, 

the increasing potential does not provide additional detail. On the other hand, when a current or 

potential has been reached, the scan is reversed, after which the scan moves to another endpoint. 

For the passive metal system, inversion of the scan allows the determination of the re-passivation 

potential (potential at which active pits/wells re-passivate) [350]. For reactions that are activation 

controlled (i.e., charges transfer-controlled reactions or mass transfer-controlled reactions 

occurring at a rate much lower than the limiting rate), the current density can be expressed as a 

function of the overpotential (η), where η =  Eapplied– EOCP as shown in equation 35:  

                                                                𝜂 =  𝛽 𝑙𝑜𝑔 (
𝑖

𝑖𝑜
)                                                            (35) 
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This term is known as the Tafel equation [351], where β is the Tafel slope, i is the applied current 

density (reaction current), and io is the current exchange density. When in equilibrium, it can be 

defined as equal and opposite rates for cathodic and anodized reactions. Therefore, the Tafel slope 

for anodic and cathodic (βa and βc) reactions in the open circuit can be obtained from the linear 

polarization curve regions, as highlighted in Figure 2.19.  

 

Figure 2.20: Schematic potentiodynamic polarization curve showing Tafel extrapolation [352] 

When these slopes have been established, both anodic and cathodic areas can be extrapolated to 

an equivalent anodic and cathodic reaction rate (i.e., currents). At this point, the current density is 

referred to as the Icorr, and the potential at which it falls is the Ecorr. The corrosion current density 

[350] can be combined with the Faradays law to give equation 36: 

                                                                  𝑀 = 
𝐴𝑊×𝑄

𝑧×𝐹
                                                                (36) 

Where M is the mass of the material removed during the reaction, AW is the working electrode 

atomic weight, Q is the total charge passed (i.e., Icorr × time), z is the number of transmitted 

electrons in the reaction, and F is the Faraday constant. Most potentiodynamic polarization tests 

are performed on alloys instead of pure metals, and this equation must be considered in such cases.  

 

2.15.3. Electrochemical impedance spectroscopy (EIS)  
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EIS is a perturbation characterization of the electrochemical dynamic process. The data obtained 

from EIS far exceeds the data produced by direct current (DC) or single-frequency measurement 

techniques. EIS can distinguish between two or more chemical reactions and detect diffusion-

limited reactions (e.g., diffusion through a passive film). This makes EIS the ideal technique for 

studying metal corrosion and adsorption/desorption phenomena on electrode surfaces [353]. 

Electrical resistance is the ability of the circuit element to withstand the flow of electrical current. 

Ohm’s law (V = IR) describes the relationship between resistance (R), electric current (I), and 

voltage (V) when DC is applied through a circuit. Although this relationship is well established, 

its implementation is restricted to an ideal less complex resistor with simplified characteristics 

[354]. These characteristics include that the ideal resistor obeys Ohm’s Law at all currents and 

voltages, that its resistance value is independent of the frequency, and that the resistor’s AC and 

voltage signals are in-phase with each other. In the real world, however, circuit elements 

demonstrate a dynamic behaviour as opposed to the simplistic behaviour of the ideal resistor [354]. 

Therefore, a more general circuit parameter called impedance (Zω) (ω= 2πf is the angular 

frequency of the applied AC voltage) is introduced to replace the simple concept of resistance and 

is observed when an AC voltage is applied to an electrochemical cell. Impedance implies the 

relation of the voltage with the current that demonstrates that the circuit is capable of withstanding 

current flow and can be represented as (Vω/Iω), which is the equation for Ohm’s law in an AC 

circuit [354]. 

                                                                     𝑍𝜔 =
’𝜔

𝐼𝜔
= 

𝑉’sin (𝜔𝑡)

𝐼𝑚sin (𝜔𝑡−∅)
,                                            (37) 

where 𝑉𝜔’ is the frequency-dependent voltage while 𝐼𝜔  is the frequency-dependent current, and Vm 

and Im represent the maximum values of V and I, respectively. 

The expression for V and I in the above equation can be modified by using the complex function 

j = √−1 = 𝑒(
𝑗𝜋

2
)
, to give the two equations below: 

                                                                                              V = 𝑉𝑚𝑒(𝑗𝜔𝑡),                                                                                               (38) 

                                                               I = 𝐼𝑚𝑒[𝑗(𝜔𝑡−∅)].                                                           (39) 

Therefore, the impedance 𝑍𝜔 can be expressed as: 
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                                                  𝑍𝜔 =
𝑉𝜔

𝐼𝜔
= 

𝑉𝑚𝑒(𝑗𝜔𝑡)

𝐼𝑚𝑒[𝑗(𝜔𝑡−∅)] =
𝑉𝑚

𝐼𝑚
𝑒(𝑗∅).                                            (40) 

Euler’s formula, 𝑒(𝑗∅) =  𝑐𝑜𝑠(Ø) +  𝑗𝑠𝑖’(Ø), can be used to modify equation 40 to give: 

                            𝑍𝜔 =
𝑉’

𝐼𝑚
𝑒(𝑗∅) =

𝑉𝑚

𝐼𝑚
[𝑐𝑜𝑠(Ø) + ’𝑗𝑠𝑖𝑛(Ø)] = 𝑍𝑜[𝑐𝑜𝑠(Ø) +  𝑗𝑠𝑖𝑛(Ø)].                    (41) 

The following equation can be obtained by dividing the above equation into real and imaginary 

parts: 

                                                    𝑍𝜔 = 𝑍𝑜[𝑐𝑜𝑠(Ø) +  𝑗𝑠𝑖𝑛(Ø)]𝑗,                                              (42) 

∗ 𝑍𝑟𝑒𝑎𝑙
′ = 𝑍𝑜 cos(∅) : 𝑅(𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒) 

∗ 𝑍𝑖𝑚𝑔
′′ = 𝑍𝑜 cos(∅) : 𝐶(𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒) + 𝐿(𝑖𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒) 

Two different plots can be used to interpret the impedance spectrum based on equation (42); this 

includes the Nyquist and Bode plots (Figure 2.21). Using cartesian coordinates, the Nyquist plots 

represent the impedance’s real and imaginary parts. In contrast, the Bode plots show the phase 

shift and magnitude changes in the applied frequency ranges. The Bode plot has excellent benefits 

for observing phase margins under which the system becomes unstable (violent phase or 

magnitude changes). It is also helpful for studying sensors, filters, and transistors in electronic 

devices. The Nyquist plot offers insight into possible processes or phenomena in an equivalent 

circuit model system [354]. 

 

 

Figure 2.21: Representation of EIS by Nyquist (left) and Bode diagrams (right) [354] 
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CHAPTER 3 

Experimental 
 

The chapter describes the materials and methods used to define and determine the qualitative and 

quantitative outcomes of this work, which include the following steps: 

        3.1. Chemicals used  

3.2. Metallic materials used  

3.3. Extraction of plant material and preparation of the inhibitor solution  

3.4. Corrosive and inhibitory electrolytic test environments  

3.5. Chromatographic Separation  

3.6. Weight loss analysis  

3.7. Electrochemical experiments  

3.8. FT-IR Spectrometry  

3.9. Electronic Spectroscopy 

3.10. Water contact angle measurement  

3.11. Scanning electron microscope/energy dispersive x-ray spectroscopy (SEM/EDS) 

analysis 

3.12. DFT adsorption energy calculation 
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3.1. Chemicals used 
The following analytical grade chemicals or solutions were used during the extraction and 

corrosion studies.  

• Methanol (CH3OH), D = 0.791 g/mL at 25 °C (lit.), M = 32.04 g/mol 

• Ethanol (CH3CH2OH), D = 0.789 g/mL at 25 °C (lit.), M = 46.07 g/mol 

• Acetone (CH3COCH3), D = 0.791 g/mL at 25 °C (lit.), M = 58.08 g/mol 

• Hydrochloric acid (HCl), D = 1.161 g/mL at 25 °C, M = 36.460 g/mol 

• Distilled water 

3.2. Metallic materials used 
The Zn, Al, and MS samples used in this study were obtained from the University of North-West. 

Each film was 0.04 cm thick and mechanically pressed into 3×2 cm coupons. The coupons had a 

0.375 cm radius hole through which the glass rods used to hang the metals could be inserted. The 

metal coupons were cleaned with a paper towel to remove any dust particles from their surfaces 

before being stored in the desiccator until use. The chemical composition of the MS used in the 

experiments is as follows: (Mn = 0.37), (Ni = 0.039), (P = 0.02), (S = 0.03), (C = 0.21), (Fe = 

99.32) and (Mo = 0.01). Al and Zn coupons with an approximate composition of 99% were also 

used. Before electrochemical measurements, the surfaces of all specimens were polished with 

different grades of emery paper (Struers silicon carbide grinding discs #220 and #500) under 

running water and rinsed with distilled water. 

3.3. Extraction of plant material and preparation of the inhibitor 

solution 
L. javanica leaves were collected and air-dried at room temperature for about a week. The air-

dried materials were blended until they were approximately the same size. About 25 g of the leaf 

powder was extracted in 200 mL of 100% acetone, methanol, and ethanol using Soxhlet extraction. 

The extraction was repeated three times with a fresh solvent extractor for three hours. The solutes 

were then passed through a rotary evaporator to remove the solvents used for the extraction, 

yielding 2.5504, 6.5709, and 5.8797 g of the crude acetone, methanol, and ethanol extracts, 

respectively. The procedure was repeated to extract more crude extract when necessary.  
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3.4. Corrosive and inhibitory electrolytic test environments 
An acid-corrosive environment was used in this work to investigate the dissolution of Al, Zn, and 

MS coupons and the inhibitive effect of L. javanica plant extracts. A corrosive 1 M HCl test 

solution was prepared by diluting 32% analytical grade HCl with distilled water. The 

inhibitor/extract solutions of different concentrations (200, 400, 600, and 800 ppm) were prepared 

by dissolving the crude extracts in a 1 M HCl test solution and then storing them in a dark place 

for later use.  

3.5. Chromatographic Separation 
The chromatographic separation of the L. javanica extract was performed using a UHPLC-qTOF-

MS 9030 mass spectrometer (Shimadzu, Japan) equipped with an end-capped C18-bonded column 

phase known as Shim-Pack Velox C18 (2.1×100 mm, 2.7 μm particle) provided by Shimadzu 

(South Africa). A mobile phase consisting of two solvents, solvent A (0.1% formic acid in Milli-

Q water) and solvent B (methanol with 0.1% formic acid), were used. The analytes were separated 

chromatographically using a 53-minute gradient procedure that included the following steps: the 

use of 10% B for 3 minutes, a steep gradient to 60% B over 37 minutes, and a hold at 60% B for 

3 minutes, another gradient to 90% B for 2 minutes, an isocratic hold at 90% B for 3 minutes and 

the final steps involved restoring the initial conditions (10% B) in 2 minutes and re-equilibrating 

the column for the next run at 10% B for 3 minutes. The MS detection parameters involved the 

use of negative electrospray ionization (ESI) mode, and an m/z range of 100–1000 was used.  

Parameters were set as follows: interface voltage of 4.0 kV, interface temperature of 300 ◦C, 

nebulization and dry gas flow 3 L.min−1, DL temperature of 280 ◦C, detector voltage of 1.8 kV 

and the flight tube temperature at 42 ◦C. For monitoring high mass accuracy, sodium iodide was 

used as a calibration solution. MS1 and MS2 were generated concurrently (via data-dependent 

acquisition) for all ions with a m/z range between 100 and 1000 Da with an intensity threshold 

above 5000. Argon was used as a collision gas for the MS2 experiments, at a collision energy of 

30 eV. The components contained within the crude acetone extract were determined using Sirius 

software (version 5.5.7) [355-363]. 

3.6. Weight loss analysis 
The weight loss analysis technique was performed first because it is simple, accurate, and can be 

used to determine whether the extract has inhibitory abilities against Al, MS, and Zn corrosion. 
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The procedure involved conducting two series of tests, the first involved immersing weighed metal 

coupons in the corrosive test solution without the corrosion inhibitor. In the second series of tests, 

the weighed metal coupons were immersed in the corrosive test solution containing varying 

concentrations of the extract (200 to 800 ppm) used as a corrosion inhibitor. Approximately 60 ml 

of the test solution in a 100 ml beaker was used to immerse the specimens using glass rod hooks 

while covering their entire surface area. The technique was performed in a thermostatic water bath 

at 30, 40, 50, and 60 °C for 7 hours. After a 7-hour immersion time, the coupons were removed 

from the test solutions, scrubbed with a brush, washed with distilled water, air dried, and weighed 

to determine the total weight change. The final weight loss obtained was then used to measure the 

inhibition efficiency (%IE) and corrosion rate (CR) using the following equations: 

                                                                     𝐶𝑅 = (
∆𝑊

𝑆𝑡
)                                                              (43) 

where ∆W is the weight difference of the metal coupons before and after immersion in the 

uninhibited and inhibited corrosive environments. S and t are the surface area of the metal samples 

and the immersion time in hours, respectively. 

                                                           %𝐼𝐸 = {
𝐶𝑅(𝑢𝑛ℎ)− 𝐶𝑅(𝑖𝑛ℎ)

𝐶𝑅(𝑢𝑛ℎ)
} 𝑥100                                          (44)    

where CR(inh) and CR(unh) are the corrosion rate of the metals samples exposed to the inhibited and 

uninhibited corrosive test solutions, respectively. 

3.7. Electrochemical experiments 
A single-channel potentiostat/galvanostat BioLogic–SP150 with a built-in frequency response 

analyzer (FRA) was used to perform PDP, and EIS tests at 303 K. PDP results were analyzed using 

EC-Lab software, and EIS results using ZSimp software. Approximately 80 ml of the inhibited 

and uninhibited corrosive test solution was used in a three-electrode cell. The electrodes used in 

the tests included a working electrode (WE) made of Al, MS, and Zn metal coupons with a 1 cm2 

exposed surface area, a reference, and auxiliary electrodes, which were Ag/AgCl and graphite 

electrodes, respectively. EIS and PDP measurements were performed after the electrodes reached 

a steady-state potential under an open circuit (approximately 1 hour of immersion time). The 

potential of the electrodes was recorded each time the potential changed by 10 mV for at least 30 

seconds while the potential range was set at ±10 V. The OCP results showed graphs with time as 
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the x-axis and voltage of the working electrodes relative to the reference electrode (Ewe vs 

Ag/AgCl) as the y-axis. PDP curves were obtained by scanning from a slightly higher cathodic 

potential (−0.150 V/Ag/AgCl) from the OCP towards a positive potential (1.100 V/Ag/AgCl) to 

observe the pitting potential. The potential was changed at a scan rate of 1 mV/s for the unstirred, 

uninhibited, and inhibited solutions. EIS measurements were performed from the start and end 

frequency sampling rates from 100 kHz to 10 mHz at OCP. At OCP, EIS measurements were taken 

from the initial and final frequency scan rates of 100 kHz to 10 mHz. The sinus amplitude was set 

to 10 mV, and the potential range for adjusting the potential resolution with the system of interest 

was also chosen to be ±10 V for both the PDP and EIS measurements. 

3.8. FT-IR Spectrometry 
FT-IR spectroscopic analysis was performed on dried L. javanica plant extracts using a Bruker 

spectrum instrument to determine the extract’s functional groups. The techniques were also used 

to characterize the corrosion products/inhibitory films formed on the surface of zinc metals in the 

presence and absence of the optimal concentration (800 ppm) of the extract/inhibitor solution after 

immersion in 1 M HCl solution for 7 hours, as well as the solutions of the two systems. At room 

temperature, the spectra were recorded from 4000 to 400 cm−1. 

3.9. Electronic Spectroscopy 
Ultraviolet-visible spectroscopy (UV–vis) was performed to help elucidate the electronic 

absorption properties of the different L. javanica leaf extracts and their adsorption behaviour on 

the Al, MS, and Zn surfaces. As molecules, electrons are known to absorb energy from the visible 

to the UV range (200–780 nm), which excites them from the ground state to a higher energy state. 

UV analysis in this work was performed from 199.9 nm to 1000 nm using a Jenway 7305 

spectrophotometer in a quartz cell at room temperature. For the experiments, the optimal 

concentration of the extract (800 ppm) was analyzed without performing a gravimetric analysis. 

To examine the stability of the extract on the Al, MS, and Zn surfaces, the three metal samples 

were immersed in 60 ml of 1 M HCl containing an effective concentration (800 ppm) of the L. 

javanica extract and subjected to weight loss analysis at 303 K for 7 hours. After 7 hours, test 

samples were drawn out, and the solution was analyzed with UV–Vis. After immersing the 

samples in 1 M HCl in the absence of the extracts, the solution was also examined in addition to 

the 1 M HCl control for comparison purposes.  
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3.10. Water contact angle measurement  
The wettability effect of the Al, MS, and Zn coupons by L. javanica extracts was determined by 

measuring the contact angle of water on the three metal surfaces. A video contact angle system, or 

VCA, is commonly used to estimate contact angles. These systems tend to be expensive, but 

smartphones can be used as an alternative [364-366]. This study used a smartphone, pipette, macro 

lens, and lens mount to capture the image of a water droplet. The data were analyzed with an open-

source image editor (ImageJ version 1.53), which allows the contact angle to be calculated directly 

from the image. The macro lens was clipped over the smartphone’s camera lens after attaching it 

to the lens mount. In a well-lit environment, the sample was placed flush with the edge of a 

workbench. The pipette was used to dispense a small drop of ultrapure water (one microliter) near 

the leading edge of the sample. The smartphone was placed about 1-2 cm from the droplet to 

capture a sharp image with the highest possible resolution. The analysis was performed on a 

grayscale image (32-bit) with sufficient magnification to facilitate static contact angle 

measurement. A drop analysis plugin (Drop analysis-LBADSA) [367] was used to measure the 

static contact angle. The metal specimens were sanded with silicone paper, rinsed with water, and 

dried at room temperature before testing. After that, they were immersed in uninhibited and 

inhibited (800 ppm) corrosive solutions for 7 hours. After a 7-hour immersion period, the samples 

were scrubbed with a brush, washed with distilled water, dried, and stored in a desiccator until 

testing.  

3.11. Scanning electron microscope/energy dispersive x-ray 

spectroscopy (SEM/EDS) analysis 
SEM analysis was performed as an effective method to evaluate Al, MS, and Zn surface 

morphology before and after exposure to the corrosive medium (1 M HCl) in the presence and 

absence of different L. javanica leaf extracts. The surface morphological changes of the Al, MS, 

and Zn electrodes were evaluated using the Zeiss Gemini Ultra Plus FEG SEM instrument coupled 

with an EDS detector for elemental composition analysis. Before SEM/EDX analysis, the samples 

were first subjected to gravimetric analysis performed for a 7-hour immersion period at an ambient 

temperature of 30°C. Then, after this period, the samples were removed from the reaction 

environment, scrubbed with a stubble brush, washed with distilled water, washed again with 

ethanol, and finally dehydrated with acetone. Photographs were taken of the portion of the samples 

from which better data was obtained. To get a detailed picture of the effect of the extracts on the 

http://bigwww.epfl.ch/publications/stalder1001.html
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surface morphology of the three metal samples, the morphology of the untreated polished metal 

samples were also analyzed, and the results were compared to the samples exposed to 1 M HCl 

with and without different concentrations of L. javanica extracts.  

3.12. DFT adsorption energy calculation 
Theoretical quantum chemical calculations based on DFT provided in the DMol3 code were 

performed to study the adsorption geometries and energies using the Material Studio 2020 package 

[368]. The minimization of the adsorption geometries was acquired by the GGA/PBE/DNP level 

in conjunction with the COSMO-based solvent model [369-371]. To account for the core electrons 

and to accelerate the convergence of the self-consistent field (SCF) charge density, DFT semi-core 

pseudopotential (DSPP) and iterative subspace direct inversion (DIIS) were used [372]. For the 

sampling of the Brillouin zone, a 3×3×1 Monkhorst–Pack grid was used. To achieve geometry 

optimization, the convergence criteria for electronic energy, gradient, and atom displacement were 

set to 0.00001 Ha, 0.002 Ha/Å, and 0.005 Å, respectively. The Fe(110), Zn(110), and Al(111) slab 

surfaces were constructed with three layers, with the uppermost layer of metal atoms relaxed along 

with the adsorbates and the remaining two layers constrained. The slab was repeated in 8x8, 5x5, 

and 7x7 cells for the Fe, Zn, and Al surfaces, respectively, with a 30 Å separation between clean 

slabs to prevent contact between the sorbate and its periodic image. Figure 3.1 depicts a schematic 

summary of the methodology used to conduct the current study. 
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Figure 3.1: The techniques used to characterise and evaluate L. javanica leaf extracts as green 

inhibitors of Al, MS, and Zn corrosion in 1 M HCl solution are depicted schematically
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CHAPTER 4 

Methanolic extract results and discussions 
 

This chapter summarises and discusses the findings from the Methanolic L. javanica crude leaf 

extract (MLJCE). The crude extracts were characterised using LC/MS and FT-IR spectroscopies. 

Weight loss analysis with a focus on the effect of temperature and inhibitor concentration, 

adsorption isotherms and thermodynamic parameters, and adsorption film analysis were all used 

to assess the corrosion potential of MLJCE. Electrochemical techniques were used to assess the 

corrosion resistance, degradation, and corrosion inhibition mechanisms of the inhibitors. Surface 

analysis of the extracts' protective film on metal surfaces was also performed. 
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4. Methanolic L. javanica crude leaf extract (MLJCE) as a green 

inhibitor for Zn, Al, and MS corrosion  

4.1. HPLC analysis of MLJCE 
Optimum chromatographic conditions were achieved by optimizing the mobile phase, elution 

program, and mass conditions. Under the conditions described in experimental section 3.4, a 

typical total ion current chromatogram in a negative ESI mode ([M – H]–) was obtained. The figure 

demonstrates that the constituents in MLJCE were well separated using the developed method. 

Several major peaks were tentatively detected in the crude extract with diverse retention time (RT), 

molecular formula (MF), and molecular weight (MW) (Table 4.1). With reference to the literature, 

a phenylethanoid glycoside, acetonide, or, as commonly referred to, verbascoside (VBS) (RT = 

7.36 minutes) [373] was identified as the major component of the extract (Figure 4.1). The primary 

molecular ion at m/z 623.1958 (C29H36O15) for Verb ([M – H]–) was observed in the mass spectrum 

with its proposed fragmentation pathway, as presented in Figure 4.2. The sugar skeleton of β-

glucose and monosaccharides make up the bulk of the VBS molecule, as depicted in Figure 4.1, 

with caffeoyl rhamnose and hydroxyl phenylethyl aglycons replacing the hydroxyl groups of C4 

and C1 of β-glucose, respectively. 

 

Figure 4.1: The VBS molecule’s sugar groups (glucose and rhamnose) and two antioxidants 

(phenylpropanoid and phenylethanoid) linked through an ester and glycosidic linkages 
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Though VBS was identified as the major component of MLJCE, other phytochemical compounds 

were identified (Figure 4.3). These include compounds that contain molecules mainly composed 

of oxygen, nitrogen, and π-electrons. The presence of carbonyl and aromatic groups and the carbon 

double bonds in the structures of the identified phytochemical compounds could act as the 

adsorption centres on the surfaces of the three metals. The complex chemical makeup of the 

MLJCE suggests a possible synergistic inhibition mechanism, making it difficult to assign the 

inhibition mechanism for the corrosion of the three metals to an individual compound in the 

extract. 

 

 

Figure 4.2: MS-ESI spectra (a) and proposed fragmentation pattern (b) of Verb  

(a) 

(b) 
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Figure 4.3: Total ion chromatograms of phytochemicals mixtures of MLJCE measured by LC/MS in negative ion mode 
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Table 4.1: Phytochemicals identified in the MLJCE 

S.No. RT 

(min) 

Name of the compound  MF MW 

1 5.20 Geniposidic acid C16H22O10 373.11 

2 5.45 Decaffeoyl-acteoside C20H30O12 461.17 

3 6.22 (1S)-4abeta-[(6-Deoxy-alpha-L-mannopyranosyl)oxy]-1-(beta-D-glucopyranosyloxy)-7-methyl-4a,7abeta-

dihydrocyclopenta[c]pyran-5(1H)-one 

C21H30O13 471.15 

4 6.33 Glomeratose A C24H34O15 561.18 

5 7.19 Verbascoside C29H36O15 623.20 

6 7.57 6-O-[2-O,3-O-Diacetyl-alpha-D-glucopyranosyl]-3-O-(2-O,3-O,4-O,6-O-tetraacetyl-alpha-D-glucopyranosyl)-

1-O,2-O-(ethylidene)-alpha-D-glucopyranose 4-acetate 

C34H48O23 805.24 

7 10.78 (2S)-3-[(6-O-β-L-glucopyranosyl-β-L-galactopyranosyl)oxy]-2-hydroxypropyl (9Z,12Z,15Z)-octadeca-

9,12,15-trienoate 

C33H56O14 675.36 

8 11.88 [6-[6-[[10-(5,6-Dimethyloxan-2-yl)oxy-5-methoxy-9,16-dimethyl-2-oxo-7-(2-oxoethyl)-4-propanoyloxy-1-

oxacyclohexadeca-11,13-dien-6-yl]oxy]-5-hydroxy-2-methyl-4-propan-2-yloxan-3-yl]oxy-4-hydroxy-2,4-

dimethyloxan-3-yl] 3-methylbutanoate 

C51H84O16 951.57 

9 12.25 3-((6-(dihydroxymethyl)-3,4,5-trihydroxytetrahydro-2H-pyran-2-yl)oxy)propane-1,2-diyl bis(octadeca-

9,12,15-trienoate) 

C47H74O11 789.51 

10 13.36 [(2S)-1-[(9E,12E,15E)-octadeca-9,12,15-trienoyl]oxy-3-[(2R,5R,6R)-3,4,5-trihydroxy-6-[[(2R,5R,6R)-3,4,5-

trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxymethyl]oxan-2-yl]oxypropan-2-yl] (6E,9E,12E)-octadeca-6,9,12-

trienoate 

C51H84O15 935.57 

 

https://pubchem.ncbi.nlm.nih.gov/#query=C21H30O13
https://pubchem.ncbi.nlm.nih.gov/#query=C29H36O15
https://pubchem.ncbi.nlm.nih.gov/#query=C34H48O23
https://pubchem.ncbi.nlm.nih.gov/#query=C51H84O16
https://pubchem.ncbi.nlm.nih.gov/#query=C51H84O15
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4.2. FT-IR screening of phytochemicals from MLJCE 
FT-IR spectroscopy is an analytical technique that can examine a wide range of samples, from 

pure substances to mixtures [374]. Through this technique, the characterization of the MLJCE 

components was achieved, and the spectrum obtained is shown in Figure 4.4. The spectrum is 

characterized by strong absorption bands of a saturated hydrocarbon group at 2923 cm−1, 

corresponding to a methyl group (C–H3), and at 2853 cm−1, which corresponds to a methylene 

group (C–H2) [375]. These two peaks could be due to alkanes and alkyl in the extract [376]. A 

broad, intense absorption band was observed at around 3349 cm−1, which could be due to the 

presence of a hydroxyl group (H–O) in alcohols [377], amine (N–H), and amide groups (N–H) in 

the plant extract [378]. The absorption band at about 1737 cm−1 corresponds to the stretching 

vibration of C–O. The band at 1032 cm−1 corresponds to the bending vibration of C–O–C groups 

and could indicate the presence of carbohydrates [375]. 
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Figure 4.4: FTIR spectrum of the MLJCE used for the inhibition of Zn, MS, and Al corrosion  

The peak at 1606 cm−1 is due to the asymmetric and symmetric vibrational stretching of the 

carboxyl ion (COO–), indicating the presence of ester, carbonyl, and carboxylic acid groups in the 

MLJCE [379, 380]. The absorption bands at 1032, 1519, and 1157 cm−1 correspond to the skeletal 

stretching vibration of aromatic rings and the =C–O–C group, which could be flavonoids. The 
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vibrational band at 1447 cm−1 could be an indication that the extract contains sulfate (S=O), alkane 

(C–H), and aromatic (C=C) functional groups in the extract. The presence of alkyl halide (C–F), 

sulfonyl chloride (S=O), and nitro (N=O) groups are suggested by the band at 1376 cm−1 [378]. In 

the range of 1260 cm−1, phosphoramide (P=O), amine (C–N), carboxylic acid (C–O), alkyl halide 

(C–F), ether (C–O) and ester (C–O) groups are indicated to also be in the extract [378]. The peak 

observed at around 1703 cm−1 is indicative of the aromatic (–C=C–) absorption band [381, 382]. 

The absorption bands in the 800–1750 cm–1 region can be attributed to the contribution of aromatic 

ring stretches, while those from 820 to 760 cm–1 result from ring vibrations [380]. 

4.3. Variation of the open circuit potential (OCP) with immersion 

period 
OCP is the potential of the WE (Al,  MS, and Zn) relative to the reference electrode when no 

current or potential is flowing in the system. A change in OCP causes polarization of the electrodes 

as a result of current flow near the electrode/electrolyte interface [383]. OCP measurements were 

performed for 1 hour to allow the system to reach a stable corrosion potential, allowing the 

corrosion protection of MLJCE to be evaluated for Al,  MS, and Zn at different concentrations. 

The OCP–time plots of Zn, Al, and MS in 1 M HCl in the absence and presence of various 

concentrations (200 ppm to 800 ppm) of 303 K are shown in Figures 4.5–4.7. Figure 4.5 shows 

that the OCP for MS gradually moved positive and negative during the first 500 seconds of 

immersion until it reached stable values in the blank solution at around 2000 seconds. The drop in 

MS potential could be due to the dissolution of the native oxide that had previously formed on the 

MS surface due to exposure to the atmosphere. 

In contrast, stabilization at around 2000 seconds could be attributed to the formation of corrosion 

products which protect the MS surface and reduce uniform corrosion. The OCP variations showed 

a similar trend at 400 and 600 ppm of MLJCE, except for 200 and 800 ppm, which showed 

movement in a negative direction from the start. In the presence of the extracts, the long movement 

of OCP in the negative direction indicates that they form a protective film on the surface of the 

MS electrode. The shift of the OCP values to both positive and negative values until reaching 

stable values indicates the occurrence of two opposing processes. One of the processes is forming 

a protective adsorption layer on the MS working electrode by the extracted compounds, resulting 
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in corrosion inhibition, while the other is the dissolution of MS due to the decreasing potential in 

the negative direction [384-387].  
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Figure 4.5: Evolution of open-circuit potential (EOCP) versus exposure time for MS with and 

without MLJCE in 1 M HCl solution 

For concentrations of 200, 400, and 800 ppm, a steady-state potential was instantly attained and 

maintained over time, according to the OCP curves for the Zn electrode (Figure 4.6). The potential 

of the Zn sample in 1 M HCl shows an abrupt change during the first few minutes of immersion 

in the blank solution and the presence of MLJCE at 600 ppm. An increase in potential was also 

observed, as well as a subsequent movement and stabilization toward positive values. Although 

the Zn surface initially undergoes active dissolution in the presence of 600 ppm MLJCCE, the 

extracts were effective in reducing the corrosion rate of zinc, as indicated by the shorter time taken 

to reach the stable potential in the presence of the inhibitor (170 seconds) compared to the blank 

(895 seconds). 

The stabilized OCP for the blank was about the same as that of the MLJCE at about 0.44V. OCP 

can classify inhibitors as anodic, cathodic, or mixed-type based on their OCP value compared to 

the blank values. Anodic inhibitors have lower OCP values than the blank, while cathodic 

inhibitors have higher values than the blank. The inhibitor is said to be a mixture of cathodic and 
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anodic forms when the OCP of the blank and inhibitor are nearly equal. Because anomalies can 

occur, this classification is not always followed. The OCP values for Zn show that the metal 

experience similar OCP values for the blank and in the presence of MLJCE, indicating that the 

methanolic extracts have mixed-type inhibitory abilities. In the presence of the MLJCE for MS, 

higher and lower OCP values were obtained compared to the blank value of -0.44V. This indicates 

that the MLJCE contains compounds that inhibit anodic reactions and those that inhibit cathodic 

reactions of MS [388].   
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Figure 4.6: Evolution of open-circuit potential (EOCP) versus exposure time for Zn with and 

without MLJCE in 1 M HCl solution 

The OCP for Al (Figure 4.7) shows that MLJCE shifts the steady-state potential slightly positively 

and reaches stable values at around 500 seconds. The slight positive shift indicates that MLJCE 

has minimal effect on the anodic reaction. However, the OCP time plots also show that although 

there is a slightly positive OCP value, the steady-state MLJCE potential was more negative than 

the uninhibited Al sample, indicating that the extracts primarily act on the cathodic reaction [389]. 

The OCP curves are straight lines for both uninhibited and inhibited Al systems, indicating that 

the equilibrium potential has been reached in both cases [390]. 
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Figure 4.7: Evolution of open-circuit potential (EOCP) versus exposure time for Al with and 

without MLJCE in 1 M HCl solution  
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4.4. Potentiodynamic polarization  
PDP is an electrochemical technique in which the corrosion system is stimulated with a linearly 

changing potential, and the system’s current flow’s instantaneous value is recorded. PDP 

measurements were performed after the electrodes (Al,  MS, and Zn) had reached a steady state 

potential under an open circuit after approximately 1 hour of immersion time. The measurements 

were carried out in the absence and presence of the MLJCE for Al, Zn, and MS corrosion in 1 M 

HCl at 303 K. PDP curves were obtained by scanning from a slightly more cathodic potential 

(−0.150 V/Ag/AgCl) from the OCV towards a positive potential (1.100 V/Ag/AgCl) to observe 

the pitting potential. PDP curves were used to determine electrochemical parameters such as the 

corrosion potential (Ecorr), which is the potential at which hydrogen evolution starts, anodic and 

cathodic Tafel slopes (βa, βc), corrosion current density (Icorr), which is the current densities at 

hydrogen evolution potentials, and the PDP inhibition efficiencies (%IEPDP). This was achieved 

by extrapolating the anodic and cathodic Tafel branches to the point where the reaction rates of 

the two branches are equivalent using the EC-Lab software, as shown in Figure 4.8. 

 

 

Figure 4.8: Tafel extrapolation using EC-Lab software for the uninhibited MS sample immersed 

in 1.0 M HCl solution 
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The corrosion rate (milli-inch per year, mpy) was calculated according to the equation: 

                                                             𝐶𝑅(𝑚𝑝𝑦) =
𝐼𝑐𝑜𝑟𝑟𝑘𝐸𝑤

𝑑𝐴
.                                                      (45) 

Where k, A, d, and EW are the corrosion rate constant (k = 128.800 milli-inches (amp cm year)), 

metal electrode surface area (1 cm2), metal density, and metal equivalent weight (EW) in 

grams/equivalent. For an alloy, the EW can be expressed as the weighted average of its constituents. 

Knowledge of each constituent’s oxidation state and the alloy’s molecular fraction is needed to 

determine the EW for an alloy. The EW or material mass per unit load is the same as the element’s 

atomic weight divided by its valence. As such, the EW of Al3+, Zn2+, and Fe2+ was determined as 

26.982/3, 65.409/2, and 55.845/2. The %IEPDP was calculated as follows: 

                                                    𝐼𝐸𝑃𝐷𝑃(%) =
𝐼𝑐𝑜𝑟𝑟−𝐼𝑐𝑜𝑟𝑟(𝑖𝑛ℎ)

𝐼𝑐𝑜𝑟𝑟
× 100,                                          (46) 

where Icorr and Icorr(inh) are the corrosion current densities in the absence and presence of MLJCE.  

Scanning of the PDP curves from the OCP to a slightly more cathodic potential revealed no pitting 

potentials or passive areas on the surface of MS or Zn in the presence or absence of MLJCE. In 

the absence of methanolic extracts, the lack of pitting or passive areas suggests that corrosion 

products formed on the Zn surface or an oxide layer formed on the surface of MS because of 

previous exposure to the atmosphere, protecting the two surfaces from severe attack by Cl− ions. 

The absence of pitting in the presence of MLJCE could be attributed to the extract components 

forming a protective film on the surface. Due to its natural ability to develop a natural oxide layer 

(i.e., passive layer) on the surface, Al is somewhat resistant to corrosion; however, this layer can 

delaminate when exposed to Cl− environments, resulting in corrosion-like pitting [391-394]. The 

anodic Tafel curves (Figure 4.11) in the presence and absence of MLJCE show an increase in the 

potential, which rises to the passivation potential (Epp) point due to activation-control behaviour. 

Beyond that, there is a sharp decrease in corrosion current density, indicating the formation of a 

protective or passive film on the Al surface. In the presence of the passive layer on the Al surface, 

the anodic current density tends to drop to the lowest value called the passive current density (Ipass). 

The curves also point out some current fluctuations that indicate the formation of metastable pits 

during the measurements. The occurrence of the metastable pits suggests that the passive layer on 

the Al surface is locally destroyed first before the dissolution process occurs, then after the surface 

re-passivates again [395]. The non-uniformity of the passive area makes it difficult to determine 
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the exact value of Ipass; even in such a case, the Ipass values were obtained from the middle passive 

area and decreased from 1.7399 to 1.3376 μA.cm-2 with increasing concentration (200 to 600 ppm) 

of MLJCE. Higher Ipass values in the presence of the plant extracts imply a degradation of the 

protective adsorption layer in addition to the natural protective oxide layer [396] of the Al surface. 

This also suggests that the protective or passive film on the Al surface was less stable. The lack of 

a pronounced passive region at 800 ppm MLJCE indicates that the extract compounds successfully 

formed an effective protective film on the surface of Al at the maximum concentration. As such, 

the susceptibility of the Al surface to pitting corrosion was reduced at the highest concentration of 

MLJCE.  

PDP data for Al and MS collected in 1 M HCl indicate a visible but small change in OCP in the 

presence of MLJCE concentrations compared to blank. This is consistent with other work [397, 

398] and shows that MLJCE acts as a mixed-type corrosion inhibitor, implying that the extracts 

inhibit both the cathodic and anodic reactions of Al and MS to a similar extent [399, 400]. 

However, the shift in the OCP for Zn to more negative values indicates that the extracts impede 

the cathodic dissolution process more than the anodic. This is supported by the fact that the 

difference in cathodic slope between all MLJCE concentrations studied and the blank is greater 

than the difference in anodic slopes. The shape of the curves in the absence of inhibitors appears 

to be similar to the curves in the presence of MLJCE for all three samples, indicating that the 

presence of plant extracts in the corrosive solution does not affect the metal’s corrosion 

mechanisms [401]. Adding MLJCE to the corrosive solution inhibits the corrosion process, as 

evidenced by the systematic shift of the curves to lower current densities with increasing extract 

concentration for all three metal systems. For instance, the corrosion current density for the blank 

was 570.249, 1144.688, and 5831.281 μA.cm−2 for MS, Zn, and Al, respectively. These values 

decreased in the presence of MLJCE to a low of 37.630, 36.533, and 711.796 μA.cm−2 at the 

maximum concentration for MS, Zn, and Al, respectively, indicating that the extracts formed an 

effective protective film on the surfaces of the metals.  

The MS anodic and cathodic Tafel slopes were reduced by about a decade or more in the presence 

of MLJCE compared to the sample immersed in its absence. The change in corrosion potential, 

∆Ecorr = Ecorr − Ecorr
° , where Eº

corr is the potential of the uninhibited system, can be used to 

indicate the inhibitor’s electrochemical form [402]. According to the literature [403, 404], if Ecorr 
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exceeds ±85 mV, the inhibitor prevents the metal from corroding by controlling either the anodic 

or cathodic reactions. On the other hand, when Ecorr < ±85 mV, the inhibitor is considered to 

prevent both the anodic and cathodic reactions and is referred to as a mixed-type corrosion 

inhibitor. In the presence of MLJCE, the maximum shift in Ecorr relative to the blank is 8, 16, and 

50 mV for Al, MS, and Zn, respectively. Since in the presence of MLJCE, Ecorr values are lower 

than 85 mV with respect to the blank solution, it is assumed that the inhibitor acts against Al, MS, 

and Zn corrosion through a mixed mode inhibition mechanism involving both the anodic 

dissolution and reduction of hydrogen ions on the metals [405]. Compared to the values of the 

uninhibited corrosive system, the Ecorr values for MS showed a potential increase in the positive 

direction in most cases of the extract concentration. This indicates that the extracts, although 

mixed-type, showed predominantly anodic behaviour [406, 407]. 

In contrast, the Ecorr values for the Al and Zn surface showed a movement in the negative direction 

compared to the values of the uninhibited corrosive system in the presence of MLJCE, indicating 

that the extracts mainly controlled the cathodic reaction [408]. Tafel slope values can also be used 

to support the inference derived from the Ecorr shift in classifying the inhibitory effects of an extract 

or inhibitor as cathodic, anodic, or mixed type. The βa and βc values from the current work (Table 

4.2) show that these values vary with inhibitor concentration. Although there is no clear trend in 

the variation of the Tafel slopes with MLJCE concentration, the results show that adding the 

extracts into the corrosive solution causes changes in the values of both βa and βc, indicating that 

the extracts can be classified as mixed-type corrosion inhibitors [33]. 
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Figure 4.9: Tafel PDP curves for MS dissolution in 1 M HCl with and without different 

concentrations of MLJCE to observe pitting (a). The extrapolated (b) active area at 303 K, 

respectively 
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Figure 4.10: Tafel PDP curves for Zn dissolution in 1 M HCl with and without different 

concentrations of MLJCE to observe pitting (a). The extrapolated (b) active area at 303 K, 

respectively 
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Figure 4.11: Tafel PDP curves for Al dissolution in 1 M HCl with and without different 

concentrations of MLJCE to observe pitting (a). The extrapolated (b) active area at 303 K, 

respectively 
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Table 4.2: Polarization electrochemical parameters of Al, Zn and MS after 1-hour immersion at 

303 K in 1 M HCl with and without different concentrations of MLJCE 

Metal Conc. of  

MLJCE 

(ppm) 

CR 

(mpy) 

Ecorr 

(mV vs 

Ag/AgCl) 

a 

(mV.dec-1) 

c 

(mV.dec-1) 

Ipass 

(μA.cm-2) 

Icorr  

(μA.cm-2) 

%IEPDP 

 

 

MS 

Blank 261.26 −430.637 77.6 119.4 − 570.249 − 

200 26.9287 −447.343 65.7 91.4 − 58.777 89.69 

400 24.2605 −438.539 64.3 98.5 − 52.953 90.71 

600 23.3135 −421.667 67.7 90.5 − 50.886 91.08 

800 17.2402 −425.230 65.9 69.5 − 37.630 93.40 

 

 

Zn 

Blank 675.025 −413.435 96.8 196.8 − 1144.688 − 

200 44.8816 −457.905 88.7 107.5 − 76.109 93.35 

400 31.9135 −458.490 75.3 92.8 − 54.118 95.27 

600 28.3818 −435.418 67.3 114.8 − 48.129 95.80 

800 21.5436 −463.541 107.3 93.3 − 36.533 96.84 

 

 

Al 

Blank 2492.66 −740.497 64.6 183.6 1.7399 5831.281 − 

200 660.105 −742.190 32.6 144.7 1.8380 1544.235 73.52 

400 476.918 −741.174 17.0 136.7 2.1007 1115.692 80.87 

600 324.027 −743.678 27.5 167.1 1.3376 758.023 87.00 

800 304.267 −758.395 19.2 133.4 − 711.796 87.79 
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4.5. Electrochemical impedance spectroscopy (EIS) 
Al, MS, and Zn electrodes were immersed in the corrosive environment (1 M HCl) with and 

without varying concentrations (200 to 800 ppm) of MLJCE for 1 hour before EIS measurements 

were made. The measurements were performed to quantitatively assess the inhibitors’ corrosion 

resistance, degradation, and corrosion inhibition mechanisms. Figures 4.12−4.14 shows the 

development of the impedance spectra based on Nyquist and Bode phase diagrams. The Nyquist 

and Bode diagrams for the uninhibited and inhibited systems show comparable behaviour, 

suggesting that the MLJCE has no significant effect on the Al, MS, and Zn corrosion mechanism. 

The impedance of the Nyquist curves in the low-frequency range in the presence of MLJCE is 

greater for all three metals than that of the uninhibited system. It increases with increasing 

concentration of the MLJCE. The increase in the diameter of the Nyquist semicircles indicates that 

the metal/electrolyte system impedance increases while the corrosion rate in the presence of 

MLJCEs decreases. The increase in semicircle diameter with inhibitor concentration is associated 

with an increase in charge transfer resistance (Rct) through the metal–solution interface [409]. The 

Nyquist plots for MS and Zn are represented by imperfect semicircular loops whose centres appear 

below the impedance axis due to unavoidable frequency dispersion effects inherent in solid metal 

electrodes [410-412]. The behaviour could also be explained by surface inhomogeneity caused by 

MLJCE adsorption on the Zn and MS surfaces and by the microscopic surface roughness of the 

metals [413]. 

The Al-Nyquist plots in Figure 4.14 show the capacitive loops in the higher frequency range and 

an inductive loop in the lower frequency range. The presence of indicative loops in the low-

frequency range may result from the appearance of adsorbed intermediates on the Al surface. 

Therefore, adsorbed intermediates such as Al+ and Al3+ ions could be involved in the Al dissolution 

process [414]. Brett [415] suggested that high-frequency capacitive loops are involved in the 

charge transfer process due to the oxide layer formed on the Al surface. The oxide layer results 

from the formation of Al+ ions at the metal/oxide interface and their migration through the 

oxide/solution interface, where they are oxidized to Al3+ ions. In addition, OH− or O2− ions are 

formed at the oxide/solution interface. Capacitive loops represent all of these processes. The ionic 

conduction occurring in the oxide film and the dielectric properties suggest that the oxide film acts 

as a parallel circuit of a resistor or a capacitor [416]. The induction loop observed in the low-

frequency range may result from the surface relaxation of oxide film species [416]. The roughness 
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and inhomogeneity of the electrode surface can also contribute to the imperfect Nyquist curves 

that characterize capacitive Al loops [417]. For all three metals, the depression in these loops 

indicates a departure from an ideal capacitor [417]. To account for deviations from ideal behaviour, 

a constant-phase element (CPE) was used in the mathematical analysis of impedance plots instead 

of a real capacitor to compensate for the depression of the Al, MS, and Zn capacitive loops [418].  

 

 

Figure 4.12: MS Nyquist plots in 1 M HCl solution with and without MLJCE at various 

concentrations at 303 K 
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Figure 4.13: Zn Nyquist plots in 1 M HCl solution with and without MLJCE at various 

concentrations at 303 K 

 

Figure 4.14: Al Nyquist plots in 1 M HCl solution with and without MLJCE at various 

concentrations at 303 K 
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The magnitude log (|Z|/Ohm) and Phase(Z)/deg plotted on the ordinate against log (freq/Hz) on 

the abscissa represent the Bode plots in Figure 4.15−4.17. These plots also show an increase in 

absolute impedance at low frequencies as the concentration of MLJCE increased from 200 to 800 

ppm, indicating that MLJCE provides excellent protection against Al, MS, and Zn corrosion. 

Single maximums represent the phase angle plots at a medium frequency range (1–2 Hz) for both 

MS and Zn with and without MLJCE in 1 M HCl solution, which indicates a one-time constant in 

the corrosion process [419]. The presence of a one-time constant in the presence of MLJCE means 

that the charge-transfer process controls the corrosion of MS and Zn metals in the test solution 

[420], whereas the gradual broadening of the phase maxima intermediate frequency accounts for 

the formation of a protective layer on the electrode surfaces [421, 422]. 

The Bode plot for Al (Figure 4.17) shows two peaks, suggesting that the corrosion process has 

two-time constants. The presence of a capacitive semicircle at high frequencies and an inductive 

loop at low frequencies also demonstrate the participation of a two-time constant in the corrosion 

process of Al. The electron charge transfer process across the double layer at the interface and the 

native oxide layer on the Al surface is said to be responsible for the two-time constant [423, 424]. 

The magnitude of the phase angle |θ| and slope values calculated at intermediate frequencies from 

the linear part of the log (|Z|/Ohm) against log (Freq/Hz) are frequently used to explain the 

adsorption mechanism and the nature of the adsorption film formed on the electrode surfaces. An 

ideal capacitor has a |θ| of −90o and a slope of −1 [425-427]. However, electrochemical systems 

do not always behave in an ideal manner. In the present study, the linear part of the log (|Z|/Ohm) 

versus log (Freq/Hz) reveals phase angles near −70o and slope values around −0.8 for MS and Zn 

in the presence of MLJCE compared to the uninhibited system. These values also deviate from 

ideal behaviour for the Al sample but show an approximation of ideal behaviour as MLJCE 

concentration increases. 
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Figure 4.15: MS Bode modulus and phase angle plot in 1 M HCl solution with and without 

MLJCE at various concentrations at 303 K  
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Figure 4.16: Zn Bode modulus and phase angle plot in 1 M HCl solution with and without 

MLJCE at various concentrations at 303 K 
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Figure 4.17: Al Bode modulus and phase angle plot in 1 M HCl solution with and without 

MLJCE at various concentrations at 303 K 

EIS data were also analyzed by drawing an analogy between experimental data and an equivalent 

electric circuit (EEC). An EEC employs discrete electrical circuit elements to represent the 

corroding electrode interface and the electrochemical phenomena that occur using capacitors, 

resistors, inductors, and elements that mimic diffusion processes. The modified Randles EEC 

(Figure 4.18) [428, 429] was selected to fit the experimental data for MS and Zn using the ZSimp 

3.3 software. The Randles circuit was chosen because it requires only one time constant since the 

Nyquist plots for n and MS are represented by a continuous semicircle indicative of a one-time 

constant. 

  

Figure 4.18: The Randles equivalent circuit diagram used to model the experimental impedance 

data for MS and Zn with and without MLJCE in 1 M HCl 
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where Rs, CPE, and Rct represent the uncompensated solution resistance, constant phase element, 

and charge transfer resistance, respectively. Rs on the impedance curve is where the curve 

intersects the real axis in the high-frequency region (i.e., near the origin). The totality of Rs and Rct 

is considered when the impendence curve meets the real axis in the low-frequency section. As a 

result, the diameter of the impedance curve in a Nyquist plot equals Rct. 

 

Figure 4.19: Equivalent electrical circuit used to model the experimental impedance data for Al 

with and without MLJCE in 1 M HCl 

The EEC used to fit the Al data is shown in Figure 4.19 and shows the addition of inductance (L) 

and inductive resistance (RL) elements to the modified Randles EEC to represent the inductive 

behaviour of the impedance. As with MS and Zn, a CPE was used to describe the electrical double-

layer capacitance and to account for the dispersion effect. The validity of the EIS results for the 

three systems (Al, MS, and Zn) with ECCs was estimated by considering the quality of the fitted 

curves in addition to the chi-square (χ2) values. An example of the estimated percentage errors for 

MS electrical components of the modified Randel EEC is shown in Figure 4.20. The figure shows 

the measured and calculated/predicted plots for MS immersed in 1 M HCl in the absence of 

MLJCE, used to validate the fitting of the EIS results. It also indicates a good fit with acceptable 

error values and a χ2
 in the 10−3 range, confirming that the fitted data and the experimentally 

measured data agree well, which is valid for Al and Zn when using the appropriate EEC. 
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Figure 4.20: An EEC for simulating the EIS data with a focus on the uninhibited corrosive MS 

system (1 M HCl) 

Table 4.3 lists the fitted data of the electrochemical parameters and shows that as the concentration 

of MLJCE increases, the Rct values increase, which implies that MLJCE forms a protective film 

on the metal surface, leading to a decrease in CPE values. For example, the Rct increased from 

20.76 (blank) to 403.1 Ω (800 ppm) for Zn metal by increasing the concentration of MLJCE in 

bulk solution. The same increase trend in Rct values in the presence and subsequent increase of 

MLJCE concentration were observed for MS and Al.  The increase in Rct indicates that the charge 

transfer process is slowed down due to a reduction in the exposed metal surface vulnerable to 

corrosion attack. The Rct values with (Rct) and without (Rct
° ) MLJCE were used to calculate the 

inhibition efficiency using equation 47: 

                                                         𝐼𝐸𝐸𝐼𝑆(%) = (1 −
𝑅𝑐𝑡

°

𝑅𝑐𝑡
) × 100                                             (47) 

The increase in Rct values is consistent with the inhibition efficiency, with the efficiency increasing 

to a maximum of 89.13, 94.84, and 85.08% for MS, Zn, and Al, respectively, at the optimum 

concentration of MLJCE. 
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Table 4.3: Electrochemical impedance parameters of Al, Zn, and MS after 1-hour immersion at 

303 K in 1 M HCl with and without different concentrations of MLJCE 

Metal Conc. of  

MLJCE 

(ppm) 

Rs 

(Ω.cm2) 

CPE parameters L1 

(H) 

Rct 

(Ω.cm−2) 

 

(|θ|) Slope RL 

(Ω.cm−2) 

 

%IEEIS 𝝌𝟐 

×10−3 Y0 

(S.secn) 

×10−3 

n 

 

MS 

 

 

Blank 1.107 0.385 0.8281 − 32.2 −57.4165 −0.6904 − − 2.949 

200 0.9677 0.2001 0.8157 − 195.6 −69.5415 −0.8028 − 83.54 7.874 

400 2.674 0.1846 0.8364 − 238.6 −65.8056 −0.7685 − 86.50 2.821 

600 1.68 0.1513 0.8295 − 280.2 −66.6531 −0.7663 − 88.51 1.509 

800 1.014 0.2816 0.7959 − 296.2 −67.5375 −0.7481 − 89.13 3.277 

 

 

Zn 

 

Blank 2.628 6.051 0.5031 − 20.76 −25.5302 −0.2366 − − 4.598 

200 2.697 0.1527 0.8434 − 268.8 −65.8949 −0.7539 − 92.28 2.867 

400 1.663 0.1478 0.8776 − 293 −71.288 −0.8186 − 92.91 1.119 

600 1.309 0.1419 0.8552 − 365.8 −71.5051 −0.8137 − 94.32 3.196 

800 0.8784 0.1938 0.8021 − 403.1 −69.0552 −0.7682 − 94.85 8.669 

 

 

Al 

Blank 1.392 0.1029 0.9548 10.24 6.617 −41.5066 −0.5775 1.076 − 2.707 

200 2.245 0.1451 0.9257 29.01 16.34 −46.8247 −0.6263 2.009 59.50 2.061 

400 1.149 0.1779 0.9166 45.92 25.95 −61.215 −0.7788 2.448 74.50 5.334 

600 5.575 0.1291 0.9454 89.89 36.73 −46.5043 −0.6323 6.056 81.98 1.677 

800 1.396 0.07373 0.9426 36.57 44.35 −65.9513 −0.8008 4.289 85.08 4.049 

 

The proximity of the CPE exponent (n) values to unity supports that the electrode/electrolyte 

systems are pseudocapacitive in nature due to their surfaces’ inhomogeneities. The CPE exponent 

values for Al and MS did not differ significantly in the presence of the MLJCE when compared to 

the blank. Their stability demonstrates that the charge transfer process controls the dissolution 

mechanism of the electrodes in 1 M HCl solution with and without the extracts [430]. The increase 

in CPE exponent values for Zn in the presence of MLJCE compared to the blank (0.5073) indicates 

that the Zn surface became more homogeneous. 

The CPE can be replaced by the respective double-layer capacitor (Cdl) in all three 

corrosive/inhibited systems to enable a more precise fit of the data; a frequency-dependent element 

used to represent the surface roughness of the metal samples. The impedance function of CPE can 

be calculated using equation 48 [431, 432]: 

                                                               𝑍𝐶𝑃𝐸 =
1

(𝑌𝑜𝑗𝜔)𝑛
                                                              (48) 
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where Y is a proportional factor that indicates a combination of properties that relates to the metal 

surface and also the electroactive species independent of frequency, ω is the angular frequency 

(2πfmax, where 𝑓 is the frequency), j is an imaginary number equal to √−1  and n is the phase shift, 

commonly referred to as the deviation parameter, which describes the nature of the Al, MS, and 

Zn surface and reflects microscopic fluctuations of the surface [37]. When n = 0, the ZCPE 

represents the resistance of the Al, MS, and Zn surface with R = Y–1; n = –1 representing an 

inductance with L = Y–1 [433], while n = 1, the CPE is indicative of an ideal capacitor with Y 

being equal to the capacitance (C = Y) [434]. The phase shift values obtained in this work are close 

to 1 with the inclusion of L. javanica into the acidic solution, implying that the CPE resembles 

capacitive behaviour and the correction of capacity to its real values can be expressed by:  

                                                    𝑓(−𝑍𝑚𝑎𝑥
′′ ) = (

1

2𝜋𝑅𝑐𝑡𝐶𝑑𝑙
)                                                          (49) 

where −Zmax
′′  is the maximum imaginary component of the impedance.  

Lower Cdl values imply an increase in the electrical double layer and/or a lowering in the local 

dielectric constant (ε), indicating that the inhibitors molecules get adsorbed onto the Al, MS, and 

Zn surface at both the anodic and cathodic locations [55]. The thickness of the protective layer (d) 

is related to Cdl according to the following equation 50 [53]:   

                                                                       𝐶𝑑𝑙 =
𝜀𝜀𝑜

𝑑
                                                               (50) 

where εo is the permittivity of the free space.   
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4.6. Weight loss measurement  

4.6.1. The effect of MLJCE concentration on the anti-corrosive behaviour of Zn, Al, 

and MS 

Weight loss measurements at different temperatures (303 K to 333 K) over 7 hours were used to 

provide a preliminary framework for the anti-corrosive nature of MLJCE in 1M HCl solution for 

Al, MS, and Zn. Table 4.4 displays the calculated corrosion rate and inhibition efficiency values 

to examine the effect of MLJCE concentration in 1 M HCl on Al, MS, and Zn corrosion. The 

tabulated results show that the corrosion rate was significantly higher for the three metals’ 

uninhibited systems at all temperatures tested. For instance, at the lowest temperature (303 K) 

evaluated for the uninhibited systems, a corrosion rate of 1.4988×10−3, 2.6325×10−3 and 

8.6931×10−3 g.cm−2.h−1 was obtained for MS, Zn, and Al, respectively. However, adding MLJCE 

into the corrosive solution markedly decreased the corrosion rate of these metals. For MS, the 

corrosion rate was reduced to 8.6881×10−5, 1.8617×10−5, 1.6135×10−5 1.3653×10−5 g.cm−2.h−1 in 

the presence of 200, 400, 600, and 800 ppm of MLJCE respectively. For Zn, the corrosion rate 

decreased to 1.4000×10−3, 1.3578×10−3, 1.3268×10−3 and 1.2970×10−3 g.cm−2.h−1 in the presence 

of 200, 400, 600, and 800 ppm MLJCE, respectively. While for Al, the corrosion rate decreased 

to 1.5266×10−3, 1.2871×10−3, 1.1717×10−3 and 9.9293×10−4 g.cm−2.h−1 in the presence of 200, 

400, 600, and 800 ppm MLJCE, respectively. The variation in corrosion rate with respect to 

MLJCE concentrations (Figure 4.21) demonstrates that increasing inhibitor concentrations 

resulted in lower corrosion rates. Figure 4.22−4.425 shows that as the MLJCE concentration 

increases, the inhibition efficiency increases, with 800 ppm providing the best protection. The low 

corrosion rate and high inhibition efficiency values observed at 800 ppm are due to more MLJCE 

molecules being available than at 200 ppm, resulting in a greater tendency for MLJCE to adsorb 

at the metal/solution interface of the three metal surfaces. The protective effect afforded to the 

three metals by the extracts can be attributed to the adsorbed MLJCE molecules on the metal 

surfaces, forming a barrier limiting O2 diffusion and water access to the metal surfaces [435]. 
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Table 4.4: Weight loss parameters for the uninhibited and MLJCE-inhibited Al, MS, and Zn 

system in 1 M HCl corrosive solution at 303-333 K 

 

Metal 

Conc. 

of 

MLJCE 

(ppm) 

303 K 313 K 323 K 333 K 

CR 

(g.cm−2.h−1) 

CR 

(mpy1) 

%IECR 

 

 

CR 

(g.cm−2.h−1) 

CR 

(mpy1) 

%IECR 

 

CR 

(g.cm−2.h−1) 

CR 

(mpy1) 

%IECR 

 

CR 

(g.cm−2.h−1) 

CR 

(mpy1) 

%IECR 

 

 

 

MS 

Blank 
1.4988×10−3 1.66944 − 2.8038×10−3 3.11683 − 4.8840×10−3 5.42832 − 8.6198×10−3 9.58729 − 

200 
8.6881×10−5 0.09665 94.20 1.4025×10−4 0.15609 95.00 7.2856×10−4 0.81004 85.08 2.0554×10−3 2.28432 76.15 

400 
1.8617×10−5 0.02068 98.76 1.3032×10−4 0.14485 95.35 3.4256×10−4 0.38091 92.99 8.7377×10−4 0.97084 89.86 

600 
1.6135×10−5 0.01794 98.92 8.8122×10−5 0.09791 96.86 2.8547×10−4 0.31703 94.15 5.5480×10−4 0.61639 93.56 

800 
1.3653×10−5 0.01516 99.09 7.6952×10−5 0.08560 97.26 2.2837×10−4 0.25397 95.32 4.9274×10−4 0.54744 94.28 

 

 

Zn 

Blank 
2.6325×10−3 2.92620 − 4.3130×10−3 4.79488 − 7.2024×10−3 8.00784 − 1.3485×10−2 14.98449 − 

200 
1.4000×10−3 1.55536 46.82 1.5887×10−3 1.76742 63.16 1.7103×10−3 1.89950 76.25 3.2853×10−3 3.64937 75.64 

400 
1.3578×10−3 1.50944 48.42 1.3417×10−3 1.49020 68.89 1.5092×10−3 1.67704 79.05 1.9002×10−3 2.11173 85.91 

600 
1.3268×10−3 1.47530 49.60 1.3280×10−3 1.47689 69.21 1.4993×10−3 1.66869 79.18 1.8270×10−3 2.03194 86.45 

800 
1.2970×10−3 1.43924 50.73 1.1543×10−3 1.28285 73.24 1.3826×10−3 1.53717 80.80 1.7637×10−3 1.95844 86.92 

 

 

Al 

Blank 
8.6931×10−3 9.65529 − 8.9549×10−3 9.95270 − 1.0930×10−2 12.13168 − 1.1308×10−2 12.57309 − 

200 
1.5266×10−3 1.69772 82.44 4.2348×10−3 4.70351 52.71 6.3746×10−3 7.07611 41.68 6.4491×10−3 7.15742 42.97 

400 
1.2871×10−3 1.42926 85.19 4.0313×10−3 4.48532 54.98 6.0295×10−3 6.69604 44.84 6.3671×10−3 7.07378 43.69 

600 
1.1717×10−3 1.30171 86.52 3.3611×10−3 3.73489 62.47 5.5256×10−3 6.14161 49.45 5.7726×10−3 6.40953 48.95 

800 
9.9293×10−4 1.10373 88.58 3.1215×10−3 3.47377 65.14 4.9584×10−3 5.51346 54.63 5.1260×10−3 5.70868 54.67 

 

The corrosion rates in the table were originally measured in grams per square centimeter per hour (g.cm−2.h−1). To facilitate better 

comparison with electrochemical measurements, the values were converted to mils per year (mpy) by considering the density of 

the metals and using the equation: CR (mpy) = (CR (g.cm−2.h−1) × 24 × 365.25)/density (g.cm−³). 
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Figure 4.21: Variation of corrosion rate (CR) obtained from weight loss for Zn, Al, and MS in 1 

M HCl as a function of concentration in the presence of MLJCE at 303-333 K 
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Figure 4.22: The dependence of %IEWL obtained from weight loss on the concentration of MLJCE 

after 7 h of immersion of Zn, Al, and MS samples in 1M HCl at 303 K  
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Figure 4.23: The dependence of %IEWL obtained from weight loss on the concentration of MLJCE 

after 7 h of immersion of Zn, Al, and MS samples in 1M HCl at 323 K  
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Figure 4.24: The dependence of %IEWL obtained from weight loss on the concentration of MLJCE 

after 7 h of immersion of Zn, Al, and MS samples in 1M HCl at 323 K  
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Figure 4.25: The dependence of %IEWL obtained from weight loss on the concentration of MLJCE 

after 7 h of immersion of Zn, Al, and MS samples in 1M HCl at 333 K 

 

4.6.2. Influence of immersion time on MS, Al, and Zn corrosion inhibition in 1 M 

HCl with an optimal concentration of MLJCE at 303 K 

Inhibition-time curves of Al, MS, and Zn samples in applicable 1 M HCl solution were determined 

in the presence and absence of 800 ppm MLJCE, and the results are shown in Figure 4.26 and 

Table 4.5. The inhibition efficiencies were determined after 6, 7, 12, 18, and 24-hour immersion 

periods. Table 4.5 shows that after 7 hours of immersion at 303K, the maximum inhibition 

efficiency for MS was 99.09%. The %IE ranged from 88.29% after 6 hours to 95.99% after 24 

hours of immersion. The increase in inhibition efficiency from 88.29% after 6 hours to 99.09% 

after 7 hours, as well as the achievement of stability at around 90% from 7 hours to 24 hours 

(Figure 4.26), indicates that MLJCE has formed a relatively stable adsorption film on the surface 

of MS.  

Table 4.5 results support the figure’s depiction of a gradual decrease in inhibition efficiency with 

increasing immersion for Al. The %IE for Al decreases from 73.93% (for 6hrs) to 70.08% (for 

24hrs). According to these findings, increasing the immersion time results in the desorption of 

MLJCE molecules from the surfaces of both Al and MS. The decrease in MLJCE efficiency with 

increasing immersion time can be attributed to saturation in the thickness of the adsorbed inhibitor 
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film, which promotes inhibitor desorption from the metal surface [436]. Desorption of the inhibitor 

from the metal surface decreases the surface coverage exposing the bare metal to attack by the 

corrosive solution as reflected by the inhibition efficiency [437, 438]. The stability of the adsorbed 

layer can be compromised by prolonged exposure to the thin film formed by the inhibitor on the 

metal [439]. MLJCE provided adequate protection for the surface of MS and Al with increasing 

immersion time, with a %IE of 95.99 and 70.08% at 24 hours, despite inhibition efficiency 

decreasing with time. The Zn inhibition-time curve demonstrates that the protective effect 

increases with an immersion time of up to 24 hours. The progressive formation of protective 

chemical coordinate bonds on the Zn surface by MLJCE can be attributed to the increase in 

protection values over time [440]. The maximum protection efficiency for the Zn sample was 

77.69%. Prabhu et al. [441] discovered that the protection efficiency increased with increasing 

immersion time for Zn samples, reaching a maximum value of 75%. Because of the thermal 

stability of MLJCE for MS surfaces, the slight decrease in inhibition efficiency cannot be attributed 

to MLJCE molecule rearrangement, fragmentation, or instability.  
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Figure 4.26: Relationship between immersion time and %IEWL for Al, Zn, and MS corrosion in 1 

M HCl in the presence of 800 ppm MLJCE  
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Table 4.5: Weight loss results showing the %IE for Al, Zn, and MS corrosion in 1M HCl in the 

absence and presence of 800 ppm MLJCE at various immersion times 

Metal Conc. of  

MLJCE 

(ppm) 

Immersion period (hours) 

6 7 12 18 24 

%IE 

MS 800 88.29 99.09 97.10 96.36 95.99 

       

Zn 800 51.25 50.73 62.21 72.67 77.69 

       

Al 800 73.93 88.58 76.73 70.27 70.08 

 

4.6.3. Effect of temperature on the corrosion of Zn, Al, and MS in 1.0 M HCl solution 

containing MLJCE 

Several changes occur at the surface of metals during corrosion inhibition, including rapid etching, 

inhibitor decomposition, and desorption of inhibitor molecules from the metals’ surface, all of 

which are complex processes influenced by temperature [442]. To understand more about the 

performance of MLJCE and the mechanisms of adsorption and activation processes, weight loss 

experiments were performed for 7 hours in 1 M HCl at temperatures ranging from 303 to 333 K. 

This is because temperature accelerates the corrosion rate of metals, which affects the stability of 

the adsorption film and as well as the protection efficiency, more particularly in acidic solutions. 

It is observed that the inhibitory effect of MLJCE against MS and Al corrosion decreases with 

increasing system temperature, as shown in Figures 4.27 and 4.29, respectively. For example, the 

MS inhibition efficiency at 333 K decreased from 99.09% to 94.28% at the highest concentration 

of MLJCE (800 ppm), while the Al inhibition efficiency decreased from 88.58% to 54.67% at the 

same temperature. The high %IE at 303 K indicates that MLJCE is more effective in preventing 

the dissolution of MS and Al at lower temperatures, which can be attributed to the physical 

interaction of the extracts with the metal surfaces of the two samples. The reduction in the 

inhibition efficiencies with increasing temperature was observed at all concentrations of MLJCE 

for Al and MS systems. The limited protection that MLJCE offers against Al and MS surfaces 

corrosion at elevated temperatures can be explained by two possible explanations. 

On the one hand, with increasing temperature, the equilibrium between adsorption and desorption 

becomes the determining factor for the maximum adsorbed equilibrium mass. It is known that 

adsorption and desorption of inhibitor molecules occur simultaneously on the metal surface, both 
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processes being in equilibrium at a specific temperature. As the temperature increases, the 

equilibrium between the two processes shifts to the desorption side until a new equilibrium is 

reached at a different value of the equilibrium constant, resulting in fewer inhibitor molecules 

protecting the metal surface [443, 444]. The desorption of the inhibitor molecules from the metal 

surfaces [445, 446] causes an increase in the dissolution rate of the Al and MS samples as a larger 

surface area is exposed to the acidic medium. This means a higher inhibitor dosage is required at 

high temperatures to reach the maximum adsorbing mass. The other explanation is that the rate of 

metal dissolution affects the impact that MLJCE has on the corrosion process. The increase in 

temperature causes the surface of metals to become less stable and the rate of metal dissolution to 

increase. This behaviour can be attributed to the rise in the thermal motion of the corrosive species 

[447], causing them to attack metal surfaces more frequently. A decrease in the strength of the 

electrostatic force of attraction between the metal atoms and the adsorbed inhibitor molecules also 

causes this behaviour.   

Meanwhile, increasing the system temperature from 303 to 333 K significantly increased the %IE 

at all plant extract concentrations for Zn. At the highest concentration of MLJCE (800 ppm), the 

%IE increased from 50.73, 73.24, 80.80 to 86.92% at temperatures ranging from 303, 313, 323 to 

333 K. Among the three metal samples tested, MLJCE provided the highest protection for the MS 

surface at all temperatures. The increase in %IE with temperature for the Zn sample, on the other 

hand, indicates that a much stronger protective film was formed on this surface. This observation 

could be explained by Zn’s natural ability to create corrosion byproducts such as basic hydrated 

sulphates, oxides, or carbonates, which act as a protective layer (along with the inhibitor) capable 

of significantly reducing its corrosion rate depending on the nature of the corrosive environment 

[448]. The inhibition efficiency of Zn increases with temperature, suggesting that MLJCE interacts 

with the metal’s surface via a chemical adsorption process at high temperatures to slow down Zn 

corrosion [449].  
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Figure 4.27: The dependence of (a) IEWL(%) (solid lines) and (b) CR (dashed lines) on temperature 

after 7 h of immersion of MS samples in 1 M HCl at different MLJCE concentrations 
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Figure 4.28: The dependence of (a) IEWL(%) (solid lines) and (b) CR (dashed lines) on temperature 

after 7 h of immersion of Zn samples in 1 M HCl at different MLJCE concentrations 
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Figure 4.29: The dependence of (a) IEWL(%) (solid lines) and (b) CR (dashed lines) on temperature 

after 7 h of immersion of Al samples in 1 M HCl at different MLJCE concentrations 

4.6.4. Thermodynamic and kinetic Parameters  

Corrosion analysis at various temperatures enables the evaluation of critical thermodynamic 

activation parameters of the corrosion reaction. The Arrhenius formula and its alternative, the 

transition state, can express the corrosion rate’s temperature dependency, as shown in equations 

51 and 52. 

                                                             log CR = logA −
Ea

2.303RT
                                                (51) 

                                              log (
CR

T
) = [log (

R

Nh
) + (

ΔSa
∗

2.303R
)] + (

−ΔHa
∗

2.303R
) (

1

T
)                          (52) 

In equation 51, Ea represents the apparent effective activation energy for MS corrosion, the 

smallest amount of kinetic energy required by the reactants to form corrosion products. R 

represents the general gas constant, equivalent to 8.3145 J.mol−1.K−1, T represents the absolute 

temperature, and A means the frequency factor. In equation 52, N is the Avogadro’s number 

(6.02252×1023 mol−1), h is the Plank’s constant (6.626176×10−34 J s), 2.303 is a conversion 

factor from natural log to log10, ΔHa
∗ is the enthalpy change of activation and ΔSa

∗ is the entropy 

change of activation. The ΔHa
∗ and ΔSa

∗ values in Table 4.6 were calculated from the slope 

(−ΔHa
∗/2.303R) and the intercept of [log (R/Nh) + ΔSa

∗/2.303R] of the straight-line plots of log 
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(CR/T) versus (1/T) shown in Figure 4.34−4.36. The variations in the log of CR versus reciprocal 

temperature for the uninhibited and MLJCE-inhibited systems are shown in Figure 4.30−4.32, and 

the plots suggest that the corrosion of MS, Al, and Zn in 1 M HCl can be elucidated with the kinetic 

model.     

The Ea and the effect of temperature on metal corrosion inhibition efficiency can be used to 

categorize inhibitors into three classes, as defined by Bentiss et al. and Hegazy et al. [450, 451]:  

1. The first classification states that if the %IE decreases with increasing temperature, the 

value of Ea of the inhibited acid-metal reaction will be greater than that of the uninhabited 

acid-metal reaction 

2. The second classification states that if the %IE does not change with increasing 

temperature, then no discernible change in Ea value will be observed 

3. Lastly, if %IE increases with an increase in temperature, the apparent energy of activation 

of the inhibited solution will be less than that of the blank solution 

According to Table 4.6, the MLJCE slows down the dissolution of MS and Al based on the first 

classification assumption. The decrease in %IE with increasing temperature from 303 to 333 K 

and the Ea values for the inhibited acid-metal reaction are larger than those for the uninhabited 

acid-metal reaction, demonstrating this. This shows that an MLJCE-metal-activated complex was 

formed by replacing water molecules on the metal surface, slowing down MS and Al dissolution. 

In the absence of MLJCE from the corrosive solution, the activated complex is described as Al-

H2O and Fe-H2O for Al and MS, respectively, which decomposes during corrosion to give Al3+, 

Fe2+, H2, and OH− [452]. The increase in temperature and Ea values with inhibitor concentration 

can be interpreted as evidence of a columbic or physical adsorption mode [453]. The opposite 

effect suggests the chemisorption mechanism, which corresponds to an increase in the %IE with 

increasing temperature and a lower Ea in the presence of an inhibitor. [454, 455]. Based on the 

preceding information for Al and MS, the trend of Ea values for MLJCE suggests a physisorption 

inhibition mechanism. 
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Figure 4.30: Arrhenius diagram (log CR versus 1/T) for the uninhibited (blank) and MLJCE-

inhibited (200 to 800 ppm) MS system in corrosive 1 M HCl solution after 7 hours of immersion 
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Figure 4.31: Arrhenius diagram (log CR versus 1/T) for the uninhibited (blank) and MLJCE-

inhibited (200 to 800 ppm) Zn system in corrosive 1 M HCl solution after 7 hours of immersion 
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Figure 4.32: Arrhenius diagram (log CR versus 1/T) for the uninhibited (blank) and MLJCE-

inhibited (200 to 800 ppm) Al system in corrosive 1 M HCl solution after 7 hours of immersion 

The values of Ea for Zn appear to decrease as the concentration of the extract is increased, which 

is paradoxical. Although this behaviour is unusual, it is indicative of the chemisorption adsorption 

mechanism by MLJCE. Putilova et al. [456] attributed Ea’s paradoxical behaviour to an increase 

in metal surface coverage by the inhibitors as the temperature of the solution increased and also 

suggested that at higher temperatures, the rate of formation of the chemisorbed film may be faster 

than the rate of dissolution of the metal. El-Anadouli et al. [457] made the same observation, which 

they attributed to the modification in the kinetics of the corrosion reaction caused by the formation 

of alternate reaction paths with lower Ea. As a result, for Zn metal, the plant extracts fall into the 

third class of classification of corrosion inhibitors as defined by Bentiss et al. and Hegazy et al. 

[450, 451]. 
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Table 4.6: Kinetic and activation parameters for MS, Al, and Zn in uninhibited and MLJCE-

inhibited 1 M HCl solution  

Metal Conc. of 

MLJCE 

(ppm) 

Ea
 

(kJ.mol−1) 

∆𝐇𝐚
∗ 

(kJ.mol−1) 

   Ea − 𝚫𝐇𝐚
∗ =  

  RT 

(kJ.mol−1) 

ΔSa
∗ 

(J.mol−1.K−1) 

Qads (kJ.mol−1) 

303 to 313 313 to 323 323 to 333 

 

 

 

   MS 

   Blank 48.2192 45.6457 2.5735 −194.5601 − − − 

     200 92.6318 90.0142 2.6176 −188.2578 12.3726 −101.1871 −51.8759 

400 104.0557 101.4381 2.6176 −186.7286 −107.0157 −36.6169 −36.0816 

600 98.0278 95.4179 2.6099 −187.8461 −85.8327 −54.6982 −9.1569 

800 98.5103 95.8927 2.6176 −187.8379 −88.4040 −46.7021 −18.9305 

 

 

 

 

Zn 

   Blank 45.0215 42.4058 2.6157 −194.8944 − − − 

200 21.8980 19.2747 2.6233 −199.1860 52.5623 52.7436 −2.9868 

400 9.3654 6.7479 2.6175 −201.3414 67.6848 44.8080 42.9245 

600 8.9882 6.3706 2.6176 −201.4120 65.1416 44.2106 46.2767 

800 9.1701 6.5525 2.6176 −201.4125 77.1039 36.1714 40.8623 

 
 

 

Al 

   Blank 8.2165 5.6009 2.6156 −200.7138 − − − 

200 39.3517 36.7341 2.6176 −195.9819 −113.4077 −37.3650 4.7271 

400 43.2330 40.6154 2.6176 −195.3747 −122.2234 −34.2181 −4.1696 

600 43.9204 41.2990 2.6214  −195.3123 −106.4422 −44.6892 −1.7894 

800 44.7993 42.1837 2.6156 −195.2174   −112.2562 −36.9477 0.1444 

 

Inspection of Table 4.6 shows that ΔHa
∗ values are positive for the uninhibited systems for all three 

metals, indicating that the metals were endothermically dissolved. The addition of various 

concentrations of the extracts into the 1 M HCl corrosive solution  resulted in higher ΔHa
∗ values  

for Al and MS. The increase in ΔHa
∗ with increasing concentration, the extracts raise the height of 

the energy barrier required to form the corrosion products as indicated by Ea values. Although the 

ΔHa
∗ values are also positive for Zn metal; they show a decreasing trend as the concentration of the 

plant’s extracts increases, indicating that the Zn specimens were exothermically dissolved. 
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Figure 4.33: Relationship of Ea with the different concentrations of MLJCE for Zn, Al, and MS 

ΔSa
∗ values decreased negatively with increasing concentration of MLJCE, indicating the formation 

of an ordered, stable, protective film on the MS and Al surface, implying that the activated complex 

represents association rather than dissociation in the rate-limiting step [458]. ΔSa
∗ values increased 

negatively in the presence of MLJCE compared to the uninhibited 1 M HCl solution and can be 

interpreted as a shift towards a less disordered or more ordered system. During the inhibition of 

corrosion, an increase in ΔSa
∗ has been linked to the repulsive force among the adsorptive MLJCE 

molecules resulting in the disordered arrangement of the extracts molecules on the Zn surface 

[459]. Ea and ΔHa
∗ values similarly vary with the concentration of MLJCE, allowing verification 

of the corresponding thermodynamic equation (Ea−ΔHa
∗ = RT). The calculated values near RT (2.6 

kJ.mol−1) indicate that the plant extracts acted equally on Ea and ΔHa
∗. 
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Figure 4.34: Transition state diagram (log CR/T versus 1/T) for the uninhibited (blank) and 

MLJCE-inhibited (200 to 800 ppm) MS system in corrosive 1 M HCl solution after 7 hours of 

immersion 
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Figure 4.35: Transition state diagram (log CR/T versus 1/T) for the uninhibited (blank) and 

MLJCE-inhibited (200 to 800 ppm) Zn system in corrosive 1 M HCl solution after 7 hours of 

immersion 
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Figure 4.36: Transition state diagram (log CR/T versus 1/T) for the uninhibited (blank) and 

MLJCE-inhibited (200 to 800 ppm) Al system in corrosive 1 M HCl solution after 7 hours of 

immersion 

One of the requirements for the adsorption of inhibitor molecules on metal surfaces is that the 

molecules are drawn from the bulk solution onto the metal surface, which requires the expansion 

of an amount of energy known as the heat of adsorption (Qads). To gain more insight into the 

adsorption mechanism of MLJCE components on MS surface, Qads were evaluated using the 

kinetic thermodynamic model expression as follows [453, 460]: 

                               Qads = 2.303R {log (
Q2

1−Q2
) − log (

Q1

1−Q1
)} × (

T1×T2

T2−T1
)                                (53) 

where θ1 and θ2 are the degrees of surface coverage at temperatures T1 and T2, and R is the gas 

constant. Almost all the Qads values obtained with MLJCE in 1 M HCl solution were negative for 

Al and MS. The negative sign of these values indicates that most of the extract adsorption process 

on the Al and MS surface occurred via an exothermic process. The adsorption process was 

endothermic, progressing from 303 to 313 K for MS at 200 ppm and from 323 to 333 K for Al at 

200 and 800 ppm. The negative Qads values indicate that the extracts’ coverage of the metal 

surfaces decreased as temperature increased, lending support to the proposed physisorption 

adsorption mechanism for Al and MS [461]. Positive Qads values, on the other hand, indicate that 
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the degree of surface coverage increased with increasing temperature, which is more pronounced 

for the Zn metal, supporting the previously proposed chemisorption mechanism of the MLJCE on 

the surface of this metal [462]. Since Qads showed both negative and positive values for all three 

metal samples, it is assumed that MLJCE adsorption on the metal surfaces is a hybrid adsorption 

mechanism process that includes both physical and chemical adsorption processes. Both negative 

and positive Qads are mainly observed at the extract’s lowest concentration (200 ppm) as shown 

in Figure 4.37. 
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Figure 4.37: Heat of adsorption data for different concentrations of MLJCE for Zn, Al, and MS 

4.7. Thermodynamic parameters of adsorption  
Essential information regarding the mechanism of interaction between MLJCE and the Al, Zn. and 

MS surface can be provided by adsorption isotherms [463]. The adsorption process is influenced 

by the charge, nature, and electronic state of the metal surface, the structure of the inhibitor 

compounds, the temperature of the corrosion reaction, the nature of the aggressive electrolyte, and 

the electrochemical potential at the solution interface [464, 465]. For the molecules of the 

methanolic extract to effectively adsorb on the surface of the metal and slow down the rate of 

corrosion, the strength of the interaction between the molecules of the extract (inhibitors) and the 

metal surface must be greater than that between the metal surface and the water molecules [419, 

466, 467]. The degree of metal surface coverage (θ = %IE/100) by the inhibitor molecules depends 
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on the concentrations of inhibitors (Cinh). Since θ is the part of the metal surface covered by the 

inhibitor molecules, 1-θ is described as the part not covered by the inhibitor molecules. To assess 

the mode of adsorption of MLJCE molecules on three metal surfaces, the θ values obtained in the 

presence of 200 to 800 ppm inhibitor concentrations were fitted to different adsorption isotherms. 

Adsorption isotherms are used to distinguish between two forms of adsorption that can take place 

on metal surfaces, namely, physical or chemical adsorption, if not both. The θ values from the 

PDP, EIS, and weight loss analysis at 200 to 800 ppm and various temperatures were evaluated 

using different adsorption isotherms (Temkin, Flory-Huggins, Frumkin, kinetic-thermodynamic, 

and Langmuir adsorption isotherms). The Langmuir isotherm provided the best description of the 

experimental data for the adsorption mechanism of the extracts on the surfaces of the three metals. 

The linearity of the plots Cinh/θ versus Cinh (Figure 4. 38−4.41) and the correlation coefficient 

values (R2) being close to unity supports this.  

According to this isotherm, the surface coverage [i.e., θ = IE(%)/100] is related to the concentration 

of MLJCE, Cinh (g.L−1), and the adsorption equilibrium constant, Kads through the following 

expression: 

                                                              
𝐶𝑖𝑛ℎ

𝜃
 =  

1

𝐾𝑎𝑑𝑠
+  𝐶𝑖𝑛ℎ.                                                (54) 

The values of Kads were extrapolated from the intercept (intercept = 1/Kads). The Kads, was used 

to calculate values of the standard Gibbs free energy of adsorption (∆Gºads) using equation (55):  

                                                           ∆𝐺°𝑎𝑑𝑠 = – 𝑅𝑇 ln(𝐾𝑎𝑑𝑠)                                                   (55) 

T is the absolute temperature, while R is the universal gas constant (8.3145 J.mol−1.K−1). The unit 

for ∆G°ads is commonly known as J.mol−1. In equation (55), the Kads must be dimensionless since 

the unit for the term RT is also J.mol−1 [468]. Most of the ∆Gºads values reported in the literature 

are incorrect due to the use of numerical values of Kads given in units such as ppm; this results in 

incorrect values for ∆Gºads of the adsorption process [468]. As adsorption is studied in an aqueous 

environment, the values of Kads obtained from equation 54 in the current study must be in the g.L−1 

dimension to obtain the correct value of ∆Gºads. As a result, the concentrations of the extracts have 

been converted from ppm to g.L−1 and multiplied by 1000 (1 L = 1000 ml) to make them 

dimensionless [468, 469] when plotting the isotherms so that they are equal to that of water. As a 

consequence, the correct values of ∆Gºads can be derived from equation (56): 
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                                                          ∆𝐺°𝑎𝑑𝑠 = −𝑅𝑇 𝑙𝑛 (1000𝐾𝑎𝑑𝑠)                                        (56) 

The adsorption mechanism can be attributed to the electrostatic interaction between the charged 

metal surface and the charged adsorbate molecules based on the values of ∆Gºads, known as 

physisorption. It can also refer to a charge-sharing or charge-transfer process from the inhibitor 

molecules to the metal surface to form coordinate bonds, also known as chemisorption. Values of 

−20 kJ.mol–1 or less negative indicated physisorption, while –40 kJ.mol–1 or more negative 

indicated chemisorption [470-472]. The calculated ∆Gºads values from PDP, EIS, and weight loss 

data were found to be greater than  –20 kJ.mol–1 but less than –40 kJ.mol–1, indicating that MLJCE 

extracts adsorb onto Zn, Al, and MS surfaces via a mixed-type adsorption process involving both 

physisorption and chemisorption adsorption. Table 4.7 shows that the ∆Gºads for Al, MS, and Zn 

metals are all negative, indicating that the extracts adsorb spontaneously on the metal surfaces and 

the adsorbed film formed was stable. Although the R2 values for the Langmuir adsorption isotherm 

are acceptable, slope values of the Langmuir plots deviate from unity, indicating that the isotherm 

cannot be applied implicitly. One of the Langmuir adsorption isotherm theories states that 

adsorbed inhibitor molecules do not interact with each other; however, this is incorrect for large 

molecules. Large molecules are said to interact with each other through mutual attraction or 

repulsion, and this behaviour affects the slope. The heat changes during the adsorption process as 

surface coverage increases have also been suggested as the cause of the slope deviation. The 

Langmuir isotherm has been said to be ineffective in accounting for these factors [473]. According 

to Table 4.7, the MS slope values deviate slightly from unity, while Al and Zn deviate significantly 

more. This implies that the adsorbed species interact with each other on the surfaces of MS, Al, 

and Zn metals. These discrepancies can be explained by considering another physical property of 

the adsorption isotherm relevant to the best fit of an isotherm besides the slope and R2 values [469, 

474, 475]. Therefore, the Langmuir isotherm was modified mathematically to account for the 

dimensionless constant; separation factor (KL) defined by the relationship: 

                                                              𝐾𝐿 =
1

1 + 𝐾𝑎𝑑𝑠(
𝐶𝑖𝑛ℎ
1000

)
                                                         (57) 

Table 4.7: Gravimetric, EIS, and PDP Langmuir and Temkin adsorption isotherm parameters 

Metal Isotherm Method T (K) R2 Slope Intercept Kads (L.g−1) 
∆G°ads  

(kJ.mol−1) 

–a 

   303 0.999 0.9933 0.0111 90.0901 –28.7415  
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Table 4.8 shows the calculated values of KL for the different concentrations of MLJCE at 

temperatures ranging from 303 to 333 K for Al, Zn, and MS in 1 M HCl. According to Eduok and 

Khaled [475], KL ˃  1 or KL = 1 indicates that the adsorption process is unfavourable or considered 

irreversible and inconsistent with the Langmuir adsorption isotherm. If KL ˂ 1, the experimental 

data are favourable and fit the Langmuir adsorption isotherm. According to Table 4.8, the KL 

values being less than unity for all MLJCE concentrations confirms that the adsorption process 

 

 

 

 

 

MS 

 

Langmuir 

Weight  

loss 

313 0.999 1.0180 0.0090 111.1111 –30.2359  

 

− 

323 0.999 1.0099 0.0305 32.7869 –27.9241 

333 0.999 0.9769 0.0609 16.4204 –26.8741 

PDP 303 0.999 1.0592 0.0152 65.7895 −27.9496 

EIS 303 0.999 1.0950 0.0218 45.8716 −27.0411 

 

 

Temkin 

 

Weight  

loss 

303 0.822 0.0821 1.0065 1.8176x1012 –88.5186 14.0256 

313 0.871 0.0397 0.9752 3.6661x1024 –165.1740 29.0050 

323 0.920 0.1702 0.9791 5.6585x105 –54.1248 6.7656 

333 0.926 0.3108 0.9946 1.5856x103 –39.5277 3.7050 

PDP 303 0.7911 0.0534 0.9311 2.7315×1017 −118.5493 − 

EIS 303 0.991 0.0960 0.9032 2.5604×109 −71.9792 11.9948 

 

 

 

 

 

 

Zn 

 

 

Langmuir 

 

Weight  

loss 

303 0.999 1.9165 0.0517 19.3424 –24.8656  

 

 

− 

313 0.998 1.3066 0.0608 16.4474 –25.2643 

323 0.999 1.2176 0.0203 49.2611 –29.0174 

333 0.999 1.0982 0.0370 27.0270 –28.2537 

PDP 303 0.999 1.0210 0.0111 90.0901 −28.7415 

EIS 303 0.999 1.0429 0.0103 97.0874 −28.9300 

 

 

Temkin 

 

Weight  

loss 

303 0.987 0.0636 0.5115 1.1026x108 –64.0558 18.1053 

313 0.933 0.1534 0.7405 6.7174x104 –46.9032 7.5065 

323 0.938 0.0701 0.8130 3.9600x1011 –90.2690 16.4265 

333 0.836 0.1895 0.9044 5.9224x104 –49.5515 6.0765 

PDP 303 303 0.982 0.0556 0.9728 3.1362×1017 118.8973 

EIS 303 303 0.926 0.0441 0.9515 37.6704×1020 142.5626 

 

 

 

 

 

 

Al 

 

 

Langmuir 

 

Weight  

loss 

303 0.999 1.1028 0.0258 38.7597 –26.6167  

 

 

− 

313 0.993 1.3895 0.1291 7.7459 –23.3046 

323 0.988 1.6375 0.1937 5.1626 –22.9596 

333 0.979 1.6519 0.1916 5.2192 –23.7006 

PDP 303 0.999 1.0564 0.0637 15.6986 −24.3397 

EIS 303 0.999 1.0037 0.1345 7.4349 −22.4568 

 

 

Temkin 

 

Weight  

loss 

303 0.981 0.0976 0.8914 1.3589x109 –70.3833 11.7982 

313 0.892 0.2143 0.6641 1.2677x103 –36.5713 5.3733 

323 0.910 0.2061 0.5494 4.6313x102 –35.0355 5.5871 

333 0.783 0.1841 0.5409 8.6716x102 –37.8568 6.2548 

PDP 303 0.977 0.2506 0.9116 4.3421×103 −38.5046 4.5950 

EIS 303 0.988 0.4344 0.9064 1.2207×102 −29.5068 2.6508 
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favours the Langmuir isotherm. The value of KL provides essential information about the nature 

of adsorption. The KL values indicate whether the adsorption is irreversible (KL = 0) or favourable 

(0 < KL >1). Apparently, when (KL>1), sorption is the favourable type of Langmuir isotherm [14] 
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Figure 4. 38: Langmuir adsorption isotherm plots for MS, Zn, and Al corrosion in 1 M HCl in the 

presence of various concentrations of MLJCE 
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Figure 4.39: Langmuir adsorption isotherm plots for MS, Zn, and Al corrosion in 1 M HCl in the 

presence of various concentrations of MLJCE 
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Figure 4.40: Langmuir adsorption isotherm plots for MS, Zn, and Al corrosion in 1 M HCl in the 

presence of various concentrations of MLJCE 
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Figure 4.41: Langmuir adsorption isotherm plots for MS, Zn, and Al corrosion in 1 M HCl in the 

presence of various concentrations of MLJCE 
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Figure 4.42: Temkin adsorption isotherm plots for MS, Zn, and Al corrosion in 1 M HCl in the 

presence of various concentrations of MLJCE 
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Figure 4.43: Temkin adsorption isotherm plots for MS, Zn, and Al corrosion in 1 M HCl in the 

presence of various concentrations of MLJCE 
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Figure 4.44: Temkin adsorption isotherm plots for MS, Zn, and Al corrosion in 1 M HCl in the 

presence of various concentrations of MLJCE 
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Figure 4.45: Temkin adsorption isotherm plots for MS, Zn, and Al corrosion in 1 M HCl in the 

presence of various concentrations of MLJCE 

Other adsorption isotherms that consider the interaction of adsorbed species can be taken into 

account in addition to KL [9]. One of these isotherms is the Temkin adsorption isotherm because 

it can account for lateral interactions that occur between inhibitors, and this was done by plotting 

θ against log Cinh (Figure 4.42−4.45), which has a slope of −2.303∕2a and an intercept equal of 

(−
2.303

2a
) log Kads using the following expression: 

                                                θ =
−2.303

2a
log Kads −

2.303

2a
log Cinh.                                            (58) 

The applicability of the Temkin model to the adsorption of MLJCE on the surfaces of Al, Zn, and 

MS is confirmed by the relatively high R2 values (Table 4.7). The presence of repulsion forces in 

the adsorption layer and surface heterogeneity is highlighted by the negative interaction parameters 

(a) [476]. Temkin’s Kads values are very high and associated with a strong interaction between the 

three metal surfaces and the extract [477]. The negative ∆Gºads values support the spontaneity of 

the MLJCE adsorption process on the Al, MS, and Zn surfaces and the stability of the formed 

adsorption layers. The Langmuir isotherm ∆Gºads values pointed to a mixed-type adsorption 

process whereases the values obtained from Temkin isotherm predict chemisorption adsorption 

isotherm since the values are way above or near −40 kJ.mol–1.  This points to a complex interaction 

between the metal surface and the MLJCE involving chemisorption and physisorption mechanisms 

[478]. 
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Table 4.8: The KL values for MLJCE at varying concentrations at 303 to 333 K for MS, Al, and 

Zn corrosion in 1 M HCl calculated from weight loss Langmuir isotherm parameters  

Metal Conc. of MLJCE 

(ppm) 

KL 

303 K 313 K 323 K 333 K 

 

 

MS 

200 0.0526 0.0431 0.1323 0.2334 

400 0.0270 0.0220 0.0708 0.1321 

600 0.0182 0.0148 0.0484 0.0921 

800 0.0134 0.0111 0.0367 0.0707 

Mean 0.0278 0.0228 0.0721 0.1321 

 

 

Zn 

200 0.2054 0.2331 0.0921 0.1561 

400 0.1145 0.1319 0.0483 0.0847 

600 0.0793 0.0920 0.0327 0.0581 

800 0.0607 0.0706 0.0247 0.0442 

Mean 0.1150 0.1319 0.0495 0.0858 

 

 

Al 

200 0.1143 0.3923 0.4920 0.4893 

400 0.0606 0.2440 0.3263 0.3239 

600 0.0412 0.1771 0.2440 0.2420 

800 0.0312 0.1390 0.1949 0.1932 

Mean 0.0618 0.2381 0.3143 0.3121 

 

MLJCE showed high ∆Gºads values of up to –165.1740, –90.2690, –70.3833 kJ.mol–1 for MS, Zn, 

and Al metals, respectively. These high values could be due to the lateral interaction between the 

adsorbed MLJCE species on the metal surfaces. This is supported by Nnaji et al. [479], who noted 

the complex nature of the adsorption process and indicated that different adsorption isotherms 

could explain it; their results also showed high ∆Gºads values obtained via the Temkin adsorption 

isotherm. 
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4.8. FT-IR analysis of the MLJCE adsorption layer formed on the 

surface of Al, Zn, and MS in the 400-4000 cm-1 range 
FT-IR analysis is a popular technique for analyzing the functional groups of corrosion inhibitor 

compounds responsible for interacting with the inhibitor and the metal surface. As a result, FT-IR 

was used to confirm the MLJCE’s adsorption and assign the functional groups responsible for such 

a process on the surfaces of Al, Zn, and MS. This type of determination can aid in the selection of 

inhibitors to study or use in the industry. Most corrosion inhibition studies are carried out in a 

system that contains liquid water that is used to prepare various concentrations of inhibitor and 

corrosive solutions. When analyzing the adsorption layer formed by the inhibitors on the metal 

surface, liquid water could be recorded in the spectrum instead of the inhibitors. Although many 

liquids have a noticeable FT-IR absorption capacity, water is one of the more difficult liquids to 

assign because it produces intense and broad absorption bands across the entire mid-infrared 

region. Due to its extensive ability to form hydrogen bonds, water is a largely self-associating 

liquid. The resulting hydrogen bonds network fluid shows an almost continuous light absorption 

from the terahertz to the near IR range [480]. The FT-IR spectrum for water also shows the 

oscillation of O–H bonds around the 3000–4000 cm–1 region, which is one of the most critical 

absorption regions as it can overlap with absorption signals from important functional groups of 

inhibitors or hydrated systems. The absorption O–H band is usually characterized by two 

vibrations, the first vibration being associated with an asymmetrical stretch while the second is 

associated with an asymmetrical stretch [481, 482]. Another smaller combination band in the 

centre, around 2000 cm–1, is the result of the coupling of the scissors bending and a near-infrared 

liberation band [480, 483]. The signal at around the 1600 cm–1 region is associated with the water 

scissors bend, while the signal around the 500–700 cm–1 region is associated with characteristic 

fingerprint-zone vibrations [374]. Besides these absorption bands, one of the main features of the 

water spectrum is its simplicity [374].  

The water spectrum with only four significant signals means that the presence of any other 

substance should be easy to distinguish and assess. On the contrary, the vibration bands of liquid 

water can sometimes overlap with that of alcoholic compounds, with most overlap occurring when 

the concentration of the alcohol is very low. This is because both alcohol and water contain an O–

H group, which produces intense broad stretching peaks in the 3000–4000 cm-1 region. This 

implies that water and alcoholic compounds share a spectral feature (O–H stretch), making it 
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challenging to identify the alcoholic compounds in the water solution [484]. Most studies have 

ascribed the contribution to corrosion inhibition to the liquid water molecules absorbed on the 

surface of various metals [485, 486], and as a consequence, attributing corrosion inhibition to the 

functional groups of the water molecules and not the inhibition compound molecules. The current 

work aims to highlight some of the erroneous FT-IR spectrum-vibrational band assignments 

concerning corrosion inhibition. According to Smith (2017) [487], Table 4.9 can be used to assign 

O–H stretch to pure alcohol, water, or a mixture of the two. 

Table 4.9: The assignment of the O–H stretch when a sample contains alcohol, water, or both 

The sample 

Contains 

–OH stretch  

(3400 cm–1) 

–OH scissors 

(1630 cm–1) 

–CO stretch 

(1300–1000 cm–1) 

Alcohol + + + 

Water + – – 

Both + + + 

 

4.8.1. FTIR analysis of liquid water solutions in the presence and absence of a 

corrosion inhibitor 

To confirm the adsorption and to correctly assign the functional groups responsible for the 

adsorption on the surface of Al, Zn, and MS, the FT-IR spectrum of a liquid water solution (1 M 

HCl) in the presence and absence of MLJCE for Al, MS, and Zn systems (Figure 4.46) were 

analyzed and compared to the spectrum of pure liquid water. The results indicate that the properties 

of the spectra are identical to those of liquid water [483], even in the presence of the 

extract/inhibitor. This suggests that high-water concentration makes it difficult for FT-IR to detect 

the functional groups of inhibitor molecules in the solution. Several authors [485, 486, 488] 

analyzed solutions used to protect metals from corrosion, and their results showed that the 

spectrum obtained is almost identical to that of water. This implies that they most likely attributed 

the inhibition of corrosion to the functional groups of liquid water molecules rather than to those 

of the inhibitor. For example, Loto (2017) [489] studied the spectrum of a corrosion inhibitor 

dissolved in an acidic solution before and after a corrosion test. Although the FT-IR peaks obtained 

could be assigned to the functional groups of inhibitors responsible for corrosion inhibition, as 

reported in the publication, the presence of major peaks near the 3300 and 1630 cm–1 range point 

to the analysis of liquid water molecules, as this region is associated with two distinct peaks of 

water molecules.  
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During the adsorption process, inhibitors displace water molecules and other ions primarily 

adsorbed at the metal-solution interface to form a compact inhibition barrier [490, 491]. As a result, 

when analyzing the adsorption film formed on the metal surface, it is possible to analyze the part 

of the metal where liquid water molecules have not been displaced by the inhibitor molecules, 

resulting in water being included in the spectrum. This can also be attributed to the metal samples 

not being given enough time to dry completely. This was observed in Husaini’s paper [492], which 

indicated an intense peak at around 3000–4000 cm-1 wavenumber on the metal surface (corrosion 

products); however, the absence of this peak on the spectrum of the crude compound suggests that 

it could be due to the presence of water on the surface of the corroded metal which results in the 

formation of hydrated Al oxide molecule (Al2O3.×H2O). In addition to the existence of the OH 

peak, there is also the existence of another peak at around 1600 cm-1, which are both the prominent 

peaks observed in the FT-IR of liquid water, which indicates that Husaini’s allocation of the 1600 

cm-1 to the C=O stretch of carbonyl group may be incorrect as it could be the result of the scissors 

bending of liquid water. 

The analysis of compounds in the corrosive, liquid water-containing solution has the disadvantage 

of not being able to precisely assign the corrosion inhibition to the functional group of the inhibitor 

compounds. This was observed by several authors [493-495] who studied the inhibitor solution 

before and after corrosion. Although their spectra are identical, they are similar to those of liquid 

water, implying that no functional inhibitor groups were observed. Their spectrum is also identical 

to that of Husaini, which was indicated as liquid water. Kusumastuti (2017) [496] analyzed the 

adsorption layer formed by the inhibitor on the surface of low-carbon steel and attributed the 

corrosion inhibition to it. However, the spectrum obtained shows that functional water groups were 

analyzed instead of the inhibitor. This is due to the simplicity of the spectrum, which shows 

absorption bands similar to those of water. 
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Figure 4.46: FTIR spectrum of the 1 M HCl solution of Zn, MS, and Al in the presence and 

absence of MLJCE corrosion inhibitor 

In cases where corrosive liquid water solutions in the presence of the inhibitor are used to analyze 

the functional groups responsible for corrosion inhibition, an FT-IR analysis on the corrosive 

liquid water solution without an inhibitor is suggested to demonstrate whether inhibition has 

occurred successfully. This is because analysis of the two cases will highlight the difference in the 

intensity of the peaks in the two systems, indicating that an inhibition process had taken place. 

Renita (2015) [497], for example, analyzed the spectra of MS immersed in the corrosive solution 

in the presence and absence of the inhibitor and observed that the two spectra were identical. These 

spectra are similar to those obtained in the present study (Figure 4.46), in which Al, MS, and Zn 

samples were immersed in 1 M HCl without the corrosion inhibitor. The difference, however, was 

that the presence of the inhibitor in the solution resulted in a decrease in the intensity of the peaks 

associated with corrosion products such as Fe–O, suggesting that the presence of the inhibitor 

resulted in less iron oxide (rust) formation. The authors also suggest that the OH peak associated 

with liquid water had decreased in intensity, indicating that inhibitor adsorption on the MS surface 

reduced the surface area available for attack by HCl in liquid water. 
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4.8.2. FTIR analysis of corrosion products on the metal surfaces in the absence of 

MLJCE 

After immersing MS, Zn, and Al in 1 M HCl without MLJCE for 7 hours, the samples were 

allowed to dry completely for a few days. The corrosion products on the metal samples were then 

scratched and analyzed to provide a basis for comparison with those in the presence of MLJCE. 

The blank-MS corrosion products spectrum (Figure 4.47) shows an intense broad stretch peak at 

around 3210 cm–1, indicating the absorption of moisture from the liquid water, resulting in the 

formation of hydrated iron oxide (Fe2O3.×H2O), while the narrow stretch peak at 1620 cm–1 is due 

to the presence of water molecules (scissors) involved in the corrosion process. The absorption 

band at around 824 cm–1 is associated with goethite (α-FeOOH). The small peak located at about 

1011 cm–1 is caused by lepidocrocite (γ–FeOOH), while the Fe–O bond stretching frequency peak 

appeared at 647 cm–1 based on research [498, 499]. The red colour of the rust of the corrosion 

products indicated the presence of ferric oxide (Fe2O3) in the rust formed. 

The examination of the Al spectrum reveals a broad, intense peak around 3200 cm–1 and a narrow 

peak around 1620 cm–1, indicating the presence of hydrated Al oxide (Al2O3.×H2O) and water. 

The stretching frequencies at around 1157 and 514 cm–1 correspond to γ–AlO4 and γ–AlO6, 

respectively, indicating that the γ–Al2O3 phase contains both octahedral and tetrahedral 

coordination’s of Al oxide [500]. The characteristics of the absorption spectrum of the Zn 

corrosion products obtained in 1 M HCl are also shown in Figure 4.47. The spectrum shows a 

broad stretching peak around 3200 cm−1, which can be attributed to hydroxyl residue due to the 

hydrated zinc oxide molecule (ZnO3.×H2O) stretching vibration. The characteristic peak at 1620 

cm–1 is due to water molecules on the surface of Zn metal. A significant vibration band at 630 cm−1 

is assigned to the characteristic stretching mode of the Zn–O bond, while the band at 460 cm−1 is 

due to the stretching and bending modes of the adsorbed water molecules. 
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Figure 4.47: FT-IR spectrum of the corrosion products formed on Zn, MS, and Al surfaces after 

immersion in 1 M HCl solution without MLJCE 

4.8.3. FT-IR analysis of adsorption film on the metal surfaces in the presence of 

MLJCE 

The FT-IR spectrum of the adsorption film layer formed on the Zn, MS, and Al surface by MLJCE 

(MLJCE–MS, Zn, and Al adsorption films) in 1 M HCl solution were combined with those from 

Figure 4.46 and 4.47, and the results are shown in Figure 4.48–4.50. The figures show important 

peaks of MLJCE molecules present in the adsorption layer on three metal surfaces. The MLJCE–

MS adsorption film spectrum indicates that the intense peak found around the 3200 cm−1 regions 

in the other spectra has shifted to form a broad, mild band at 3367 cm−1. This suggests that the 

peak can be attributed to the hydroxyl group of the extracts, which binds to the MS surface (MS–

OH) instead of water. The spectrum also indicates that the water scissors peak at around 1620 cm−1 

has disappeared, and two new peaks appeared at about 1640 and 1610 cm−1. This demonstrates 

that extracts adsorbed on the MS surface through the C–O, C=O, or the C=C groups. Also, the 

lepidocrocite peak at 1011 cm−1 shifted to a broad noticeable peak at around 837 cm−1. 

Meanwhile, the peaks at 824 and 647 cm−1 shifted to 642 and 433 cm−1 with reduced intensity. All 

these significant changes in peaks show that the extracts interacted with the MS surface, protecting 

it from the attack of the corrosive solution. In contrast, other peaks observed in the spectrum of 

the crude MLJCE disappeared after the inhibition of MS corrosion.  
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Figure 4.48: FTIR spectrum of the adsorption film formed on the MS surface (MLJCE-MS 

adsorption film) compared to the crude MLJCE, corrosion products formed on MS (Blank MS 

corrosion products), the 1 M HCl corrosion solution in the presence (MLJCE-MS solution) and 

the absence (Blank MS solution) of MLJCE 

The corrosion of Zn was inhibited similarly to that of MS corrosion. There is a shift in the form of 

the hydrated zinc oxide (ZnO3.×H2O) peak from an intense broad peak to a broader, narrower peak 

at 3350 cm−1. This peak may have resulted due to the interaction of the O–H group of the extracts 

with the Zn surface. Meanwhile, at around 3209 cm−1, a new small peak was observed, and this 

might be due to the adsorption of either the methyl group (C–H3) or methylene group (C–H2) of 

the MLJCE. Two new peaks appeared at around 1634 and 1610 cm−1, which might have resulted 

from the binding of the C–O, C=O, or the C=C groups on the Zn surface. This indicates that the 

MLJCE prevented or limited the access of water molecules in HCl to the surface of Zn. Another 

new peak appeared at around 1022 cm−1, which could have resulted due to the adsorption of the 

C–O–C group on the Zn surface.  The vibration band at 630 cm−1 has been reduced, suggesting 

that the Zn–O bond formed between Zn and the dissolved oxygen is weakened in the presence of 

the MLJCE and inhibits corrosion. The change and appearance of new peaks suggested that the 

MLJCE inhibited rust formation.  
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Figure 4.49: FTIR spectrum of the adsorption film formed on the Zn surface (MLJCE-Zn 

adsorption film) compared to the crude MLJCE, corrosion products formed on Zn (Blank-Zn 

corrosion products), the 1 M HCl corrosion solution in the presence (MLJCE-Zn solution) and 

absence (Blank-Zn solution) of MLJCE 

The MLJCE adsorption film formed on the Al surface is shown in the spectrum in Figure 4.50, 

while Figure 4.51 is the expanded spectrum of the adsorption film formed on the Al surface. The 

spectrum indicates a peak at around 3000–3500 cm−1 can be assigned to both Al–OH of the MLJCE 

and the Al–H2O bonds. The diffuse nature of this peak indicates a highly disordered structure 

formed by the extract, unlike the one observed for hydrated Al hydroxides [501]. This suggests 

that the extracts successfully reduced the access of water containing the 1 M HCl solution to the 

Al surface, thus protecting it from corrosion. The peak at 1620 cm−1, which is representative of the 

presence of water, has disappeared, and three peaks appeared at 1600, 1480, and 1420 cm−1. These 

could be attributed to the adsorption of the amine groups and polyphenols on the Al surface. The 

absorption band observed around 1157 and 514 cm–1 have shifted to 860 and 507 cm−1, 

respectively. This shows that the MLJCE adsorption shifted the octahedral and tetrahedral Al oxide 

coordination. The shift and reduction in these peaks indicate that the extracts successfully reduced 

the Al rust formation.  
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Figure 4.50: FTIR spectrum of the adsorption film formed on the Al surface (MLJCE-Al 

adsorption film) compared to the crude MLJCE, corrosion products formed on Al (Blank-Al 

corrosion products), the 1 M HCl corrosion solution in the presence (MLJCE-Al solution) and 

absence (Blank-Al solution) of MLJCE 
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Figure 4.51: Expanded FTIR spectrum of the adsorption film formed on the Al surface 

(MLJCE-Al adsorption film)  
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4.9. UV-visible spectroscopy: Interaction of MLJCE with Al3+, Fe2+, 

and Zn2+ cations  
Further confirmation of the interaction between the MLJCE components with the Al, MS, and Zn 

surface was examined using a UV–vis test. The spectra of the 1 M HCl solution before (1 M HCl) 

and after immersion of the three-metal specimen in the absence (Blank–Fe2+, Blank–Zn2+, and 

Blank–Al3+) and presence of 800 ppm MLJCE (MLJCE–Fe2+, MLJCE–Al3+ and MLJCE–Zn2+) 

were compared to those of MLJCE (MLJCE in 1M HCl) as shown in Figure 4.52–4.54. The UV 

traces of the 1 M HCl and the uninhibited systems (Blank–Fe2+, Blank–Zn2+, and Blank–Al3+) are 

almost identical and used as the control. The UV spectrum of MLJCE dissolved in 1 M HCl 

indicates an intense long-wavelength band (215–290 nm), and the immersion of the metal 

specimens in this solution (MLJCE–Fe2+, MLJCE–Al3+ and MLJCE–Zn2+) for 7 hours resulted in 

the shift of the band to around 342 nm. This shift is referred to as a bathochromic shift and could 

be attributed to the occurrence of π–π* and n–π* transitions which could be the result of the C=C, 

O–H, and C=O of the organic components of the MLJCE extract [502-504]. The bathochromic 

shift and the reduction in the absorbance intensity indicate that an intramolecular electron transfer 

from a ligand to inhibitor compounds, also known as ligand-to-metal charge transfer (LMCT), 

occurred [505-507]. 
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Figure 4.52: UV-vis spectra for 1 M HCl solution without and with MLJCE before immersion of 

the metal sample (MLJCE in 1M HCl), after immersion (MLJCE–Zn2+), and the sample without 

MLJCE (Blank–Zn2+) 
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Figure 4.53: UV-vis spectra for 1 M HCl solution without and with MLJCE before immersion of 

the metal sample (MLJCE in 1M HCl), after immersion (MLJCE–Fe2+), and the sample without 

MLJCE (Blank–Fe2+) 
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Figure 4.54: UV-vis spectra for 1 M HCl solution without and with MLJCE before immersion of 

the metal sample (MLJCE in 1M HCl), after immersion (MLJCE–Al3+), and the sample without 

MLJCE (Blank–Al3+) 
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4.10. Water contact angle measurement 
The characterization of the metal surface is crucial to determine the adsorbed layer formed by 

corrosion inhibitors. The adsorbed layer is said to be responsible for limiting the attachment of 

water molecules or O2 diffusion to the metal surface, slowing down the kinetics of corrosion [508]. 

Contact angle measurements for polished untreated metal substrates, metal substrates immersed in 

1 M HCl medium without inhibitor, and metal substrates immersed in the presence of 800 ppm 

MLJCE for 7 hours at 303 K are shown in Figure 4.55–4.57 for MS, Zn, and Al, respectively. 

Figure 4.55 reveals that the contact angle for MS decreased from 82.403° to 67.546° when the 

metal was immersed in 1 M HCl compared to the polished untreated metal sample. The reduction 

in contact angle in 1 M HCl results from the degradation of the MS surface, producing corrosion 

products that cause an increase in the surface roughness of the metal [509]. The reduction in 

contact angle to 67.546° indicates that the MS became more hydrophilic, suggesting that it became 

more wettable since the angle was well below 90° [347]. The contact angle for Zn and Al (Figures 

4.56 and 4.57) decreased from 93.647° and 66.314° to 73.257° and 47.956°, respectively. This 

implies that the immersion of Zn and Al in the corrosive solution also increased the surface 

roughness of Zn and Al due to the attack of the exposed surfaces by Cl– ions. Immersing the three 

metals in the corrosive solution in the presence of the optimum concentration of MLJCE (800 

ppm) increased the contact angle, indicating an increase in the hydrophobicity of the metal 

surfaces. For instance, the contact angle increased to 98.977, 95.200, and 121.812° for MS, Zn, 

and Al, respectively. This increase in contact angle for Al, Zn, and MS in the presence of MLJCE 

reveals the formation of an adsorption film of MLJCE on the metal surfaces, which inhibits their 

corrosion [510, 511]. 

 

 

Figure 4.55: Surface wettability behaviour of (a) polished untreated MS substrate, (b) MS 

substrate after 7 hours of immersion in 1 M HCl medium with no inhibitor, and (c) in the presence 

of 800 ppm of MLJCE 
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Figure 4.56: Surface wettability behaviour of (a) polished untreated Zn substrate, (b) Zn substrate 

after 7 hours of immersion in 1 M HCl medium with no inhibitor, and (c) in the presence of 800 

ppm of MLJCE 

 

 

Figure 4.57: Surface wettability behaviour of (a) polished untreated Al substrate, (b) Al substrate 

after 7 hours of immersion in 1 M HCl medium with no inhibitor, and (c) in the presence of 800 

ppm of MLJCE 
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4.11. SEM/EDS and Elemental Mapping 
The morphology and the elemental composition of MS, Zn, and Al surfaces in 1 M HCl solution 

in the absence and presence of 800 ppm MLJCE were studied using SEM/EDS. In addition to the 

SEM/EDS analysis, elemental mapping of the MLJCE-inhibited surfaces was also performed. The 

SEM/EDS and elemental mapping results from the two environmental systems (uninhibited and 

MLJCE-inhibited systems) were compared to those obtained for the polished but untreated 

samples. SEM images with their respective EDS spectra for Zn, MS, and Al are shown in Figures 

4.58, 4.60, and 4.61, respectively. The SEM images of the unexposed polished MS, Al, and Zn 

surfaces revealed a smooth and uniform surface with minor damage that may have occurred during 

the sample preparation process, which included abrasion with various grades of emery papers. At 

the same time, the EDS spectra revealed that these surfaces are primarily composed of 99.80 wt%, 

97.07 wt%, and 99.51 wt%, respectively, with a low presence of other elements. SEM micrographs 

of the three metal electrodes exposed to 1 M HCl without protection show that the samples were 

severely damaged, with cavities and sizable pits indicating the corrosive Cl− ions in the solution 

had penetrated much deeper into the electrode surfaces. The images suggest that the Al surface 

was more damaged than the two other metals, as large pits were revealed throughout its entire 

surface. While EDS spectra in this condition revealed the presence of similar elements on the metal 

surfaces as observed for the unexposed polished surface, but in slightly different proportions, Fe 

(99.74 wt%), Al (95.39 wt%), except for Zn (Fe, 99.58 wt%). The high Fe content of the Zn surface 

indicates that immersion in 1 M HCl dissolves the Zn-plated layer, exposing the high Fe content. 

After adding 800 ppm MLJCE to the acidic solution, the surface morphology of the three metals 

showed a relatively smoother surface with some island areas and minor damages resembling the 

polished surface. The island parts could have formed due to MLJCE precipitation on the 

metal surfaces, which shielded them from the corrosive solution. The similarities between the 

MLJCE-treated surfaces and the unexposed polished surfaces suggest that the extracted molecules 

adsorb on the metal surfaces and form a protective film. Close inspection of the corresponding 

EDS spectra images in the presence of MLJCE reveals that the metals are primarily composed of 

Fe (99.86 wt%), Al (99.51 wt%), and Zn (0.17 wt%), with a high concentration of Fe (99.83 wt%). 

The precipitates observed in the presence of MLJCE were further analyzed using EDS mapping. 

The results were compared to a blank counterpart to determine their main composition, as shown 

in Figures 4.59, 4.61, and 4.63, respectively, for Zn, MS, and Al. The precipitates formed were 
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mainly O2 for Zn and Al elements; for MS, it was carbon in the presence of MLJCE. The existence 

of O2 elements attributes to the coverage of the metal surfaces by the corrosion products [512, 

513]. The high O2 content also indicates the existence of O2-containing groups in the adsorbed 

MLJCE components [513]. The high content of carbon in the island areas for MS in the presence 

of the inhibitor was also observed by Ralkhal et al. [514], who attributed it to inhibitor adsorption 

on the metal surface. 
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Figure 4.58: SEM images and EDS spectra of unexposed-polished Zn surface, Zn immersed in 

uninhibited 1 M HCl, and Zn immersed in MLJCE-inhibited 1 M HCl solution 
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Figure 4. 59: EDS map analyses for Zn exposed to the corrosive solution in the (a) absence of the 

extract and the (b) presence of 800 ppm of the extract  

(a) 

(b) 
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Figure 4.60: SEM images and EDS spectra of unexposed-polished MS surface, MS immersed in 

uninhibited 1 M HCl, and MS immersed in MLJCE-inhibited 1 M HCl solution 
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Figure 4.61: EDS map analyses for MS exposed to the corrosive solution in the (a) absence of the 

extract and the (b) presence of 800 ppm of the extract  

(a) 

(b) 



158 
 

 

Figure 4.62: SEM images and EDS spectra of unexposed-polished Al surface, Al immersed in 

uninhibited 1 M HCl, and Al immersed in MLJCE-inhibited 1 M HCl solution 
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Figure 4.63: EDS map analyses for Al exposed to the corrosive solution in the (a) absence of the 

extract and the (b) presence of 800 ppm of the extract 

 

(a) 

(b) 
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CHAPTER 5 

Ethanolic extract results and discussions 
 

This chapter summarises and discusses the findings from the Ethanolic L. javanica crude leaf 

extract (ELJCE). The crude extracts were characterised using LC/MS and FT-IR spectroscopies. 

Weight loss analysis with a focus on the effect of temperature and inhibitor concentration, 

adsorption isotherms and thermodynamic parameters, and adsorption film analysis were all used 

to assess the corrosion potential of ELJCE. Electrochemical techniques were used to assess the 

corrosion resistance, degradation, and corrosion inhibition mechanisms of the inhibitors. Surface 

analysis of the extracts' protective film on metal surfaces was also performed. 
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5. Ethanolic L. javanica crude leaf extract (ELJCE) as a green 

inhibitor for Zn, Al, and MS corrosion 

5.1. HPLC analysis of ELJCE 
The ELJCE LC/MS chromatogram is shown in Figure 5.1. LC/MS analysis of the leaf extract 

identified several compounds, and 17 of the primary compounds identified are listed in Table 5.1, 

along with their molecular formula, retention time, and molecular weight. It can be seen from the 

listed compounds that the extract contains O2 as the main heteroatom and also π-electrons in their 

molecules. Some of the compounds also consist of nitrogen atoms. Like the extracts from the 

methanol solution, the primary compound in the ELJCE was VBS [515]. The presence of 

phytochemicals with O2 and π-electrons in their molecular structure and possible synergistic 

effects can be attributed to the ELJCE adsorption on the MS, Al, and Zn surfaces. The complex 

chemical compositions of plant extracts, similar to MLJCE, make it challenging to attribute 

inhibitory activity to any individual compound in the leaf extract. 
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Figure 5.1: Total ion chromatograms of phytochemicals mixtures of ELJCE measured by LC/MS in negative ion mode 



163 
 

Table 5.1: Phytochemicals identified in the ELJCE  

S.No. RT 

(min)  

Name of the compound  MF MW 

1 4.67 Bis(2-O,3-O,4-O,6-O-tetraacetyl-D-gluconic acid)tetramethylene ester  763.23 

2 5.45 Decaffeoyl-acteoside C20H30O12 461.16 

3 6.03 Heriguard  C16H18O9 353.09 

4 6.65 Dig3Ac(b1-4)Dig(b1-4)Dig C20H34O11 431.19 

5 7.23 Acteoside/Verbascoside C29H36O15 623.19 

6 7.42 Isoacteoside/Isoverbascoside C29H36O15 623.20 

7 7.91 Cistanoside D C31H40O15 651.23 

8 8.18 [(2R,3S,4R,5R,6S)-6-[2-(3,4-dihydroxyphenyl)ethoxy]-4,5-dihydroxy-2-[[(2R,3R,4S,5S,6S)-3,4,5-trihydroxy-6-methyloxan-2-

yl]oxymethyl]oxan-3-yl] (E)-3-phenylprop-2-enoate 

C29H36O13 591.21 

9 8.33 Cyclo[Leu-Leu-Leu-Leu-Leu-Leu]  C36H66N6O6 677.49 

10 8.51 Tricoumaroyl spermidine   C34H37N3O6 582.26 

11 9.41 3-methylidene-5-oxohexadecanedioic acid C17H28O5 311.18 

12 10.25 13-OH-9Z, 11E, 15Z-octadecatrieoate C18H29O3 293.21 

13 11.01 4-O-[3,4-bis[(1-ethoxycarbonyl-2,2,6,6-tetramethylpiperidine-4-carbonyl)oxy]cyclopentyl] 1-O-ethyl 2,2,6,6-

tetramethylpiperidine-1,4-dicarboxylate 

C44H73N3O12 834.52 

14 11.38 [(3R,4R,4aR,5S,6R,6bR,9S,10S,12aR)-5,6,10-trihydroxy-4a,9-bis(hydroxymethyl)-2,2,6b,9,12a-pentamethyl-4-[(Z)-2-

methylbut-2-enoyl]oxy-3,4,5,6,6a,6a,7,8,8a,10,11,12,13,14b-tetradecahydro-1H-picen-3-yl] (Z)-2-methylbut-2-enoate 

C39H60O9 653.40 

15 11.86 [6-[6-[[10-(5,6-Dimethyloxan-2-yl)oxy-5-methoxy-9,16-dimethyl-2-oxo-7-(2-oxoethyl)-4-propanoyloxy-1-oxacyclohexadeca-

11,13-dien-6-yl]oxy]-5-hydroxy-2-methyl-4-propan-2-yloxan-3-yl]oxy-4-hydroxy-2,4-dimethyloxan-3-yl] 3-methylbutanoate 

C51H84O16 951.57 

16 13.36 2-[2-hydroxy-6-(1-{9-hydroxy-2-[5’-(6-hydroxy-3,5,6-trimethyloxan-2-yl)-3’-[(5-methoxy-6-methyloxan-2-yl)oxy]-2-methyl-

[2,2’-bioxolan]-5-yl]-2,8-dimethyl-1,6-dioxaspiro[4.5]decan-7-yl}ethyl)-5-methoxy-4-[(5-methoxy-6-methyloxan-2-yl)oxy]-3-

methyloxan-2-yl]acetic acid 

C52H88O18 981.58 

17 13.36 [(2S)-1-[(9E,12E,15E)-octadeca-9,12,15-trienoyl]oxy-3-[(2R,5R,6R)-3,4,5-trihydroxy-6-[[(2R,5R,6R)-3,4,5-trihydroxy-6-

(hydroxymethyl)oxan-2-yl]oxymethyl]oxan-2-yl]oxypropan-2-yl] (6E,9E,12E)-octadeca-6,9,12-trienoate 

C51H84O15 935.57 

https://pubchem.ncbi.nlm.nih.gov/#query=C20H34O11
https://pubchem.ncbi.nlm.nih.gov/#query=C29H36O15
https://pubchem.ncbi.nlm.nih.gov/#query=C29H36O15
https://pubchem.ncbi.nlm.nih.gov/#query=C29H36O15
https://pubchem.ncbi.nlm.nih.gov/#query=C29H36O15
https://pubchem.ncbi.nlm.nih.gov/#query=C44H73N3O12
https://pubchem.ncbi.nlm.nih.gov/#query=C51H84O16
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5.2. FT-IR screening of phytochemicals from ELJCE  
The infrared spectrum of ELJCE, obtained in the frequency range of 4000-400 cm−1, was used to 

identify the characteristic absorption peaks corresponding to the stretching vibrations of different 

functional groups, as shown in Figure 5.2. The spectrum is characterized by a broad, intense peak 

associated with the hydroxyl (O–H) functional group in the 3330 cm−1 stretching frequencies. 

Strong methyl (C–H3) and methylene (C–H2) group absorption bands were found at 2924 cm−1 and 

2855 cm−1, respectively [375, 516, 517]. These two peaks suggest the presence of alkene and alkyl 

functional groups in the ethanolic crude extract [376]. The peak at 1700 cm−1 has been indicated 

to represent the stretching of the carbonyl (C=O) group [516], while other studies have attributed 

it to the aromatic carbons (–C=C–) found within the extract [381, 382]. The peak at 1603 cm−1 is 

linked to either a carbonyl, carboxylic acid and/or an ester group due to asymmetric and symmetric 

vibrational stretching for the carboxyl ion (COO–) [379, 380]. The presence of peaks around 1029, 

1519, and 1156 cm−1 frequency ranges are said to be the result of skeletal aromatic rings, and the 

=C–O–C group suggests the presence of flavonoids.  
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Figure 5.2: FTIR spectrum of the ELJCE used for the inhibition of Zn, MS, and Al corrosion  

The bending vibration of the C–O–C group is associated with the peak at 1029 cm−1, indicating 

the presence of carbohydrates in ELJCE [375]. The absorption bands around 1443 and 1375 cm−1 

indicate the presence of amines and polyphenols in the ELJCE [518]. The absorption bands in the 
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800–1750 cm–1 region can be attributed to the meta-substitution of the aromatic protons, while 

those from 820 to 760 cm–1 resulted from ring vibrations [380, 519]. 

5.3. Variation of the open circuit potential (OCP) with immersion 

period 
The OCP measurements are one of the critical parameters used to determine a system’s resting 

potential, which forms the basis for the PDP and EIS measurements. Consequently, a potential was 

generated between the working electrodes (MS, Al, and Zn samples) and the corrosive solution 

with respect to the reference before performing the impedance and polarization scans. The 

electrodes were immersed in 1 M HCl with and without different concentrations of ELJCE for 1 

hour, aiming for the potential where the rate of cathodic O2 reduction processes equals the rate of 

anodic metal dissolution. 
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Figure 5.3: Evolution of open-circuit potential (EOCP) versus exposure time for MS with and 

without ELJCE in 1 M HCl solution 
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In general, the OCP curves observed for MS (Figure 5.3) moved in a positive direction in the 

presence of ELJCE, while the curve observed in the absence of ELJCE moved positively for the 

first 500 seconds and then dropped to a more negative potential until a steady-state potential has 

been reached. The more negative the OCP value of the blank, the more corrosive electrolyte 

solution diffuses into the coating/metal interface [520]. The electropositive movement in the OCP 

in the presence of ELJCE for MS shows that the plant extracts effectively prevented the diffusion 

of corrosive electrolytes. In addition, it was found that the OCP values for 400 and 600 ppm ELJCE 

decreased as the immersion time increased. The presence of two opposing processes on the surface 

of MS is indicated by the movement of the OCP in both negative and positive directions. The two 

processes are ELJCE forming a protective film on the MS surface and corrosion of the MS surface 

due to a potential decrease in the negative direction [384-387]. 

The blank’s Zn-OCP curve (Figure 5.4) shows that the OCP moves negatively for about 500 

seconds before moving faster in a positive direction and reaching a constant value for the rest of 

the experiment. At 800 ppm, an abrupt change in potential in the positive direction was observed 

during the first 250 seconds of immersion. Stable OCP values achieved for the blank were almost 

at the same potential as ELJCE. The similarities in the OCP of the blank and ELJCE systems 

indicate that the extracts prevent both the anodic and cathodic Zn reactions and can be 

characterized as mixed-type corrosion inhibitors [388]. In the presence of 200, 400, and 600 ppm 

ELJCE, the steady-state potential was reached immediately and remained constant over time. The 

formation of corrosion products on the Zn surface, which provides some protection against 

corrosion, can explain the long-term stability of the potential for a blank solution. However, before 

such protection is offered to the Zn surface, it corrodes relatively quickly until protective corrosion 

product films cover it; as the surface is exposed for a more extended period to the corrosive 

environment, its corrosion rate decreases [521]. 
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Figure 5.4: Evolution of open-circuit potential (EOCP) versus exposure time for Zn with and 

without ELJCE in 1 M HCl solution 

A careful examination of the OCP-time curves for Al (Figure 5.5) reveals that ELJCE shifts the 

steady-state potential in both directions. The curves’ conflicting positive and negative shifts with 

respect to the uninhibited Al metal imply that ELJCE controlled both the anodic and cathodic 

response. This suggests that ELJCE acts as a mixed-type corrosion inhibitor for Al metal. The 

highest inhibitor concentration used shifted the potential values furthest in the positive direction, 

possibly due to the presence of more ELJCE compounds that can form anti-corrosion molecular 

films that limit attack of the Al surface by Cl− ions in the corrosive solution. The OCP values 

become constant almost immediately and remain so for the entire 1-hour immersion time for the 

electrochemical measurements for the uninhibited and inhibited systems, as seen from the OCP 

time curves. 
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Figure 5.5: Evolution of open-circuit potential (EOCP) versus exposure time for Al with and 

without ELJCE in 1 M HCl solution 
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5.4. Potentiodynamic polarization (PDP)  
PDP scans were performed to obtain more information on the corrosion inhibition potential of 

ELJCEs, the stability and protection of the passive/adsorbent layer, and the pitting behaviour. 

Scans were performed in 1 M HCl in the presence and absence of ELJCE. The electrochemical 

parameters obtained, such as Icorr, Ecorr, βa and βc and %IEPDP, are listed in Table 5.2. The Tafel 

slopes in Table 5.2 show that the plant extracts controlled the anodic and cathodic curves of Al, 

MS, and Zn. The MS and Zn slope values indicate that the anodic and cathodic reactions were 

controlled/inhibited to a similar extent. In contrast, the slope values for Al indicate that the cathodic 

reaction was more controlled than the anodic reaction process. Relatively higher Ecorr values were 

obtained in the presence of ELJCE in the corrosive solution compared to the blank solution, more 

precisely for Al and Zn than for MS. This is because, in the presence of 600 and 800 ppm ELJCE, 

the Ecorr values for MS decreased compared to the blank. Although Ecorr values are higher in the 

presence of ELJCE for the three metals, their shift with respect to the blank value is less than 85 

mV at all extract concentrations. A similar trend in Ecorr values was reported by Mukhopadhyay et 

al. [522], who indicated that a change in Ecorr values of more than 85 mV could be considered a 

result of preventing either the anodic or the cathodic reaction. This suggests that ELJCE can be 

regarded as a mixed-type inhibitor for the corrosion of Al, MS, and Zn samples, although the 

cathodic reaction is more affected in Al samples. The length of the Tafel plots for the inhibited 

and uninhibited systems is almost identical for all three metal samples. This is proposed [523] to 

support the mixed-type inhibition mechanism by corrosion inhibitors. Table 5.2 shows that as the 

concentration of the extracts increases, the Ecorr for MS shifts to both less and more positive values, 

indicating that the ELJCE does indeed control the anodic and cathodic reactions of MS. For 

example, the Ecorr value for the blank is −430.637 mV and has increased to a maximum of −444.586 

mV at 400 ppm and fallen to a minimum of −401.550 mV at 800 ppm. 

The small difference in Ecorr values is due to the small amounts of alloying elements in MS, which 

are known to significantly affect the kinetics of iron dissolution [524, 525]. In addition, the 

reduction in the Icorr values without any significant shift in the Ecorr values supports the 

classification of the extracts as mixed corrosion inhibitors of MS, Zn, and Al [526]. The Icorr values 

for the three metals indicate that in the absence of the plant extracts, the samples were corroded 

immediately after passing the corrosion potential, which is reflected in the high values obtained. 

The Icorr values appear to decrease from 570.249, 1144.688 and, 5831.281 μA.cm−2 (blank) to 



170 
 

25.271, 28.912 and, 1252.243 μA.cm−2 (800 ppm) for MS, Zn, and Al, respectively, suggesting 

that ELJCE is an excellent inhibitor of MS, Al, and Zn corrosion in 1 M HCl solution. The increase 

in corrosion-inhibiting effectiveness of the extracts with increasing extract concentration is due to 

the adsorption of the extracts blocking the active parts of the electrode surfaces. It was found that 

the maximum %IE for MS and Zn is around 90%, while for Al, it is close to 80%, which implies 

that ELJCE acts as an excellent inhibitor for the three metals. The uninhibited anodic MS branch 

(Figure 5.6b) indicates that the potential above −270 mV vs Ag/AgCl can be described as the area 

in which stable corrosion products form. The addition of the extracts into the corrosive solution 

did not change the properties of the current-potential curves but shifted the point to around −180 

mV. This indicates that the adsorption of the ELJCE on the MS surface delays the formation of 

the corrosion products and that the potential above −180 mV vs Ag/AgCl can be described as the 

desorption potential. The desorption process of the extracts from the MS surface makes the metal 

susceptible to attack by the corrosive solution. It suggests that the type of inhibition on the MS 

surface is due to the electrode potential. If the corrosion inhibition depends on the electrode’s 

potential, as in this case, the inhibition phenomenon is accompanied by the formation of a two-

dimensional layer formed by the extracts on the metal surface [527]. The MS and Zn cathodic 

branches for the uninhibited and inhibited systems form quasi-parallel lines (Figures 5.6 and 5.7), 

showing that the extracts do not alter aspects of the corrosion process but only decrease the 

corrosion current density. This can be seen from Table 5.2, which shows that hydrogen evolution 

and anodic metal dissolution reactions are slowed down by blocking the active site of the metal 

surface by the extract molecules. Tafel curve shows that neither a passive region nor a region of 

metastable pit growth was observed on the surface of MS in both the absence and presence of 

ELJCE. Because the current study’s PDP test settings were set to observation pitting, the lack of a 

visible passive area on the Tefal scans has some drawbacks when evaluating corrosion inhibitors. 

The disadvantage is that it becomes difficult to conclude on passivation or pit growth separated by 

additional dissolution processes in the metal [528]. Areas of pitting and passivation were more 

evident on the surface of Al when PDP curves were scanned away from the OCP toward a more 

positive cathodic potential for both the inhibited and uninhibited systems. The occurrence of 

passivation and pitting on the Al surface indicate that the corrosive solution destroyed the natural 

passive layer that generally protects Al from corrosion [529]. Anions, such as Cl– ions, are known 

to enhance pitting corrosion on the Al surface [530-534], which occurs in three steps: first, 
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adsorption of Cl– ions on the oxide surface, second, penetration of Cl– ions through the oxide film 

via O2 vacancies, and finally, localized dissolution of Al below the oxide film to release hydrogen 

gas [535-539]. 

Table 5.2: Polarization electrochemical parameters of Al, Zn, and MS after 1-hour immersion at 

303 K in 1 M HCl with and without different concentrations of ELJCE 

Metal Conc. of  

MLJCE 

(ppm) 

CR 

(mpy) 

Ecorr 

(mV vs 

Ag/AgCl) 

a 

(mV.dec−1) 

c 

(mV.dec−1) 

Ipass 

(μA.cm−2) 

Icorr  

(μA.cm−2) 

%IEPDP 

 

 

MS 

Blank 261.26 −430.637 77.6 119.4 − 570.249 − 

200 21.791 −438.964 102.4 82.8 − 47.563 91.66 

400 18.4461 −444.586 73.0 85.2 − 40.262 92.94 

600 15.5208 −410.120 93.1 81.1 − 33.877 94.06 

800 11.5779 −401.550 68.5 85.6 − 25.271 95.57 

 

 

Zn 

Blank 675.025 −413.435 96.8 196.8 − 1144.688 − 

200 44.1899 −449.905 100.7 94.7 − 74.936 93.45 

400 26.545 4 −463.384 74.2 77.3 − 45.015 96.07 

600 21.9923 −445.407 88.3 86.4 − 37.294 96.74 

800 17.0495 −447.483 81.7 79.4 − 28.912 97.47 

 

 

Al 

Blank 2492.66 −740. 497 64.6 183.6 1.7399 5831.281 − 

200 999.255 −745.807 25.7 137.1 0.8913 2329.011 60.06 

400 600.1 −720.118 26.9 134.4 − 1398.681 76.01 

600 576.913 −747.225 28.4 141.9 1.2648 1344.639 76.94 

800 537.271 −745.360 24.2 137.3 0.8962 1252.243 78.53 

 

The Al Tafel curves (Figure 5.8) revealed an Epp region, which is a point where the potential 

increases due to activation control behaviour. This was preceded by a significant decrease in Icorr, 

implying the formation of a protective or passive layer on the surface of Al. The lowest point to 

which the Icorr falls is the Ipass. The fluctuations in the current of the curves around the passive 

region suggest that metastable pits were formed on the Al surface during the PDP test. Although 

the passive area was non-uniform, the Ipass values were obtained at the lowest point of the passive 

region. The Ipass for the blank was found to be 1.7399 μA.cm-2 and decreased in the presence of 

the extract. The Ipass was not determined at 400 ppm, although passivation did occur, and this is 

because the Icorr did not drop to a point where the value could be identified. The lower Ipass values 

observed in the presence of ELJCE indicate that the protective/passive film formed on the surface 

of Al was relatively stable [540] and did not deteriorate entirely due to the attack by the corrosive 

solution. 
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Figure 5.6: Tafel PDP curves for MS dissolution in 1 M HCl with and without different 

concentrations of ELJCE to observe pitting (a). The extrapolated (b) active area at 303 K, 

respectively 
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Figure 5.7: Tafel PDP curves for Zn dissolution in 1 M HCl with and without different 

concentrations of ELJCE to observe pitting (a). The extrapolated (b) active area at 303 K, 

respectively 
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Figure 5.8: Tafel PDP curves for Al dissolution in 1 M HCl with and without different 

concentrations of ELJCE to observe pitting (a). The extrapolated (b) active area at 303 K, 

respectively 
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5.5. Electrochemical impedance spectroscopy (EIS) 
Impedance analysis was performed to define the changes induced at the interface between the 

metal samples and 1 M HCl by the adding ELJCE to the corrosive solution. The test measurements 

were carried out at the OCP and then evaluated with regard to the equivalent circuit diagram shown 

in Figure 4.18 for MS and Zn and Figure 4.19 for Al in section 4. The Nyquist plots of Im(Z) 

versus Re(Z) with frequency implicitly included are shown in Figure 5.9−5.10 for the three metals. 

The diagrams show the higher frequency data on the right and the lower frequency data on the left 

side of the graph. In the presence and absence of ELJCE, the time constant obtained from the EEC 

appears as an imperfect semicircle in the Nyquist plots or as a peak in the phase angle in the Bode 

plots. The phase angles were represented by a single maximum for MS and Zn, representing a 

single constant phase element at the interface for the corrosion process present in the equivalent 

circuit diagram. The shift of the peaks compared to the blank value suggests a rather capacitive 

behaviour due to the adsorption of the ELJCE compounds on the MS and Zn surface. The phase 

angle of the Bode plots generally increases with the concentration of ELJCE. This is supported by 

the broadened phase diagrams showing the formation of a protective film on the metal surfaces 

[541]. 

On the other hand, the phase angles for Al were represented by two maxima, suggesting that two-

time constants govern its corrosion process. The size of the phase angle |θ| and the slope obtained 

from Figure 5.12−5.13 for MS, Zn, and Al corrosion inhibition after the addition of ELJCE are 

shown in Table 5.3. It is reported in the literature that perfect capacitive performance would result 

in a phase angle of −90° and a slope value of −1 [542, 543]. The maximum |θ| values for MS and 

Zn are in the range of −70°, while the maximum value for Al is around −60°, which is less than 

−90°, indicating that a CPE should be included in the equivalent circuit to account for the non-

ideal behaviour of the metal/solution interface [170]. The slope values taken from the linear 

relationship between log |Z| and log f in the medium-frequency region are closer to −1 in the 

presence of ELJCE than in its absence, which underlines the inhibitory capacity of the extracts for 

the Al, MS, and Zn surface. This behaviour is a characteristic of capacitive behaviour. The Re(Z) 

value for the blank (1 M HCl) was only 32.2, 20.76, and 6.617 Ω for MS, Zn, and Al, respectively, 

indicating the lowest Rct of the corrosion reaction. When ELJCE was added to the corrosive 

solution, the Nyquist plots gradually increased in diameter, increasing concentration from 200 to 

800 ppm. Despite the size change in diameter, the Nyquist plots obtained are nearly identical in 
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the absence and presence of ELJCE, indicating that the extracts do not alter the corrosion 

mechanism of the three metal samples, which is similar to the results obtained from PDP. The 

increase in Nyquist diameter with plant extracts concentration reflected an increase in Rct values, 

indicating that ELJCE adsorbed on the surface of the three metals, resulting in lower CPE values 

compared to the blank, with Al being the exception. 

For instance, the Rct values increased from 32.2 Ω (blank) to a maximum of 604.8 Ω (800 ppm) 

for MS, suggesting that its charge transfer process is being slowed down due to a decrease in the 

exposed surface area susceptible to corrosive attack. This also applies to Zn and Al, where the 

values for the two metals have increased to 419.2 and 28.96 Ω (800 ppm), respectively. This 

reduces the electrodes’ corrosion rate, which is in concord with the weight loss and PDP results 

obtained. These observations suggest that the change in CPE, Rs and Rct values, as in Table 5.3, 

was caused by the gradual replacement of the water molecules and other corrosive ions that were 

initially adsorbed on the surface of the metals by the ELJCE compounds resulting in the reduction 

of the dissolution of the metals [544]. It can be argued that the ELJCE compounds replaced enough 

water molecules even at the lowest concentration evaluated (200 ppm) since an inhibition 

efficiency of 89.87, 88.16, and 68.19% was observed and increased to 94.71, 95.05, and 77.15% 

at 800 ppm for MS, Zn and Al respectively. The reduction in the double-layer pseudo-capacitance 

can be attributed to a decrease in the local dielectric constant and/or an increase in electric double-

layer thickness [545-547]. The Nyquist plots for Zn and MS show that the capacitive loop curve 

deviates slightly from an imperfect semicircular shape, which is more noticeable at lower 

frequencies. The deviations in these diagrams are mainly caused by the heterogeneity and micro-

roughness of the working electrode surface, which is a typical state of the corrosion system [426, 

548, 549].  

Most of the Al matrix consists of an oxide layer that protects it from corrosion, and such a layer 

contributes capacitively to the EEC. Such a capacitive loop is observed in the high-frequency 

range, while an inductive loop is observed in the low-frequency range. The capacitive loop at high 

frequencies is due to the charge transfer of the corrosion process and the formation of an oxidic 

passive layer [550]. The inductive loop’s origin is largely unknown, and several studies attribute 

it to various factors. It has been attributed to the oxide film species’ surface or bulk relaxation 

process and their dielectric properties [551, 552]. Bessone et al. [553] suggested that the inductive 
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time constant is due to the rearrangement of the Al surface charge at the metal-oxide interface. The 

loop was also attributed to the stabilization of the adsorption layer formed by the plant extract 

compounds on Al’s surface and reactive products [554]. According to our previous investigations 

into the inhibition of Al corrosion [555], the inductive loop can be explained by the relaxation of 

the substances in the oxide layer covering the Al electrode surface, among other factors. The 

impedance plots of Al are also represented by imperfect circles, leading to the use of CPE in the 

EEC used to analyze the data. The use of CPE is due to the non-ideal behaviour of the 

electrochemical process at the metal/solution interface, which is usually attributed to several 

factors, including metallurgical problems such as surface roughness, grain boundaries, and the 

presence of impurities, among others. The non-ideal behaviour can also result from the movement 

of the extract compounds from the solution onto the metal surface during the adsorption process 

or even from the corrosion reaction process itself, which can lead to the formation of porous layers 

and corrosion products on the metal surfaces [556]. The values of the CPE exponent are close to 

unity in the presence of ELJCE, indicating that the electrode/electrolyte systems are 

pseudocapacitive for all three metal samples. The pseudocapacitive behaviour results from the 

inhomogeneities on the surface of the metals. These values did not vary significantly compared to 

the uninhibited system, suggesting that the charge transfer process controls the corrosion process 

of Zn, Al, and MS samples [430]. The surface of Zn became more homogeneous in the presence 

of ELJCE since the values of the CPE exponent increased significantly compared to the blank 

(0.5031). 



178 
 

 

Figure 5.9: MS Nyquist plots in 1 M HCl solution with and without ELJCE at various 

concentrations at 303 K 

 

Figure 5.10: Zn Nyquist plots in 1 M HCl solution with and without ELJCE at various 

concentrations at 303 K 
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Figure 5.11: Al Nyquist plots in 1 M HCl solution with and without ELJCE at various 

concentrations at 303 K 
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Figure 5. 12: MS Bode modulus and phase angle plot in 1 M HCl solution with and without ELJCE 

at various concentrations at 303 K 
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Figure 5.13: Zn Bode modulus and phase angle plot in 1 M HCl solution with and without ELJCE 

at various concentrations at 303 K 
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Figure 5.14: Al Bode modulus and phase angle plot in 1 M HCl solution with and without ELJCE 

at various concentrations at 303 K 
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Because impedance plots for composite metals such as Al, Zn, and MS are affected by frequency 

dispersion effects occurring during analysis, the actual value of capacitance (i.e., Cdl) for the three 

metal samples was estimated, as shown in Table 5.3. The adsorption and subsequent protection of 

Al, Zn, and MS corrosion by ELJCEs is based on increased corrosion resistance by decreasing 

electron flow and decreasing double-layer capacitance as ELJCE concentration increases. Table 2 

shows that the Cdl values decreased when different concentrations of ELJCE were introduced. The 

Cdl values decreased for MS and Zn, with the decrease being more pronounced for Zn when 

compared to the blank values. This is owing to the fact that introducing an inhibitor into the electric 

double layer changes its composition and structure by altering the dielectric properties of the water 

molecules in the electric double layer. This typically results in a change in the alignment of the 

dipoles of the water molecules, which lowers the dielectric constant and, as a result, the Cdl. The 

decrease in capacitance of the double layer may also be due to the adsorption film covering a larger 

surface area of the metals, reducing the area where the corrosive electrolyte can attack [557]. There 

is no clear trend in Al Cdl values versus blank, as both increased and decreased Cdl values were 

observed. Although the difference in both directions is small, the high values can be attributed to 

the increased surface area of the electrode due to the unstable adsorption layer that forms on the 

Al surface, resulting in lower protection values compared to Zn and MS. An increasing trend in 

Cdl values was also observed by Kwolek [558], who noted that high Cdl values could be observed 

in certain alloys when selective corrosion occurs as a result of the increase in electrode surface 

area. This was caused by the movement of the electrolyte during testing, facilitating the release of 

hydrogen bubbles from the metal surface and aqueous solutions with a much higher dielectric 

constant than gases. In the current study, the lack of a clear trend could be attributed to the small 

effect that the variation in concentration of ELJCE had on the Rct values since they are close 

together, which is related to an increase in surface area due to the release of hydrogen bubbles 

[558]. 
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Table 5.3: Electrochemical impedance parameters of Al, Zn, and MS after 1-hour immersion at 

303 K in 1 M HCl with and without different concentrations of ELJCE 

Conc. of  

MLJCE 

(ppm) 

Rs 

(Ω.cm2) 

CPE parameters L1 

(H) 

Rct 

(Ω.cm2) 

 

Cdl 

(μF.cm–2) 

×10–4 

(|θ|) Slope RL 

(Ω.cm2) 

 

%IE 𝛘𝟐 

×10−3 Y0 

(S.secn) 

×10−3 

N 

MS 

0 1.107 0.385 0.8281 − 32.2 1.3884 −57.4165 −0.6904 − − 2.949 

200 0.8935 0.1697 0.8632 − 318 1.1532 −71.8296 −0.8246 − 89.87 0.861

5 

400 0.7872 0.1768 0.8336 − 421.8 1.0967 −70.3129 −0.7888 − 92.37 2.613 

600 0.8576 0.1707 0.8667 − 516.4 1.1331 −73.4755 −0.8141 − 93.76 1.663 

800 1.524 0.1475 0.8421 − 608.5 0.9616 −70.3188 −0.7833 − 94.71 1.722 

Zn 

0 2.628 6.051 0.5031 − 20.76 28.1854 −25.5302 −0.2366 − − 4.598 

200 1.742 0.1962 0.8381 − 175.4 0.8175 −64.8177 −0.7511 − 88.16 7.213 

400 1.021 0.1395 0.8798 − 209.4 0.8676 −71.8364 −0.8217 − 90.09 5.132 

600 1.821 0.3025 0.7758 − 397.5 1.4720 −64.6796 −0.7398 − 94.78 7.987 

800 0.8953 0.1238 0.8917 − 419.2 0.8748 −75.0797 −0.8682 − 95.05 2.891 

Al 

0 1.392 0.1029 0.9548 10.24 6.617 0.8265 −41.5066 −0.5775 1.076 − 2.707 

200 2.055 0.1495 0.9237 34.34 20.8 0.8455 −51.8097 −0.6787 2.568 68.19 3.824 

400 3.117 0.1216 0.9338 27.84 22.69 0.7751 −47.4571 −0.6499 2.606 70.84 2.700 

600 1.192 0.1127 0.9372 39.59 28.16 0.7894 −62.3475 −0.7891 4.033 76.50 3.349 

800 1.295 0.1324 0.9205 25.65 28.96 0.9693 −59.1747 −0.7336 4.948 77.15 8.607 
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5.6. Weight loss measurement  

5.6.1. The effect of ELJCE concentration on the anti-corrosive behaviour of Zn, Al, 

and MS 

The effect of ELJCE concentration against MS, Al, and Zn corrosion in a 1 M HCl environment 

was evaluated by weight loss analysis, which involved immersing the three metal samples in 1 M 

HCl for 7 hours at different temperature ranges. The variation in corrosion rate as a function of 

ELJCE concentrations for the three metal samples at 303 to 333 K is shown in Figure 5.15. Figures 

5.16–5.19 show the variation in inhibition efficiencies with respect to ELJCE concentrations for 

the three metal samples at 303 to 333 K. The calculated CR and %IE from weight loss data are 

shown in Table 4. The table shows that the CR values for the uninhibited Al, Zn, and MS systems 

are high compared to the inhibited systems and continue to increase with increasing temperature. 

Metal corrosion potential can be reduced by adding an inhibitor to a corrosive solution, and this 

reduction is usually directly proportional to increasing the concentration of the inhibitor [559]. The 

results of the current study showed a similar pattern, with the CR of the MS, Al, and Zn samples 

decreasing with increasing ELJCE concentration. The decrease in CR that occurs with increasing 

ELJCE concentration is highlighted in Figure 5.15, with the lowest CR being reached at 800 ppm. 

The reduction in CR is simultaneous with the increase in %IE as the inhibitor concentration is 

increased for all three metal samples. For example, at 333 K, the CR for Zn the in the absence of 

the inhibitor was found to be 1.3485×10−2 g.cm−2.h−1 and decreased with the addition of ELCE in 

the corrosive solution to 3.2580×10−3, 3.1687×10−3, 2.4587×10−3 and 1.9362×10−3 g.cm−2.h−1 

giving an inhibition efficiency of 75.84, 76.50, 81.77% and 85.64% at 200, 400, 600 and 800 ppm, 

respectively. 

For MS, the corrosion rate at 333 K decreased from 8.6198×10−3 g.cm−2.h−1 (blank) to 7.2359×10−4 

g.cm−2.h−1 (800 ppm), resulting in an inhibition efficiency of 85.64%. Similarly, in the presence 

of ELJCE, the corrosion rate for Al decreased from 6.7966×10−3 g.cm−2.h−1 (blank) to 5.5815×10−3 

g.cm−2.h−1 (800 ppm), resulting in an inhibition efficiency of 50.64%. These results are consistent 

with data reported by other researchers [560, 561]. The decrease in CR with increasing 

extract/inhibitor concentration indicates that a larger number of extract molecules are available to 

cover a larger area of the metal surface, resulting in less contact between the corrosive solution 

and the metal surface. This trend was observed for all three metals at all temperatures studied. 
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According to Table 5.4, the maximum ELJCE effectiveness against the corrosion of MS, Al and 

Zn samples was observed at the optimal inhibitor concentration of 800 ppm: 97.10% and 91.70% 

at 303 K for MS and Al, respectively, and 85.64% for Zn at 333 K.  

Al has been shown to oxidize rapidly among the three metals studied, which is an essential property 

for its corrosion resistance. Although the oxide layer on the Al surface is said to be reliable and 

stable, it is not always impervious to deterioration. When the Al metal is exposed to a basic or 

acidic environment, the protective oxide layer tends to weaken, and its general reconstruction may 

not be fully appropriate or sufficient to prevent deterioration [562]. The inhibition efficiencies in 

Table 5.4 show that ELJCE has the potential to reduce the deterioration of the oxide film layer in 

the 1 M HCl medium but is not sufficient to provide adequate protection for the Al surface at all 

temperatures investigated. At 333 K, for example, increasing the concentration of ELJCE from 

200 to 800 ppm resulted in an increase in %IE from 39.90 to 50.64%; however, despite the 

increased inhibition efficiency, the Al surface was corroded at an accelerated rate compared to MS 

and Zn samples at this temperature resulting in lower protection. Figure 5.15 shows that at all 

temperatures tested, increasing ELJCE concentrations resulted in a marked reduction in the CR 

compared to the blank solution, even at the lowest concentration of 200 ppm. The decrease in 

overall inhibition efficiencies for MS and Al when the system temperature was raised from 303 to 

333 K demonstrates that temperature and extract concentration affect the degree to which the 

corrosion rate is reduced. The high inhibition efficiencies as the extract concentration increased 

indicated that the weight loss of the three electrodes is more advanced in the blank solution than 

in the corresponding 1 M HCl solution containing a variety of ELJCE combinations. This shows 

that the adsorption of ELJCE on Al, Zn, and MS surfaces slows down their corrosion process. 



185 
 

200 400 600 800
0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030
C

R
 (

g
.c

m
−

2
.h
−

1
)

Cinh (ppm)

 303 K

 313 K

 323 K

 333 K

ELJCE−MS

 

200 400 600 800
0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

0.0035

C
R
 (

g
.c

m
−

2
.h
−

1
)

Cinh (ppm)

 303 K

 313 K

 323 K

 333 K

ELJCE−Zn

 

200 400 600 800
0.000

0.001

0.002

0.003

0.004

0.005

0.006

0.007

C
R
 (

g
.c

m
−

2
.h
−

1
)

Cinh (ppm)

 303 K

 313 K

 323 K

 333 K

ELJCE−Al

 

Figure 5.15: Variation of corrosion rate (CR) obtained from weight loss for Zn, Al and MS in 1 M 

HCl as a function of concentration in the presence of ELJCE at 303-333 K 
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Table 5.4: Weight loss parameters for the uninhibited and ELJCE-inhibited Al, MS and Zn system 

in 1 M HCl corrosive solution at 303-333 K 

Metal 
Conc. of 

ELJCE 

(ppm) 

303 K 313 K 323 K 333 K 

CR 

(g.cm−2.h−1) 

CR 

(mpy1) 

%IECR 

 

CR 

(g.cm−2.h−1) 

CR 

(mpy1) 

%IE

CR 

 

CR 

(g.cm−2.h−1) 

CR 

(mpy1) 

%IECR 

 

CR 

(g.cm−2.h−1) 

CR 

(mpy1) 

%IECR 

 

MS 
Blank 

1.4988×10−3 1.66944 − 2.8038×10−3 3.12198 − 4.8840×10−3 5.43455 − 8.6198×10−3 9.58244 − 

200 
1.3404×10−4 0.14913 91.06 2.1968×10−4 0.24450 92.16 1.9710×10−4 0.21948 59.64 2.9217×10−3 3.25069 66.10 

400 
1.2412×10−4 0.13808 91.72 1.3404×10−4 0.14913 95.22 3.4008×10−4 0.37829 93.04 2.6586×10−3 2.95758 69.16 

600 
5.3370×10−5 0.05942 96.44 1.0922×10−4 0.12163 96.10 3.0781×10−4 0.34250 93.70 8.8494×10−4 0.98510 89.73 

800 
4.3440×10−5 0.04829 97.10 1.0302×10−4 0.11458 96.33 2.6809×10−4 0.29858 94.51 7.2359×10−4 0.80494 91.61 

Zn 
Blank 

2.6325×10−3 2.93086 − 4.3130×10−3 4.80092 − 7.2024×10−3 8.01864 − 1.3485×10−2 15.00181 − 

200 
1.3727×10−3 1.52752 47.86 1.7103×10−3 1.90284 60.35 1.7811×10−3 1.98126 75.27 3.2580×10−3 3.62318 75.84 

400 
1.3702×10−3 1.52494 47.95 1.5936×10−3 1.77268 63.05 1.6681×10−3 1.85731 76.84 3.1687×10−3 3.52697 76.50 

600 
1.3566×10−3 1.50886 48.47 1.5775×10−3 1.75652 63.42 1.6296×10−3 1.81232 77.37 2.4587×10−3 2.73460 81.77 

800 
1.3330×10−3 1.48241 49.36 1.5043×10−3 1.67446 65.12 1.5688×10−3 1.74368 78.22 1.9362×10−3 2.15323 85.64 

Al 
Blank 

8.6931×10−3 9.67804 − 8.9549×10−3 9.96442 − 1.0930×10−2 12.16097 − 1.1308×10−2 12.59214 − 

200 
1.3702×10−3 1.52494 84.24 3.6651×10−3 4.07900 59.07 6.2691×10−3 6.97378 42.64 6.7966×10−3 7.57160 39.90 

400 
1.1208×10−3 1.24642 87.11 3.6217×10−3 4.02917 59.56 5.4884×10−3 6.11305 49.79 6.1648×10−3 6.85702 45.48 

600 
9.6190×10−4 1.07006 88.93 2.7864×10−3 3.10099 68.88 5.3544×10−3 5.95773 51.01 5.7763×10−3 6.41971 48.92 

800 
7.2111×10−4 0.80127 91.70 2.3867×10−3 2.65767 73.35 5.1458×10−3 5.72730 52.92 5.5815×10−3 6.21520 50.64 
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Figure 5.16: Variation of inhibition efficiencies (%IEWL) obtained from weight loss for Zn, Al, 

and MS samples in 1 M HCl as a function of ELJCE concentration at 303 K  
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Figure 5.17: Variation of inhibition efficiencies (%IEWL) obtained from weight loss for Zn, Al, 

and MS samples in 1 M HCl as a function of ELJCE concentration at 313 K  
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Figure 5.18: Variation of inhibition efficiencies (%IEWL) obtained from weight loss for Zn, Al, 

and MS samples in 1 M HCl as a function of ELJCE concentration at 323 K  
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Figure 5.19: Variation of inhibition efficiencies (%IEWL) obtained from weight loss for Zn, Al, 

and MS samples in 1 M HCl as a function of ELJCE concentration at 333 K  

5.6.2. Influence of immersion time on MS, Al, and Zn corrosion inhibition in 1 M HCl 

with an optimal concentration of ELJCE at 303 K 

When examining an inhibitor’s inhibiting effect against certain metals’ corrosion, it is crucial to 

consider its performance over time. Immersion studies were carried out for 6, 7, 12, 18, and 24 

hours to assess the stability of ELJCE and the rate of adsorption. Figure 5.20 shows the variation 

in inhibition efficiencies for Zn, Al, and MS at the optimal concentration (800 ppm) of ELJCE 

with immersion time. Table 5.5 shows inhibition efficiency at different exposure times (6-24 h). 

As shown in Figure 5.20, a maximum inhibition efficiency of 91.70% for Al was observed after 7 

hours, which decreased to 72.89% with increasing exposure time. The figure also shows that the 

highest protection efficiency for MS was achieved around the 6- and 7-hour immersion times and 

was 98.10% and 97.10%, respectively. The inhibitory efficiency of ELJCE against corrosion of 

MS samples decreases with the contact time. Still, the decrease is minimal and even after a long 

contact time (i.e., 24 hours), the inhibitory efficiency remains close to 90%. This is also true for 

the Al sample, where the efficiency stabilizes at around 70%, suggesting that the protective effect 

of ELJCE is maintained for more than 24 hours, despite possible extract degradation. Exposing 

the Zn sample to the corrosive solution for the longest immersion time (24 hours) resulted in the 
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highest protection efficiency of ELJCE, which was 77.49%. This indicates that the protective 

effect increased with the immersion time and may be due to the development of the protective 

ELJCE film on the surface of the Zn sample. For example, a protective efficacy of 48.93% was 

found for the earliest immersion time, reaching a maximum at the final immersion time of 24 

hours. 

Table 5.5: Weight loss results showing the %IE for Al, Zn, and MS corrosion in 1M HCl in the 

absence and presence of 800 ppm ELJCE at various immersion times 

Metal Conc. of 

ELJCE 

(ppm) 

Immersion period (hours) 

6 7 12 18 24 

%IE 

MS 800 98.10 97.10 89.04 92.95 90.99 

       

Zn 800 48.93 49.36 57.78 70.15 77.49 

       

Al 800 82.56 91.70 80.89 73.96 72.89 
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Figure 5.20: The variation of %IE for Al, Zn, and MS corrosion in 1 M HCl in the absence and 

presence of 800 ppm ELJCE at various immersion times 
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5.6.3. Effect of temperature on the corrosion of Zn, Al, and MS in 1 M HCl solution 

containing ELJCE 

The effect of temperature on metal corrosion inhibitory reactions in an aqueous environment is a 

highly complex process considering that multiple modifications can occur on metal surfaces, such 

as rapid etching, inhibitor desorption, decomposition and inhibitor rearrangement [450]. At a 

constant bulk concentration of adsorptive inhibitor [563], a change in temperature affects the 

ability of inhibitor adsorption on the metal surface and the dissolution process of metals. The effect 

of temperature on the anti-corrosion efficacy of the inhibitory extracts of Al, MS, and Zn in 1 M 

HCl was investigated in the range of 303 K to 333 K in the absence and presence of different 

concentrations of ELJCE during 7 hours of immersion. The resulting details are summarized in 

Table 5.4. The table shows that the CR increases significantly as the temperature of both the 

uninhibited and inhibited solutions increase. In the presence of ELJCE, this behaviour only applies 

to MS and Al surfaces but not to Zn metal surfaces. For example, the CR for MS in the uninhibited 

system was 1.498810−3 g.cm−2.h−1 and that for Al was 8.6931×10−3 g.cm−2.h−1 at 303 K. The 

increase in temperature to 333 K led to an increase in CR to 8.6198×10−3 and 1.1308×10−2 

g.cm−2.h−1 for MS and Al, respectively. In the presence of ELJCE (200 ppm), the CR was 

1.3404×10−4 and 1.3702×10−3 at 303 K and increased to 2.9217×10−3 and 6.7966×10−3 g.cm−2.h−1 

with the increase in temperature to 333 K for MS and Al samples, respectively. This implies that 

the protection efficiency decreased as temperature increased, as evidenced by the low %IE at high 

temperatures. This is thought to be due to physical adsorption on metal surfaces by ELJCE [564]. 

The decrease in inhibition efficiencies for MS and Al surfaces in 1 M HCl solution with 

temperature could be attributed to an increase in hot agitation of the plant extracts, which would 

affect the stability of the protective layer formed on the metal surfaces [565, 566]. The weakening 

of the adsorption film implies that the attack of H+ and OH− on metal surfaces increases with 

increasing system temperature, thereby increasing the corrosion rate. 

The Zn surface inhibition efficiency increased with temperature, as evidenced by high inhibition 

efficiencies at higher temperatures. For instance, at 800 ppm, the %IE increased from 49.36, 65.12, 

and 78.22 to 85.64% at 303, 313, 323, and 333 K, respectively. This suggests that as the 

temperature rises, ELJCE adsorption film on the Zn surfaces strengthens, implying a chemical 

adsorption process [170]. Figures 5.21 and 5.22 shows that the inhibition efficiency for MS and 

Al decreases with temperature, whereas the inhibition efficiency for the Zn surface (Figure 5.23) 
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increases. The increase in the rate of corrosion with the temperature rise can be attributed to two 

factors: firstly, when the inhibitor molecules are at high temperatures and accumulate sufficient 

energy, they tend to desorb quickly from the metal surface, thus shortening the duration between 

the adsorption process and the desorption process, which results in the metal surface being exposed 

to aggressive species. Secondly, the decrease in hydrogen evolution over potential accelerates the 

cathodic reduction process.  
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Figure 5.21: The dependence of (a) IEWL(%) (solid lines) and (b) CR (dashed lines) on temperature 

after 7 h of immersion of MS samples in 1 M HCl at different ELJCE concentrations 
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Figure 5.22: The dependence of (a) IEWL(%) (solid lines) and (b) CR (dashed lines) on temperature 

after 7 h of immersion of Zn samples in 1 M HCl at different ELJCE concentrations 
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Figure 5.23: The dependence of (a) IEWL(%) (solid lines) and (b) CR (dashed lines) on temperature 

after 7 h of immersion of Zn samples in 1 M HCl at different ELJCE concentrations 
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5.6.4. Thermodynamic and kinetic Parameters  

Linear regression of log CR vs 103/T (Figure 5.23−5.25) yielded straight-line plots in the presence 

and absence of ELJCE with a slope of (Ea/2.303R), while the plotting of log CR/T vs 103/T (Figure 

5.26−5.28) also produced straight lines with a slope of (ΔHa
∗/2.303R) and an intercept of [(log 

RT/hN + (ΔSa
∗/2.303R)]. These diagrams enabled the determination of the Ea, ΔHa

∗, and ΔSa
∗ values 

are shown in Table 5.6. The linear regression coefficients obtained from log CR vs 103/T plots 

approached unity for all three metals, indicating that these plots can be used to explain the kinetics 

process of Zn, Al, and MS corrosion in 1 M HCl solution with a reasonable degree of confidence. 

It was found that the Ea values (Table 5.6) for the inhibited Zn surface were lower and continued 

to decrease with increasing concentration of ELJCE compared to the uninhibited Zn surface. For 

instance, the Ea value for the uninhibited system was found to be 45.0215 kJ.mol-1. When ELJCE 

was introduced at a concentration of 200 ppm, the Ea value decreased to 21.9018 kJ.mol-1. The Ea 

values continued to decline as the ELJCE concentration was further increased as more inhibitor 

molecules were added to the solution, reaching 21.2948, 15.1023, and 9.6680 kJ.mol-1 at 400, 600, 

and 800 ppm, respectively. Lower Ea values for the inhibited system imply that the ELJCE 

molecules modify the corrosion mechanism and that the modification occurs through chemical 

interaction with the active sites on the Zn surface [438, 567-569]. The decrease in Ea values for the 

inhibited Zn system suggests that the extracts were effective at higher temperatures. The increase 

in inhibition efficiencies of the Zn surface with increasing system temperature supports this. 

Higher Ea values were found in the presence of ELJCE in the acidic solution for MS and Al samples 

compared to those obtained for the dissolution of the two metals in the absence of ELJCE in the 

acidic solutions. The results in Table 5.6 show that for the Al and MS uninhibited system, the Ea 

value was 8.2165 and 48.2192 kJ.mol−1. When the ELJCE was introduced at different 

concentrations of 200, 400, 600 and 800 ppm, the Ea value increased to 95.1306, 84.1970, 78.6765, 

78.1250 kJ.mol−1 and 44.4164, 45.9885, 50.1532, 57.4468 kJ.mol−1 for MS and Al, respectively. 

Since Ea represents a reaction’s energy barrier, the increase in this value in the presence of ELJCE 

suggests that the presence of the extract/inhibitor induces an energy barrier that must be overcome 

to form corrosion products [570, 571]. This behaviour was observed for MS and Al samples, where 

for the Al sample, the increase in Ea values was found to be directly proportional to the 

concentration of ELJCE. The increase in Ea values for Al and MS following the addition of ELJCE 

indicates that the corrosion reaction of MS and Al was slowed down. Higher Ea values in the 
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presence of the ethanolic extracts also suggest that the extracts’ adsorption on MS and Al surfaces 

was facilitated by a physical process that led to the formation of an electrostatic adsorption film 

[450, 572]. The high Ea values in the presence of ELJCE are due to the interaction of the inhibitor 

molecules with the MS and Al surfaces in the heterogeneous electrochemical corrosion process, 

which blocks the most active sites with the lowest Ea value, while areas with higher Ea participate 

in the subsequent corrosion process. This implies that at high Ea values, the dissolution of MS and 

Al surfaces is shifted to the uncovered portion of the metal surface where the extracts were not 

adsorbed [573]. Though the values of Ea for MS and Al are higher in the presence of ELJCE, they 

are also above the 40 kJ.mol-1 thresholds required for chemisorption [574]. This implies that the 

ELJCE’s adsorption on the MS and Al surfaces also occurs via chemisorption. Also, due to the 

extracts’ competitive adsorption with water molecules, the adsorption mechanism in this work 

cannot be considered a decisive criterion based on changes in Ea values. As a result, it is assumed 

that the adsorption mechanism in this work on Zn, MS, and Al is a combination of physisorption 

and chemisorption processes [575].  
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Figure 5.24: Arrhenius diagram (log CR versus 103/T) for the uninhibited (blank) and ELJCE-

inhibited (200 to 800 ppm) MS system in corrosive 1 M HCl solution after 7 hours of immersion 
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Figure 5.25: Arrhenius diagram (log CR versus 103/T) for the uninhibited (blank) and ELJCE-

inhibited (200 to 800 ppm) Zn system in corrosive 1 M HCl solution after 7 hours of immersion 
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Figure 5.26: Arrhenius diagram (log CR versus 103/T) for the uninhibited (blank) and ELJCE-

inhibited (200 to 800 ppm) Zn system in corrosive 1 M HCl solution after 7 hours of immersion 
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The positive ΔHa
∗ values in the presence and absence of ELJCE indicate that the Zn, MS, and Al 

dissolution processes are endothermic. These values are also higher in the presence of the ELJCE 

than in their absence for Al and MS, indicating that their dissolution process is more difficult in 

the presence of the extracts [218, 575]. The difficulty of the dissolution process is due to a higher 

energy barrier caused by the presence of various concentrations of extracts, which raises the 

enthalpy of the corrosion process. Lower ΔHa
∗ values were observed in the presence of extracts for 

the Zn system. This phenomenon could be explained by the extracts’ chemisorption inhibition 

mechanism of Zn corrosion, which involves a charge transfer process from the extract’s 

compounds to the Zn surface. Furthermore, the difference in Ea and ΔHa
∗ values (Ea − ΔHa

∗) 

indicates an average value of about 2.6 kJ.mol−1, which is similar to the average value of RT and 

means that Al, Zn, and MS’s corrosion process involves a unimolecular reaction [576]. The 

calculated entropy values for the corrosion of Al and MS in uninhibited HCl are −200.7138 and 

−194.5601 J.mol−1.K−1, respectively and decrease negatively in the presence of the extracts in the 

corrosive solution (Table 5.6). The negative decrease in entropy values when the extracts are 

present indicates that the ethanolic extracts formed an orderly, stable adsorption film on the Al and 

MS surfaces and that the activated complex is an association rather than a dissociation step during 

the rate-determination step [577]. Entropy values for Zn increased with increasing concentrations 

of ELJCE in 1 M HCl, reaching a high of −201.2758 J.mol−1.K−1 at the maximum extract 

concentration of 800 ppm. The fact that the entropy values are negative indicates that the corrosion 

processes of the three metals are entropically favourable. Higher negative ΔSa
∗ values were 

obtained for the ELJCE-inhibited 1 M HCl solution for MS and Al compared to that of the 

uninhibited solution, indicating a reduction in disorder or randomness as the inhibited corrosive 

reaction moves from the reagents to the activated complex [578]. While for Zn, lower negative 

ΔSa
∗ values were obtained for the ELJCE-inhibited 1 M HCl solution compared to the uninhibited 

Zn solution. Such behaviour indicates the repulsive nature that occurs between the adsorbed 

ELJCE components. This results in the disordered arrangement of the extracts molecules on the 

Zn surface [459]. 
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Figure 5.27: Transition state diagram (log CR/T versus 103/T) for the uninhibited (blank) and 

MLJCE-inhibited (200 to 800 ppm) MS system in corrosive 1 M HCl solution after 7 hours of 

immersion 
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Figure 5.28: Transition state diagram (log CR/T versus 103/T) for the uninhibited (blank) and 

MLJCE-inhibited (200 to 800 ppm) Zn system in corrosive 1 M HCl solution after 7 hours of 

immersion 
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Figure 5.29: Transition state diagram (log CR/T versus 103/T) for the uninhibited (blank) and 

MLJCE-inhibited (200 to 800 ppm) Al system in corrosive 1 M HCl solution after 7 hours of 

immersion 

0 200 400 600 800
0

20

40

60

80

100

E
a/

k
J.

m
o

l−
1

Cinh (ppm)

 MS

 Zn

 Al

ELJCE

 

Figure 5.30: Relationship of Ea with the different concentrations of ELJCE for Zn, Al, and MS 
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The effect of temperature on the adsorption of ELJCE on the surface of Zn, Al, and MS was also 

evaluated by determining Qads values. At different temperatures, both negative and positive Qads 

values were obtained. The predominance of negative Qads values for Al suggests that the ELJCE 

binding on the Al surface is an exothermic process at all temperatures investigated. This behaviour 

is consistent with the physisorption adsorption mechanism on the Al surface [461]. Positive Qads 

values were observed at almost all temperatures except 303 to 313 K at 400 ppm, indicating that 

the extracts’ inhibition efficiency against Zn corrosion increases with temperature. This suggests 

that the extracts form a chemical bond with the Zn surface [579]. Both negative and positive Qads 

values indicate that adsorption on the MS surface involves a hybrid adsorption mechanism 

involving both physical and chemical adsorption processes. Endothermic and exothermic 

adsorption processes occurred on the surfaces of Zn, Al, and MS. However, from Figure 5.30 it 

can be seen that the negative values for Zn are negligible and the adsorption process can be 

regarded as an endothermic process. This finding supports the comprehensive adsorption 

mechanism and is consistent with the obtained Ea values ( Figure 5.29). 
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Figure 5.31: Heat of adsorption data for different concentrations of ELJCE for Zn, Al, and MS 
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Table 5.6: Kinetic and activation parameters for MS, Al, and Zn in uninhibited and MLJCE-

inhibited 1 M HCl solution 

Metal Conc. of 

ELJCE 

(ppm) 

Ea
 

(kJ.mol−1) 

𝚫𝐇𝐚
∗ 

(kJ.mol−1) 

  Ea − 𝚫𝐇𝐚
∗ = 

RT 

(kJ.mol−1) 

∆Sa
* 

(J.mol−1.K−1) 

Qads (kJ.mol−1) 

303 to 313 313 to 323 323 to 333 

 

 

 

   MS 

   0 48.2192 45.6457 2.5735 −194.5601 − − − 

     200 95.1306 92.5150 2.6156 −187.6044 11.3021 −174.3525 24.8004 

400 84.1970 81.4875 2.7095 −189.6804 48.1663 −33.5370 −159.6827 

600 78.6765 76.0589 2.6176 −190.8186 −7.4726 −42.4459 −47.5827 

800 78.1250 75.5113 2.6137 −190.9743 −19.1998 −35.4633 −40.7278 

                 

 

 

 

Zn 

0 45.0215 42.4058 2.6157 −194.8944 − − − 

200 21.9018 19.2862 2.6156 −199.1747 39.8854 58.2628 2.6751 

400 21.2948 18.6792 2.6156 −199.2920 48.6150 55.9038 −1.7002 

600 15.1023 12.4923 2.6100 −200.3425 48.2276 57.0900 24.2863 

800 9.6680 7.0447 2.6233 −201.2758 51.2579 55.0024 45.3646 

 

 

 

Al 

0 8.2165 5.6009 2.6156 −200.7138 − − − 

200 44.4164 41.8007 2.6157 −195.1720 −103.2647 −55.7758 −10.1145 

400 45.9885 43.3709 2.6176 −194.9618 −120.1599 −33.2567 −15.4648 

600 50.1532 47.5356 2.6176 −194.3315 −101.6685 −63.4009 −7.4788 

800 57.4468 54.8235 2.6233 −193.1887 −109.6119 −75.2899 −8.1693 
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5.7. Thermodynamic parameters of adsorption  
An adsorption isotherm is the most appropriate approach for expressing the nature of adsorption 

on the metal surface. The effectiveness of a corrosion inhibitor can be attributed to its adsorption 

capacity on the metal surface. Isotherms show how adsorbate molecules interact with the adsorbent 

electrode surface. The most applicable isotherm for the adsorption system and the various factors 

affecting adsorption must be determined to establish the most applicable correlation for the 

equilibrium system [580]. The adsorption process on a corroding metal surface never achieves true 

equilibrium but rather a state of dynamic equilibrium in which the adsorption and desorption rates 

are equal [581]. At this point, it is reasonable to assume quasi-equilibrium adsorption using the 

appropriate adsorption isotherm in a thermodynamic manner. This is also the point at which 

inhibitors are said to provide effective inhibition, significantly lowering the corrosion rate [582]. 

A correlation between the inhibitor concentration and the degrees of adsorbate covered on the 

surface for a given condition can be used to predict the chemical or physical nature of the 

adsorption process. The Langmuir adsorption isotherm was used in the current study to provide 

information on the ELJCE adsorption on the surfaces of Al, Zn, and MS because it best fits the 

data based on the correlation coefficients obtained.  

The applicability of the data to isotherm was tested using equation 54 provided in section 4. 

Langmuir adsorption isotherms make several assumptions to explain the adsorption process of the 

adsorbate (inhibitor) [583-585]. The first assumption is that the reactive inhibitor molecules are 

distributed uniformly across the absorbent metal surface (monolayer adsorption process). Second, 

there is no lateral interaction between the inhibitor molecules at different adsorption sites, and each 

site can only accommodate one inhibitor molecule at a time. Finally, all adsorption sites on the 

adsorbent’s surface are identical. Figure 5.31−5.34 shows the Langmuir plots for MS, Al, and Zn 

obtained after 7 hours of immersion in 1 M HCl in various concentrations of ELJCE at 

temperatures ranging from 303 to 323 K. The parameters obtained from the isotherm are 

represented in Table 5.7. The Langmuir plots show that straight lines were created by a plot of 

Cinh/θ versus Cinh with positive intercepts with an average R2 of around 0.999. The fact that the R2 

is close to unity indicates strong adsorption on the metal surface at all temperatures. Langmuir 

plots are characterized by a slope near unity [585], and the slope values obtained for all three 

metals confirm the validity of the isotherm despite a minor deviation from unity. Although one of 
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the model’s assumptions is that there is no interaction between the molecules of the adsorbed 

inhibitors, this assumption is invalid for large molecules. Thus, the variance observed from the 

slope unity may result from interactions between the adsorbed extract molecules on the metal 

surface, which is typical of natural product adsorption behaviour. In addition to the main active 

constituent (VBS), ELJCE contains several heterocyclic compounds capable of adsorbing onto 

metal surfaces, and an interaction between these compounds is highly anticipated. The hydroxyl 

functional groups in VBS are capable of interacting through the formation of hydrogen bonds 

between the partial negative charge (δ−) of the O2 atom and the partial positive charge (δ+) of the 

hydrogen atom. The adsorption equilibrium constant (Kads) denotes the adsorption process’s 

strength.  

Large Kads values indicate that the extracts effectively inhibit corrosion, whereas smaller values 

indicate a weak interaction between the extracts and the metals’ surfaces. Table 5.7 shows that the 

Kads values are neither smaller nor larger, implying adequate interaction between the metal surface 

and the inhibitors. This holds for all three metals under consideration in this work. Both weak and 

strong interactions contribute to the inhibition of MS, Al and Zn corrosion by ELJCEs via physical 

electrostatic attraction and chemical adsorption. The interaction between the metal’s surface and 

the extracts during corrosion inhibition can be characterized using the ∆G°ads obtained from Kads 

via the expression in equation 56. Negative ∆G°ads values were obtained for both the inhibited and 

uninhibited systems, indicating that the adsorption of ELJCE onto the Al, Zn, and MS surfaces in 

1 M HCl occurred by spontaneous processes. Generally, a magnitude of ∆G°ads of −20 kJ.mol−1 or 

less negative indicates electrostatic interactions between the inhibitor and the charged metal 

surface. ∆G°ads of −40 kJ.mol−1 or more negative represent the sharing or transfer of charges from 

the inhibitor molecules to the metal surface, resulting in the formation of a chemical bond [470-

472]. Table 5.7 shows that the calculated ∆G°ads values range between −20 and −40 kJ.mol−1, 

indicating that ELJCEs adsorption is not solely physisorption nor chemisorption but follows a 

comprehensive mode of adsorption on the metals’ surfaces. 
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Figure 5.32: Langmuir adsorption isotherm plots for MS corrosion in 1 M HCl in the presence of 

various concentrations of ELJCE 
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Figure 5.33: Langmuir adsorption isotherm plots for Zn corrosion in 1 M HCl in the presence of 

various concentrations of ELJCE 
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Figure 5.34: Langmuir adsorption isotherm plots for Al corrosion in 1 M HCl in the presence of 

various concentrations of ELJCE 
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Figure 5.35: Langmuir adsorption isotherm plots for MS, Zn, and Al corrosion in 1 M HCl in the 

presence of various concentrations of ELJCE 
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Figure 5.36: Temkin adsorption isotherm plots for MS corrosion in 1 M HCl in the presence of 

various concentrations of ELJCE 
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Figure 5.37: Temkin adsorption isotherm plots for Zn corrosion in 1 M HCl in the presence of 

various concentrations of ELJCE 



206 
 

-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0

0.4

0.5

0.6

0.7

0.8

0.9

 303 K

 313 K

 323 K

 333 K

q

log Cinh 

ELJCE−Al

 

Figure 5.38: Temkin adsorption isotherm plots for MS corrosion in 1 M HCl in the presence of 

various concentrations of ELJCE 
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Figure 5.39: Temkin adsorption isotherm plots for MS, Zn, and Al corrosion in 1 M HCl in the 

presence of various concentrations of ELJCE 

The KL was calculated as a further physical description of the adsorption isotherm and to confirm 

the fit of the experimental data to the Langmuir adsorption isotherm using equation 57 [469, 474, 

475]. It can be seen from Table 5.8 that all KL values obtained at all extract concentrations are 

below one (KL ˂ 1), confirming that the adsorption of ELJCE onto MS, Zn, and Al surfaces is 
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favourably aligned with the Langmuir adsorption isotherm. The estimated mean values of KL show 

that Langmuir’s description of adsorption is more favourable at the lowest temperature (303 K) 

for MS and Zn. Whereases for Al it is favourable at both the lowest (303 K) and the highest 

temperatures (333 K) [586]. The deviation in slope values indicates the involvement of more than 

one molecule or atom during the adsorption on the surface of the three metals and the interaction 

between the ELJCEs compounds. This necessitates using an isotherm like the Temkin adsorption 

isotherm model, which considers such interaction. The isotherm model’s adsorption parameters 

are shown in Table 5.8. The Temkin model fitted data for all three metals is depicted in Figure 

5.35−5.38. The interaction parameters (a) values found are high and point to the presence of 

repulsion forces as the values were negative [476]. Straight lines with R2 close to unity represent 

the plots, confirming that the experimental data is well-fitted to this isotherm. 
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Table 5.7: Gravimetric, EIS, and PDP Langmuir and Temkin adsorption isotherm parameters 

 

 

Metal Isotherm Method T (K) R2 Slope Intercept Kads (L.g−1) 
∆G°ads  

(kJ.mol−1) 

–a 

 

 

 

 

 

 

MS 

 

 

Langmuir 

 

Weight  

loss 

303 0.999 0.9995 0.0257 38.9105 –26.6265  

 

 

− 

313 1 1.0224 0.0118 84.7458 –29.5309 

323 0.975 0.8720 0.1270 7.8740 –24.0932 

333 0.966 0.9012 0.1552 6.4433 –24.2840 

PDP 303 0.999 1.0321 0.01485 67.3401 −28.0083 

EIS 303 0.999 1.0367 0.01672 59.8086 −27.7095 

 

 

Temkin 

 

Weight  

loss 

303 0.831 0.1092 0.9795 9.3282x108 –69.4355 10.5449 

313 0.937 0.0713 0.9748 4.6968x1013 –99.9030 16.1501 

323 0.805 0.5863 1.0597 6.4180x101 –29.7279 1.9640 

333 0.829 0.4666 0.9566 1.1225x102 –32.1961 2.4679 

PDP 303 0.945 0.0619 0.9575 5.1801x106 −56.3518 8.0775 

EIS 303 1 0.0806 0.9553 7.1188x1011 −86.1571 6.2035 

 

 

 

 

 

 

Zn 

 

 

Langmuir 

 

Weight  

loss 

303 1 2.0061 0.0247 40.4858 –26.7264  

 

 

− 

313 1 1.5015 0.0344 29.0698 –26.7464 

323 1 1.2631 0.0146 68.4932 –29.9026 

333 0.996 1.1111 0.0581 17.2117 –27.0044 

PDP 303 0.999 1.0121 0.01182 84.6024 −28.5832 

EIS 303 0.999 1.0167 0.02803 35.6761 −26.4078 

 

 

Temkin 

 

Weight  

loss 

303 0.735 0.0226 0.4921 5.9470x1021 –143.7129 50.9513 

313 0.957 0.0740 0.6560 7.3266x108 –71.0984 15.5608 

323 0.988 0.0473 0.7860 4.1429x1016 –121.3092 24.3446 

333 0.812 0.1600 0.8560 2.2387x105 –53.2332 7.1969 

PDP 303 0.972 0.0661 0.9827 7.3600x1014 −103.6438 7.5643 

EIS 303 0.905 0.1252 0.9645 5.0542x107 −62.0907 3.9936 

 

 

 

 

 

 

Al 

 

 

Langmuir 

 

Weight  

loss 

303 0.994 1.2103 0.0192 52.0833 –27.3610  

 

 

− 

313 0.987 1.2279 0.1291 7.7459 –23.3046 

323 1 1.7505  0.1149 8.7032 –24.3621 

333 1 1.7913 0.1512 6.6138 –24.3563 

PDP 303 0.997 1.1554 0.08676 11.5260 −23.5613 

EIS 303 0.999 1.2253 0.05715 17.4978 −24.6131 

 

 

Temkin 

 

Weight  

loss 

303 0.964 0.1179 0.9217 6.5720x107 –62.7522 9.7668 

313 0.800 0.2418 0.7377 1.1243x103 –36.2589 4.7622 

323 0.953 0.1679 0.5503 1.8945x103 –38.8187 6.8582 

333 0.998 0.1812 0.5265 8.0467x102 –37.6497 6.3549 

PDP 303 0.865 0.3068 0.8374 5.3632x102 −33.2357 1.6297 

EIS 303 0.922 0.1606 0.7885 8.1192x104 −45.8822 3.1132 
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Table 5.8: The KL values for ELJCE at varying concentrations at 303 to 333 K for MS, Al, and 

Zn corrosion in 1 M HCl calculated from weight loss Langmuir isotherm parameters 

Metal Conc. of 

ELJCE 

(ppm) 

KL 

303 K 313 K 323 K 333 K 

 

 

MS 

200 0.1139 0.0570 0.3884 0.4369 

400 0.0604 0.0286 0.2410 0.2795 

600 0.0411 0.0193 0.1747 0.2055 

800 0.0311 0.0145 0.1370 0.1625 

Mean 0.0616 0.1085 0.2353 0.2711 

 

 

Zn 

200 0.1099 0.1468 0.0680 0.2251 

400 0.0582 0.0792 0.0352 0.1268 

600 0.0395 0.0542 0.0238 0.0882 

800 0.0300 0.0412 0.0179 0.0677 

Mean 0.0594 0.0804 0.0898 0.1270 

 

 

Al 

200 0.0876 0.3923 0.3649 0.0703 

400 0.0458 0.2440 0.2232 0.0364 

600 0.0310 0.1771 0.1607 0.0246 

800 0.0234 0.1390 0.1256 0.0185 

Mean 0.0470 0.2381 0.2186 0.0375 

 

High ∆Gºads values, obtained by fitting the data to Temkin adsorption isotherm, confirm chemical 

interaction between the inhibitor molecules and the surface of the three metals. For example, the 

∆Gºads values for MS were found to be –69.4355, –99.9030, –29.7279, –32.1961 kJ.mol–1 at 303, 

313, 323 and 333 K, respectively. The spontaneity of ELJCE adsorption on the MS, Zn, and Al 

surfaces was also confirmed by negative Temkin ∆Gºads values. While ∆Gºads values from the 

Langmuir isotherm suggested a mixed-type adsorption process, the values obtained from the 

Temkin isotherm predict a chemisorption-adsorption process as the values are well above or near 

−40 kJ.mol–1, particularly for MS and Zn. When both results are considered, they support the 

complex interaction between the metal surfaces and ELJCE components, involving both 

chemisorption and physisorption mechanisms [478]. The high ∆Gºads values obtained from the 

Temkin data indicate intermolecular interactions between the adsorbed ELJCE components on the 

Al, Zn, and MS surfaces. 
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5.8. FT-IR analysis of the ELJCE adsorption layer formed on the 

surface of Al, Zn, and MS in the 400-4000 cm–1 range  
FT-IR analysis of the functional groups responsible for MLJCE adsorption on the surface of metal 

samples (section 4.8) revealed that it is critical to analyze the entire system to obtain a complete 

picture of the functional groups responsible for slowing down the corrosion process. As a result, 

Figure 5.39–5.41 compares the spectrum of functional groups responsible for ELJCE adsorption 

on MS, Al, and Zn surfaces to those formed without the extracts and the corrosive 1 M HCl solution 

(i.e., liquid water) of the two systems. The spectra obtained from the corrosion solution in the 

presence and absence of ELJCE are identical to those obtained from liquid water, as shown in the 

three figures. Although these plots are similar, the addition of ELJCE to the corrosive MS and Zn 

solutions (ELJCE–Zn and MS solution) slightly alters the absorption bands around 1630 cm−1, 

suggesting the involvement of the carboxyl ion group (COO–) in preventing or controlling their 

corrosion process. When the liquid water contribution cannot be distinguished from that of the 

inhibitors solution, a comparison based on the intensity of the peaks and their movement or 

displacement should be used to determine whether corrosion inhibition occurred. 

Figure 5.39 shows that the adsorption spectrum of ELJCE–MS is similar to that of water with an 

indication of corrosive products on the surface of MS. Figure 5.40 indicates that a similar type of 

spectrum was also observed for the adsorption of ELJCE on the surface of Zn (ELJCE–Zn 

adsorption film). Evidence of the adsorption of ELJCE on the surface of Zn and MS is highlighted 

by the minor differences in the spectra. For example, the ELJCE adsorption spectra on the surface 

of MS and Zn show a much broader peak at 3222 and 3250 cm−1, respectively. This indicates the 

presence of the hydroxy group of the ELJCE in addition to that of water. The adsorption of ELJCE 

on the Al surface (ELJCE–Al adsorption film) shown in Figure 5.41 suggests that adding the 

extract to the corrosive solution protected the Al surface from being attacked by the corrosive 

solution. This is indicated by the less intense broad peak around the 3220 cm−1, which can be 

assigned to both the Al–OH of the MLJCE and the Al–H2O bonds. However, the reduction in the 

intensity of this peak indicates that it may just be the result of the disordered structure of ELJCE 

adsorbed on the Al surface instead of water [501]. The lack of the distinct scissor water peak at 

around 1620 cm−1 also supports the protection of the Al surface from the corrosive solution. The 

absorption bands around the 1380–1640 cm−1 could be due to the adsorption of amine and 

polyphenols groups on the Al surface. To observe the effect of ELJCE in retarding corrosion, the 
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expanded ELJCE adsorption film Al adsorption film spectrum is shown in Figure 5.42. The 

location absorption peaks at approximately 824 and 647 cm−1 remained almost unchanged in the 

presence of ELJCE in solution compared to the Blank-MS corrosion products spectrum. This is 

also evident in the Zn spectrum, as the absorption band at 630 cm−1 has remained constant, 

implying that the plant extract did not affect the Zn-O bond between the dissolved O2 and the 

surface of Zn. The similarities in the FT-IR spectra of the blank and inhibited MS and Zn surfaces 

suggest that the corrosion mechanism of Zn and MS was not altered during the inhibition process, 

which is consistent with the results from PDP and EIS techniques. 
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Figure 5.40: FT-IR spectrum of the adsorption film formed on the MS surface (ELJCE-MS 

adsorption film) compared to the crude ELJCE, corrosion products formed on MS (Blank-MS 

corrosion products), the 1 M HCl corrosion solution in the presence (ELJCE-MS solution) and 

the absence (Blank-MS solution) of ELJCE 
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Figure 5.41: FT-IR spectrum of the adsorption film formed on the Zn surface (ELJCE-Zn 

adsorption film) compared to the crude ELJCE, corrosion products formed on Zn (Blank-Zn 

corrosion products), the 1 M HCl corrosion solution in the presence (ELJCE-Zn solution) and 

the absence (Blank-Zn solution) of ELJCE 
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Figure 5.42: FT-IR spectrum of the adsorption film formed on the Al surface (ELJCE-Al 

adsorption film) compared to the crude ELJCE, corrosion products formed on Al (Blank-Al 

corrosion products), the 1 M HCl corrosion solution in the presence (ELJCE-Al solution) and 

the absence (Blank-Al solution) of ELJCE 
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Figure 5.43: Expanded FT-IR spectrum of the adsorption film formed on the Al surface 

(ELJCE-Al adsorption film)  
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5.9. UV–visible spectroscopy: Interaction of ELJCE with Al3+, Fe2+ 

and Zn2+ cations  
The possible interactions at the interface between the ELJCE molecules and the Al, Zn, and MS 

surfaces were investigated using a UV–vis test. The tests were performed by analyzing the 1 M 

HCl acidic solution before and after immersion of the three-metal specimen in the absence (Blank–

Fe2+, Blank–Zn2+ and Blank–Al3+) and presence of 800 ppm ELJCE (ELJCE–Fe2+, ELJCE–Al3+ 

and ELJCE–Zn2+) and the results compared to those of ELJCE (ELJCE in 1 M HCl) as shown in 

Figure 5.43–5.45. The UV traces for the ELJCE-inhibited solutions analyzed after the immersion 

of the three metals (ELJCE–Fe2+, ELJCE–Al3+ and ELJCE–Zn2+) showed reduced absorption 

bands in the 215–290 nm range compared to the solution analyzed before immersion of the metal 

samples (ELJCE in 1 M HCl) due to the interaction of the extract components with the metal 

surfaces. This effect is more pronounced for the MS coupons, indicating a stronger interaction 

between the metal and the plant extract than the other two metals, as evidenced by the %IE. These 

absorbance peaks could indicate the presence of π–π* and n–π* transitions that could result from 

the C=C and C=O groups present in the plant extract [502, 503]. The UV traces for the 1 M HCl 

solution after the immersion of Al and Zn samples without the extract (Blank–Al3+ and Blank–

Zn2+) showed absorption peaks around the 240 to 268 nm range, associated with the intra-orbital 

d-d transitions of the two metal cations. Such peaks correspond to those of Marhamati et al. [587] 

for the iron cation. The participation of the 215–290 nm peaks in the adsorption process has also 

been suggested as indicating intramolecular electron transfer from a ligand to inhibitor compounds 

[505-507]. The absorption bands observed for the 1 M HCl solution before and after immersion of 

the three metal samples (Blank–Al3+, Blank–Fe2+, and Blank–Zn2+) without extract in the 669 nm 

region were compensated by the presence of extract (ELJCE–Fe2+, ELJCE–Al3+ and ELJCE–

Zn2+). The change of these peaks in the presence of ELJCE indicates the appearance of the n–p* 

transitions of carbonyl and other functional groups found in the extract during the adsorption 

process [588, 589]. 
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Figure 5.44: UV-vis spectra for 1 M HCl solution without and with ELJCE before immersion of 

the metal sample (ELJCE in 1M HCl), after immersion (ELJCE–Fe2+), and the sample without 

ELJCE (Blank–Fe2+) 
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Figure 5.45: UV-vis spectra for 1 M HCl solution without and with ELJCE before immersion of 

the metal sample (ELJCE in 1M HCl), after immersion (ELJCE–Zn2+), and the sample without 

ELJCE (Blank–Zn2+) 
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Figure 5.46: UV-vis spectra for 1 M HCl solution without and with ELJCE before immersion of 

the metal sample (ELJCE in 1M HCl), after immersion (ELJCE–Al3+), and the sample without 

ELJCE (Blank–Al3+) 

5.10. Water contact angle measurement 
Contact angle tests were performed in a 1 M HCl corrosive environment in the absence and 

presence of 800 ppm ELJCE to determine the three metal surface properties related to 

hydrophobicity or hydrophilicity. The results shown in Figure 5.46–5.48 indicate that the contact 

angle starts at 82.403, 93.647 and 66.314° for the unexposed MS, Zn and Al surfaces and, upon 

exposure of the metals to 1 M HCl, the contact angles decrease to 67.546, 73.257 and 47.956°, 

respectively. The reduction in contact angle shows the hydrophilic nature of the metal surfaces as 

the water droplet was distributed over a large surface area. This behaviour is attributed to the 

formation of corrosion products (oxides/hydroxides) generated by the 1 M HCl solution, which 

tend to be suitable agents for forming H-bonds between the surrounding HCl electrolyte and the 

metal surface [590]. When the three metal samples were submerged in 1 M HCl solution containing 

800 ppm ELJCE extract, the contact angle increased to 97.192, 97.232 and 95.356° for MS, Zn, 

and Al, respectively. Adsorption and numerous accumulations of the hydrophobic metabolites of 

the ELJCE extract resulted in the formation of a protective film on the metal surfaces. These 

engineered hydrophobic films protect the MS, Zn, and Al surfaces from corrosion by preventing 

the corrosive electrolyte from reaching the MS, Al and Zn/ELJCE interface [591]. 
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Figure 5.47: Surface wettability behaviour of (a) polished untreated MS substrate, (b) MS 

substrate after 7 hours of immersion in 1 M HCl medium with no inhibitor, and (c) in the presence 

of 800 ppm of ELJCE 

 

 

Figure 5.48: Surface wettability behaviour of (a) polished untreated Zn substrate, (b) Zn substrate 

after 7 hours of immersion in 1 M HCl medium with no inhibitor, and (c) in the presence of 800 

ppm of ELJCE 

 

 

Figure 5.49: Surface wettability behaviour of (a) polished untreated Zn substrate, (b) Zn substrate 

after 7 hours of immersion in 1 M HCl medium with no inhibitor, and (c) in the presence of 800 

ppm of ELJCE 
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5.11. SEM/EDX and Elemental Mapping 
SEM analyzes were performed to examine the surface morphologies of MS, Zn, and Al after 

immersion in 1 M HCl solution for 7 hours at 303 K in the absence and presence of 800 ppm 

ELJCE inhibitor and the results are shown in Figure 5.49, 5.51 and 5.53, respectively. The results 

were compared to the morphologies of the untreated, polished Zn, MS, and Al surfaces. Zn and 

MS surfaces corroded uniformly when exposed to a 1 M HCl solution without ELJCE. In contrast, 

the Al surface exhibited pitting corrosion characteristics. The exposure of the metals in 1 M HCl 

with ELJCE resulted in smoother surfaces despite some minor visible imperfections in the form 

of scratches and pits, which could have formed during sample preparation or due to the formation 

of an inadequate adsorption film with some defects. ELJCE components were integrated into the 

passive film that inhibits the dissolution process by preventing the entry of H+, Cl–, and OH– 

species to the active sites on the metal surfaces. The EDS spectrum for the polished, untreated MS 

surface is similar to the EDS spectrum for the MS surface exposed to 1 M HCl without the plant 

extract. However, additional lines were observed for the spectrum of MS surface exposed to the 

corrosive solution with ELJCE. The additional lines demonstrate the presence of oxygen and Cl– 

species, among others. The Zn EDS spectrum indicated the presence of the Zn element before 

exposure to the corrosive solution (polished Zn surface); however, the element disappeared when 

the sample was exposed to the 1 M HCl solution with and without ELJCE. The absence of the Zn 

element indicates that upon exposure to the 1 M HCl, the galvanized Zn layer was destroyed by 

the corrosive solution revealing the Fe layer underneath. The precipitates detected on the Zn, Al, 

and MS surfaces were further analyzed by EDS elemental mapping, and the results (Figures 5.50, 

5.52 and 5.54) were compared to a blank counterpart. From the figures, the element that seemed 

to have been impacted by the presence of ELJCE in the corrosive solution was carbon which can 

be attributed to the adsorption of the plant extract on the metal surfaces [514].  
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Figure 5.50: SEM images and EDS spectra of unexposed-polished MS surface, MS immersed in 

uninhibited 1 M HCl, and MS immersed in ELJCE-inhibited 1 M HCl solution 
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Figure 5.51: EDS map analyses for MS exposed to the corrosive solution in the (a) absence of the 

extract and the (b) presence of 800 ppm of the extract  
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Figure 5.52: SEM images and EDS spectra of unexposed-polished Zn surface, Zn immersed in 

uninhibited 1 M HCl, and Zn immersed in ELJCE-inhibited 1 M HCl solution 
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Figure 5.53: EDS map analyses for Zn exposed to the corrosive solution in the (a) absence of the 

extract and the (b) presence of 800 ppm of the extract  
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Figure 5.54: SEM images and EDS spectra of unexposed-polished Al surface, Al immersed in 

uninhibited 1 M HCl, and Al immersed in ELJCE-inhibited 1 M HCl solution 
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Figure 5.55: EDS map analyses for Al exposed to the corrosive solution in the (a) absence of the 

extract and the (b) presence of 800 ppm of the extract  
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CHAPTER 6 

Acetonolic extract results and discussions 
 

This chapter summarises and discusses the findings from the Acetonolic L. javanica crude leaf 

extract (ALJCE). The crude extracts were characterised using LC/MS and FT-IR spectroscopies. 

Weight loss analysis with a focus on the effect of temperature and inhibitor concentration, 

adsorption isotherms and thermodynamic parameters, and adsorption film analysis were all used 

to assess the corrosion potential of ALJCE. Electrochemical techniques were used to assess the 

corrosion resistance, degradation, and corrosion inhibition mechanisms of the inhibitors. Surface 

analysis of the extracts' protective film on metal surfaces was also performed. 
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6. Acetonolic L. javanica crude leaf extract (ALJCE) as a green 

inhibitor for MS, Al, and Zn corrosion 

6.1. HPLC analysis of ALJCE 
Figure 6.1 depicts the ALJCE components obtained from the LC/MS chromatographs. The 

chromatogram comprises several peaks, from which some of the main active compounds found in 

ALJCE were identified and listed in Table 6.1, along with their molecular formula, retention time, 

and molecular weight. From the chromatogram, VBS was found to have the highest peak, 

suggesting that it is the main active ingredient in the ALJCE. This compound was detected at two 

different retention times of 6.48 and 7.36 min and, in both cases, had the highest peak and a 

molecular weight of 623.19 g/mol and its molecular formula was C29H36O15. Most of the 

compounds consist of carbonyl groups, hydroxyl functional groups and/or ether moieties in 

addition to other functional groups. The formation of ALJCE metal complexes can explain the 

anti-corrosion mechanism through electron donor and acceptor interactions due to the presence of 

an oxygen atom of the hydroxyl, carbonyl group or ether moieties of the extract components. The 

interactions of the plant extracts with the three metal surfaces studied via the ether moieties tend 

to lead to weaker interactions since it is an electron-withdrawing substituent and can also lead to 

lower inhibition efficiencies [592, 593]. The other mode of interaction can occur via other electron-

donating substituents (NH2, –OCH3, –CH3, –CHCH2) [593] and the carbon double bonds present 

in the ALJCE. 
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Figure 6.1: Total ion chromatograms of phytochemicals mixtures of ALJCE measured by LC/MS in negative ion mode 
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Table 6.1: Phytochemicals identified in the ALJCE  

S.No. RT (min)  Name of the compound  MF MW 

1 4.66 Scandoside C16H22O11 389.11 

2 5.15 N-(3-methylphenyl)-3-[(3-nitrobenzoyl)amino]benzamide C21H17N30O4 374.12 

3 5.44 Decaffeoyl-acteoside C20H30O12 461.16 

4 5.56 Mussaenosidic acid C16H24O10 375.13 

5 5.63 8,8’-[(1S,2S)-1,2-Dihydroxyethylene]bis[2-amino-9H-purine-6(1H)-one] C12H12N10O4 359.10 

6 5.67 {3,5,6-trihydroxy-4-[(3,4,5-trihydroxy-6-methyloxan-2-yl)oxy]oxan-2-yl}methyl 3-(3,4-dihydroxyphenyl)prop-2-enoate C21H28O13 487.14 

7 6.15 Benzyl gentiobioside C19H28O11 431.15 

8 6.48/7.36 Verbascoside/Acteoside C29H36O15 623.19 

9 6.51 6-(2-(3,4-dihydroxyphenyl)-2-hydroxyethoxy)-4,5-dihydroxy-2-(((3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-

yl)oxy)methyl)tetrahydro-2H-pyran-3-yl 3-(3,4-dihydroxyphenyl)acrylate 

C29H36O17 655.19 

10 7.09 2-[[4-[(2-Chlorophenyl)methoxy]-3,5-diiodophenyl]methylidene]indene-1,3-dione C23H13Cl1I2O3 624.85 

11 7.30 [4’-(4-Aminophenoxymethyl)-2,2’:6’,2’’-terpyridine-6,6’’-diylbis(methylenenitrilo)]tetrakisacetic acid C32H32N6O9 625.20 

12 7.48 Isorhamnetin 3-glucuronide C22H20O13 491.08 

13 7.66 1-[10-[(4,6-Diamino-2,2-dimethyl-1,3,5-triazin-1-yl)oxy]decoxy]-6,6-dimethyl-1,3,5-triazine-2,4-diamine C20H40N10O2 451.33 

14 7.90/8.24 Cistanoside D C31H40O15 651.23 

15 8.17 [(2R,3R,4S,5R,6R)-2-(acetamidomethyl)-6-[(2R,3R,4S,5R,6R)-6-(acetamidomethyl)-3,4-diacetyloxy-5-hydroxyoxan-2-yl]oxy-5-

acetyloxy-3-hydroxyoxan-4-yl] acetate 

C24H36N20O15 591.21 

16 9.08 [3-(4-Butoxybenzoyl)peroxycarbonyloxy-2-[(4-butoxybenzoyl)peroxycarbonyloxymethyl]-2-methylpropoxy]carbonyl4-

butoxybenzenecarboperoxoate 

C41H48O18 827.27 

17 10.37 Leukotoxin  C18H34O4 313.24 

18 13.34 [(2S)-1-[(9E,12E,15E)-octadeca-9,12,15-trienoyl]oxy-3-[(2R,5R,6R)-3,4,5-trihydroxy-6-[[(2R,5R,6R)-3,4,5-trihydroxy-6-

(hydroxymethyl)oxan-2-yl]oxymethyl]oxan-2-yl]oxypropan-2-yl] (6E,9E,12E)-octadeca-6,9,12-trienoate 

C51H84O15 935.57 

19 14.29 2-[[2-[3-[4-(3-aminopropylamino)butylamino]propylamino]acetyl]amino]-N-methyl-N-octadecyl-N’-[(2S,5R)-2,4,5-trihydroxy-6-

(hydroxymethyl)oxan-3-yl]pentanediamide 

C42H85N7O8 814.64 

20 14.40 (2R)-2-[(2R,5S,6R)-6-[(2R,3S,4S,6R)-3-acetyloxy-6-[(3S,5S,7R,9S,10S,12R,15R)-15-acetyloxy-3-[(2R,5R,6S)-5-ethyl-5-

hydroxy-6-methyloxan-2-yl]-3,10,12-trimethyl-4,6,8-trioxadispiro[4.1.57.35]pentadec-13-en-9-yl]-4-methyl-5-oxooctan-2-yl]-5-

methyloxan-2-yl]butanoic acid 

C46H74O13 815.50 

https://pubchem.ncbi.nlm.nih.gov/#query=C20H34O11
https://pubchem.ncbi.nlm.nih.gov/#query=C20H34O11
https://pubchem.ncbi.nlm.nih.gov/#query=C20H34O11
https://pubchem.ncbi.nlm.nih.gov/#query=C20H34O11
https://pubchem.ncbi.nlm.nih.gov/#query=C20H34O11
https://pubchem.ncbi.nlm.nih.gov/#query=C20H34O11
https://pubchem.ncbi.nlm.nih.gov/#query=C29H36O15
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6.2. FT-IR screening of phytochemicals from ALJCE 
The functional groups of the active compounds found in the ALJCE were identified using FT-IR 

analysis. The absorption peaks in the infrared radiation region of the spectrum were used to make 

this identification. Figure 6.2 shows the FT-IR spectrum of the ALJCE. The ALJCE absorption 

spectra exhibited a peak around the 3390 cm−1 region, indicating the presence of alcohols (O–H 

stretch) [377], amines (N–H) and amides (N–H) groups in the plant extract [378]. While the peaks 

appearing around wavenumbers 2924 and 2855 cm−1 may correspond to C–H stretching in the 

ALJCE molecules. Guo et al. [377] attributed these peaks to the stretching in methyl of aromatic 

and methylene groups of side chains and aromatic methoxy groups. The strong and sharp peak at 

1702 cm−1 is attributed to the vibrational mode of C=O [594], which could be due to an aldehyde 

or carboxyl group in the plant extract. This peak also indicates the presence of an alkene group 

(C=C) [381, 382]. The peak at 1603 cm−1 is due to the asymmetric and symmetric vibrational 

stretching for the carboxyl ion (COO–), indicating the presence of ester, carbonyl, and carboxylic 

acid groups in ALJCE [379, 380]. The peaks at 1030, 1519 and 1157 cm−1 showed the presence of 

flavonoids (=C–O–C stretch) in the extract. The peak at 1443 cm−1 indicates that the extract 

contains sulfates (S=O), alkane (C–H), and aromatic (C=C) functional groups in the extract. The 

presence of sulfonyl chloride (S=O), alkyl halide (C–F) and nitro (N=O) group is indicated by the 

peak at 1360 cm−1. The peak around the 1223 cm−1 region represents the presence of carboxylic 

acid (C–O), phosphoramide (P=O), ester (C–O), alkyl halide (C–F), ether (C–O) and amine (C–

N) groups [378]. The peaks around the region from 812 to 760 cm–1 could be assigned to the 

vibrations of the aromatic rings [380]. 
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Figure 6.2: FTIR spectrum of the ALJCE used for the inhibition of Zn, MS, and Al corrosion  

6.3. Variation of the open circuit potential (OCP) with immersion 

period 
Prior to performing each PDP and EIS test, OCP tests were performed to determine if the OCP 

reached a steady-state after 1 hour. Figure 6.3–6.5 shows the variation over time of the OCP for 

MS, Al, and Zn in corrosive 1 M HCl solution in the absence and presence of several 

concentrations of ALJCE at 303 K. Figure 6.4 shows that the Zn OCP stabilizes in the presence of 

ALJCE towards the anodic potential. The positivity of the Zn OCP plots at all concentrations of 

ALJCE is attributed to the gradual adsorption of the extracts on the Zn surface [595, 596], which 

inhibits the anodic process. The blank OCP begins at a more negative potential than the inhibited 

solutions and moves toward a positive potential after 925 seconds of immersion, where 

stabilization is achieved. The relationship between MS electrode OCP and immersion time (Figure 

6.3) indicates a positive shift for the uninhibited system in the first 7 minutes, which was also 

observed for the ALJCE-inhibited system within a few minutes of immersion at all concentrations. 

After the initial positive movement of the OCP, it was found that the overall shift in OCP with 

exposure time was towards negative potential until a stable potential after 1 hour of immersion 

was reached. The movement of the OCP away from the positive direction after a few minutes of 
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immersion is often attributed to the dissolution of a native oxide layer that was present on the MS 

surface before immersion in the corrosive environment as a result of its contact with the 

atmosphere [597]. As a result, the initial positive shift observed for the uninhibited system can be 

attributed to the presence of iron oxide on the MS surface. While such an oxide layer is known to 

provide significant protection for metals such as Zn and Al, for MS, it is flaky and unstable and 

promotes corrosion over time. Figure 6.5 indicates that the introduction of ALJPE into the 

corrosive 1 M HCl solution causes a shift of the OCP to more negative values as the concentration 

of ALJPE is increased, indicating the formation of a protective inhibitor film on the Al surface.  
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Figure 6.3: Evolution of open-circuit potential (EOCP) versus exposure time for MS with and 

without MLJCE in 1 M HCl solution 
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Figure 6.4: Evolution of open-circuit potential (EOCP) versus exposure time for Zn with and 

without MLJCE in 1 M HCl solution 
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Figure 6.5: Evolution of open-circuit potential (EOCP) versus exposure time for Al with and 

without MLJCE in 1 M HCl solution  
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6.4. Potentiodynamic polarization (PDP)  
Polarization curves were recorded to study the kinetics of the anodic and cathodic corrosion 

reactions. The analysis was performed for MS, Al, and Zn samples in 1 M HCl at 303 K for various 

concentrations of the ALJCE and the curves are presented in Figure 6.6−6.8. The corrosion kinetic 

parameters derived from these plots are shown in Table 6.2. The rate of corrosion is one of the 

pieces of information that can be extracted from PDP scans. According to the PDP curves (Figure 

6.6−6.8), adding ALJCE to the electrolyte solution influences both the anodic and cathodic Tafel 

slope values, resulting in a reduction in the corrosion rate of the anodic metal dissolution and a 

delay in the cathodic hydrogen evolution reaction for all three metals studied. Undulation-type 

curves with no pronounced passive zone are observed for Zn metal in both the absence and 

presence of ALJCE (Figure 6.7). The lack of an explicit passive zone in the anodic polarization 

curves suggests that ALJCE formed a stable adsorbent film layer on the surface of Zn.  

A high entropic alloy such as Al is prone to passivation and pitting due to the dissolution of its 

passive natural oxide layer, which protects it from corrosion. The anodic Tafel curves for the Al 

substrate (Figure 6.8) emphasize the passivation behaviour of the Al substrate under anodic 

polarization. The occurrence of passivation without and with the addition of ALJCE in the anodic 

branch was observed from −500 mV up to 300 mV. The diagram shows that when the system’s 

potential increases beyond Ecorr, the Icorr initially rises due to activation-controlled behaviour and 

reaches a maximum at the passivation potential. After that, a rapid decrease in Icorr with increasing 

potential indicates the formation of a protective or passive film on the Al surface (i.e., passivation 

took place). According to the curves, a low constant Icorr is maintained regardless of the applied 

potential when the Al metal is in the passive state. The curves in the presence of 400 and 600 ppm 

ALJCE inhibitors show that the passive/protective film breaks down at higher potentials, which 

leads to the onset of the trans-passive region or pitting. The anodic current remains almost steady 

with the addition of a low concentration (200 ppm) of ALJCE even after the critical current has 

been attained, resulting in the absence of distinct features of the active-passive region. 

The Al substrate undergoes an anodic and cathodic localized corrosion reaction process through 

equations 59 and 60 as follows [598]:   

                                                             𝐴𝑙(𝑠) → 𝐴𝑙3+(𝑎𝑞) + 3𝑒−                                              (59) 

                                                            2𝐻+(𝑎𝑞) + 2𝑒− → 𝐻2(𝑠)                                               (60) 
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Outside the pits, other cathodic reactions are possible and include hydrogen evolution and oxygen 

reduction, which are shown by equations 61 and 62, respectively: 

                                                  2𝐻2𝑂(𝑙) + 2𝑒− → 𝐻2(𝑠) + 2𝑂𝐻−(𝑎𝑞)                                   (61) 

                                                  𝑂2(𝑔) + 2𝐻2𝑂(𝑙) + 4𝑒− → 4𝑂𝐻−(𝑎𝑞)                                   (62) 

Figure 6.6 shows the anodic polarization curve for MS in the presence of ALJCE at 200 ppm. The 

curves showed a current decrease between −510 and −350 mV vs Ag/AgCl. This is due to the 

desorption of the adsorption layer formed on the MS surface due to the solution’s aggressive acidic 

ions. When the adsorption layer on the MS is removed, the MS corrodes further. The occurrence 

of this behaviour only at the lowest concentration (200 ppm) of ALJCE could be due to a low 

number of ALJCE molecules at this concentration, leaving parts of the MS surface vulnerable to 

corrosion. In the presence of 800 ppm ALJCE, a trans-passive region was observed at 350 mV, 

resulting in pitting corrosion. However, the extent of the trans-passive area was minimal, 

indicating that the ALJCE reduced the extent of the damage inflicted by pitting.  

The PDP curve, at 200 ppm for Zn, showed minor spikes in the anodic region, possibly due to the 

surface roughness caused by polishing the sample before the experiment. In the presence of 

ALJCE, the resting potential decreased from −452.547 to −419.023 mV vs Ag/AgCl, despite the 

lack of a distinct passive zone. The decrease in resting potential could be attributed to the reduction 

in the concentration of Zn2+ in the solution (i.e., anodic reaction). At 200 ppm ALJCE, a decrease 

in the corrosion current density (61.615 μA.cm−2) with a potential shift to the more noble side 

(−0.4525 V.Ag/AgCl) was observed. The trend remained constant, which reduced the corrosion 

current density to 22.882 μA.cm−2 and the potential to −0.419 mV vs Ag/AgCl at 800 ppm. A 

continuous decrease in Icorr values in the presence of ALJCE was observed with increasing 

concentration. The reduction in Icorr was observed for all three metal samples (i.e., MS, Al and Zn), 

indicating that ALJCE effectively prevented their dissolution, with maximum inhibitory effects of 

up to 94.21, 97.50 and 98%, respectively, being observed at 800 ppm. These results agree with 

Otaibi and Hammud [599], who used Harmal leaf extract as a corrosion inhibitor for carbon steel 

and found that the Icorr values decreased from 12.70 mA.cm−2 to 6.02 mA.cm−2 in the absence and 

presence of 513.83 ppm of the extract, respectively. As can be seen from Table 6.2, ALJCE offers 

an effective inhibitory effect for Zn than MS and Al at all concentrations tested. This suggests that 

the extracts created a stronger interaction with the three metal surfaces.  
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Generally, a corrosion inhibitor is classified as either anodic or cathodic based on whether the 

difference in Ecorr between the inhibited and uninhibited systems is greater than 85 mV; if the 

difference is less than 85 mV, the inhibitor is classified as a mixed-type [403]. The current study 

shows that ALJCE has a maximum displacement of approximately 23, 39 and 17 mV vs Ag/AgCl 

for MS, Zn, and Al, respectively, indicating that ALJCE is a mixed-type inhibitor, controlling both 

the anodic and cathodic reactions [33]. The influence of both the anodic and cathodic reactions 

shows that adding ALJCE to the corrosive solution had little effect on the Ecorr values. For instance, 

the free corrosion potential of the corrosive 1 M HCl solution without ALJCE was −740.497 mV. 

After adding different concentrations of ALJCE, it stayed around this value up to 400 ppm. Still, 

when the concentration was increased to 600 and 800 ppm, the Ecorr reached more active values 

than those obtained without the extract, namely −756.712 and −757.873 mV for Al. Though the 

Ecorr values were not significantly affected, the Icorr values improved (decreased) by adding various 

concentrations of ALJCE. The Icorr values fell from 5831.281 (blank) down to 594.661 μA.cm−2 

(200 ppm), and the lowest Icorr value obtained was with the addition of 800 ppm (145.823 

μA.cm−2). The reduction in the Icorr values with ALJCE concentrations can be linked to the 

adsorption of the extracts on the Al surface [600-602]. 
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Figure 6.6: Tafel PDP curves for MS dissolution in 1 M HCl with and without different 

concentrations of ELJCE to observe pitting (a). The extrapolated (b) active area at 303 K, 

respectively 
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Figure 6.7: Tafel PDP curves for Zn dissolution in 1 M HCl with and without different 

concentrations of ALJCE to observe pitting (a). The extrapolated (b) active area at 303 K, 

respectively 
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Figure 6.8: Tafel PDP curves for Al dissolution in 1 M HCl with and without different 

concentrations of ELJCE to observe pitting (a). The extrapolated (b) active area at 303 K, 

respectively 

Table 6.2: Polarization electrochemical parameters of Al, MS, and Zn after 1-hour immersion at 

303 K in 1 M HCl with and without different concentrations of ALJCE 

Metal Conc. of 

ALJCE 

(ppm) 

CR 

(mpy) 

Ecorr  

(mV) 

a 

(mV.dec−1) 

c 

(mV.dec−1) 

Ipass 

(μA.cm−2) 

Icorr  

(μA.cm−2) 

%IEPDP 

 

 

 

MS 

0 261.26 −430.637 77.6 119.4 − 570.249 − 

200 37.1959 −453.357 84.8 103.0 − 81.187 85.76 

400 31.5134 −420.815 105.9 114.9 − 68.784 87.94 

600 21.955 −413.445 73.5 96.1 − 47.921 91.60 

800 15.1313 −447.202 111.1 107.5 − 33.027 94.21 

 

 

Zn 

0 675.025 −413.435 96.8 196.8 − 1144.688 − 

200 36.3345 −452.547 112.9 96.4 − 61.615 94.62 

400 26.7347 −426.443 66. 3 98.8 − 50.150 95.62 

600 24.3057 −422.314 67.1 85.1 − 41.217 96.40 

800 13.4936 −419.023 58.1 66.3 − 22.882 98.00 

 

 

Al 

0 2492.66 −740.497 64.6 183.6 1.7399 5831.281 − 

200 255.138 −744.354 13.3 127.8 − 594.661 89.80 

400 236.015 −745.596 33.8 146.5 0.3631 553.166 90.51 
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600 74.5641 −756.712 22.8 137.4 0.4574 173.790 97.02 

800 62.5649 −757.873 19.4 122.8 1.2041 145.823 97.50 
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6.5. Electrochemical impedance spectroscopy (EIS) 
EIS measurements were used as a complementary electrochemical technique to understand the 

charge transfer mechanism of the ALJCE inhibitors and to quantitatively assess the effectiveness 

of extract performance as corrosion inhibitors for Zn, MS, and Al substrates. Using a small 

amplitude AC signal (10 mV) in the frequency range of 100 kHz to 10 mHz, EIS was used to 

demonstrate the frequency response of the electrochemical system in the absence and presence of 

ALJCE. The experimental data were recorded as real and imaginary ohmic impedance components 

and plotted as Nyquist diagrams (Figure 6.9−6.11). The Nyquist plots in Figures 6.9 and 6.10 

showed imperfect semicircular loops for both the uninhibited and ALJCE-inhibited systems of Zn 

and MS substrates. The loop defects become more noticeable in the low-frequency range, 

indicating non-ideal capacitive behaviour of the electrochemical metal-liquid interface [603, 604] 

due to surface inhomogeneities resulting from surface defects, roughness on the metal surface, and 

electrode porosity, and this phenomenon is known as the dispersing effect [605]. The semi-circular 

curves in the Nyquist plots for Al show that the charge transfer process also controls Al’s 

dissolution process. Al Nyquist plots are known to consist primarily of a small inductive loop in 

the intermediate frequency compared to a sizeable capacitive loop in the higher frequency ranges 

[606]. However, the shape of the curves in the present study showed an inductive loop in the 

intermediate frequency ranges almost as large as the capacitive loop in the higher frequency 

ranges. Other researchers studying Al corrosion in HCl observed similarly shaped EIS plots [607-

610]. The depressed semi-circular nature of the Nyquist curves with a centre below the real axis, 

like in the MS and Zn systems, can be attributed to the scattering/dispersing effect, which is one 

of the properties of solid electrodes like Al [611, 612]. The similarity of the Nyquist curves for the 

uninhibited and inhibited systems shows that the plant product species prevents MS, Zn, and Al 

dissolution through an adsorption mode that does not alter the electrochemical properties. The non-

linear least-squares method can be used to fit electrochemical data [613], and for a metal corroding 

in an aqueous solution (e.g., 1.0 M HCl), an ECC known as the Randles circuit, consisting of a 

parallel combination of capacitance and resistance, representing the corrosive interface are used in 

series with a second uncompensated resistor. 

The modified Randles equivalent circuit (Figure 4.18, section 4.5) was found to be the best-fitting 

circuit for MS and Zn in this study as it was found to account for the dispersion effects exhibited 

by the two metals. The circuit was modified by replacing the pure capacitor with a CPE. Besides 
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the CPE, the circuit also consists of Rs (uncompensated resistor), which represents the electrolyte 

resistance created by the movement of electric charge, while Rct is the charge transfer resistance, 

which determines the rate of corrosion. While for Al, two other elements were added, which 

included the inductance resistance (RL) and inductance (L), to compensate for the induction loop 

in lower frequency ranges, as shown in Figure 4.19 (section 4.5). The fitting of the EIS data by the 

two circuits using the ZSim software (version 3.3) allowed the chi-square value (χ2, i.e., the sum 

of the squared differences between theoretical and experimental points) to be used for evaluating 

the quality of the equivalent circuit adaptation [614]. The χ2 values obtained for MS, Al, and Zn 

are shown in Table 6.3 and indicate a good fit for the proposed circuits. Higher Rct values in 

corrosion inhibition studies indicate the formation of a barrier that must be overcome to promote 

the charge transfer process during corrosion, which implies a reduction in the rate of corrosion 

[613]. As such, Rct values were used as the baseline values to calculate the inhibition efficiencies 

of ALJCE for Al, Zn, and MS corrosion inhibitory effects of ALJCE and are recorded in Table 

6.3. The values increased with the increasing concentration of the extracts, which shows that the 

charge transfer phenomenon mainly controls the corrosion of MS, Zn, and Al. This indicates that 

the conductivity of the 1 M HCl solution was reduced as the protection of the metal surfaces by 

the extracts increased with the increase in the concentration of ALJCE, implying that the plant 

species significantly reduces the contact between the surface of the metals and the corrosive 

solution, thus protecting the metal from corrosion.  

The Cdl values calculated as a replacement for the CPE values to represent an ideal behaviour using 

equation 49 are shown in Table 6.3. The results show that the Cdl values in the blank solution for 

MS and Zn were 1.3884 and 28.1854 μF.cm−2, respectively. Compared to their respective blank 

values, these values are significantly lower in the presence of ALJCE, indicating that the extracts 

effectively formed a barrier layer that protected the metals from corrosion. The low Cdl values in 

the presence of ALJCE could be attributed to the decrease in the dielectric constant or an increase 

in the thickness of the protective film created by the extracts on the surface of the metals [615]. 

Bode phase angle diagrams were developed to analyze the impedance data further, as shown in 

Figures 6.12−6.14. The figures show that the phase angles for ALJCE-inhibited samples increased 

with ALJCE concentration and were larger than those of non-inhibited samples with a single time 

constant for both MS and Zn substrates. 
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The increase in the phase angles with the ALJCE concentration shows that the Zn and MS surfaces 

become noticeably smoother as the ALJCE compounds form a protective film over the metal 

surfaces [616]. In the presence of ALJCE, the average phase angle shift for both Zn and MS was 

about −70°, which is less than −90°, suggesting that these systems are not ideal capacitors in the 

presence of ALJCE concentrations. While for Al, the phase angle for the uninhibited system was 

found to be −41.5066° and the introduction of ALJPE into the system increased it to a maximum 

of −59.1747° at 800 ppm, indicating a deviation from the ideal capacitive behaviour. These results 

suggest that ALJCE acted as a resistor in the lower and higher frequency range by forming an 

adsorption layer on the Al, Zn, and MS surfaces. The Bode-Modulus diagrams showed that the 

slope of the mid-frequency range was almost a straight line and close to −1 for all three metal 

samples in the presence of an ALJCE concentration, which means that they approximate the real 

capacity behaviour. The phase angles approaching an ideal capacitor (phase angle = −90°; slope = 

−1) indicate the lowering in the metal specimens’ corrosion rate, which suggests that ALJCE were 

effective in protecting the metals from attack by the corrosive solution [617]. These findings are 

consistent with those reported in the literature [613, 617, 618] on the general behaviour of a 

suitable/good inhibitor preventing the dissolution of metals. 

 

Figure 6.9: MS Nyquist plots in 1 M HCl solution with and without ALJCE at various 

concentrations at 303 K 
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Figure 6.10: Zn Nyquist plots in 1 M HCl solution with and without ALJCE at various 

concentrations at 303 K 

 

Figure 6.11: Al Nyquist plots in 1 M HCl solution with and without ALJCE at various 

concentrations at 303 K 



244 
 

-2 -1 0 1 2 3 4 5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

lo
g

 (
|Z

|/
O

h
m

)

log (|freq|/Hz)

 Blank

 200 ppm

 400 ppm

 600 ppm

 800 ppm

-2 0 2 4

-80

-60

-40

-20

0

20

P
h

as
e(

Z
)/

d
eg

ALJCE-MS

 

Figure 6.12: MS Bode modulus and phase angle plot in 1 M HCl solution with and without ALJCE 

at various concentrations at 303 K 
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Figure 6.13: Zn Bode modulus and phase angle plot in 1 M HCl solution with and without ALJCE 

at various concentrations at 303 K 
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Figure 6.14: Al Bode modulus and phase angle plot in 1 M HCl solution with and without  ALJCE 

at various concentrations at 303 K
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Table 6.3: Electrochemical impedance parameters of Zn, Al, and MS in 1 M HCl in the presence 

and absence of different concentrations of ALJCE  

Conc. of  

ALJCE 

(ppm) 

Rs 

(Ω.cm2) 

CPE parameters L1 

(H) 

Rct 

(Ω.cm2) 

 

Cdl 

(μF.cm–2) 

×10–4 

(|θ|) Slope RL 

(Ω.cm2) 

 

%IE 𝝌𝟐 

×10−3 Y0 

(S.secn) 

×10−3 

N 

MS 

0 1.107 0.385 0.8281 − 32.2 1.3884 −57.4165 −0.6904 − − 2.949 

200 3.099 0.0956 0.8811 − 214.4 0.5302 −67.0625 −0.7934 − 84.98 1.015 

400 1.017 0.1742 0.8214 − 328.6 0.8822 −68.8694 −0.7744 − 90.20 2.401 

600 2.709 0.1413 0.8354 − 376.6 0.9738 −65.9465 −0.7547 − 91.45 0.711 

800 1.675 0.1087 0.8513 − 625.0 0.7403 −72.0325 −0.8174 − 94.85 2.83 

Zn 

0 2.628 0.6051 0.5031 − 20.76 28.1854 −25.5302 −0.2366 − − 4.598 

200 1.785 0.2502 0.7998 − 280 2.0897 −64.9094 −0.7363 − 92.59 6.354 

400 0.9354 0.1542 0.8715 − 316.8 0.9151 −72.6262 −0.8282 − 93.45 9.114 

600 1.604 0.1718 0.8365 − 344.6 1.0642 −68.0094 −0.7774 − 93.98 1.666 

800 0.9045 0.2107 0.8325 − 451.4 1.2963 −70.3684 −0.7943 − 95.40 1.921 

Al 

0 1.392 0.1029 0.9548 10.24 6.617 0.8265 −41.5066 −0.5775 1.076 − 2.707 

200 1.027 0.1089 0.9600 14.5 32.75 0.8571 −51.8097 −0.6787 2.109 79.80 4.270 

400 4.926 0.1006 0.9702 35.36 50.25 0.8897 −47.4571 −0.6499 8.858 86.83 2.481 

600 7.561 0.0585 0.977 67.25 143.3 0.6310 −62.3475 −0.7891 20.22 95.38 5.006 

800 1.989 0.1054 0.9346 429 165.6 0.8658 −59.1747 −0.7336 165.3 96.00 4.269 
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6.6. Weight loss measurement  

6.6.1. The effect of ALJCE concentration on the anti-corrosive behaviour of Zn, Al, 

and MS 

The data obtained from weight loss analysis, such as CR and %IE of Al, Zn, and MS coupons in 

the 1 M HCl corrosion test solution with and without various concentrations of ALJCE, are 

summarized in Table 6.4. Several concentrations (200 to 800 ppm) of the extracts were tested to 

determine the optimal ALJCE concentration that can effectively protect the metal surfaces from 

attack by corrosive species. According to Table 6.4, the CR of the three metal samples is 

concentration-dependent and markedly decreases with increasing ALJCE concentration at each 

temperature examined. The CR decreases as the concentrations of the extracts increase from 200 

to 800 ppm, as shown in Figure 6.15. In contrast, the variation of the %IE with inhibitor 

concentrations at different temperatures (Figures 6.16−6.19) shows that the addition and 

subsequent increase in the concentration of ALJCE improve the inhibitory effect (%IE) of Al, Zn, 

and MS. This type of effect is accompanied by an increase in mass and charge towards the surface 

of the three metals, which favours the adsorption of ALJCE components and reduces the 

dissolution of the metals. According to the figures, the lowest corrosion protection for the three 

metals was observed at 200 ppm, owing to the poor coverage that the ALJCE offers due to the 

limited number of extract molecules available, leaving part of the metal surfaces vulnerable to 

attack by Cl– ions. The %IE values show that at the optimal concentration of 800 ppm, the plant 

extracts had the greatest inhibitory effect. The higher %IE values at 800 ppm are due to the greater 

availability of ALJCE components compared to the other concentrations tested, resulting in 

increased binding propensity at the metal/solution interfaces. Higher binding implies that the three 

metal surfaces are effectively separated from the corrosive medium (1 M HCl), slowing their 

dissolution [619]. For example, in the presence of 800 ppm ALJCE, maximum inhibition 

efficiencies of 98.01 and 91.89%, respectively, were achieved for MS and Al at 303 K, while for 

Zn, an optimal protection efficiency of 87.77% at 333K. The CR and %IE for surface Zn were 

nearly constant with increasing ALJCE. In contrast, those for MS and Al fluctuated, either 

decreasing or increasing as the extracts’ concentration increased. This shows that the ALJCE 

strongly bonded to the surface of Zn and offered stronger protection than Al and MS. 
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Figure 6.15: Variation of corrosion rate (CR) obtained from weight loss for Zn, Al, and MS in 1 

M HCl as a function of concentration in the presence of MLJCE at 303-333 K 
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Table 6.4: Weight loss parameters for the uninhibited and ALJCE-inhibited Al, MS, and Zn 

systems in 1 M HCl corrosive solution at 303-333 K. 

 

Metal 

Conc. of 

ALJCE 

(ppm) 

303 K 313 K 323 K 333 K 

CR 

(g.cm−2.h−1) 

CR 

(mpy1) 

%IECR  CR 

(g.cm−2.h−1) 

CR 

(mpy1) 

%IEC

R  

CR 

(g.cm−2.h−1) 

CR 

(mpy1) 

%IECR  CR 

(g.cm−2.h−1) 

CR 

(mpy1) 

%IEC

R  

 

 

MS 

Blank 
1.4988×10−3 1.66944 − 2.8038×10−3 3.11968 − 4.8840×10−3 5.43776 − 8.6198×10−3 9.59376 − 

200 
4.4682×10−5 0.04988 97.02 4.1703×10−4 0.46540 85.13 1.3268×10−3 1.47536 72.83 3.3064×10−3 3.67408 61.64 

400 
3.8476×10−5 0.04288 97.43 2.1596×10−4 0.24008 92.30 5.3370×10−4 0.59392 89.07 1.6520×10−3 1.83840 80.83 

600 
3.4752×10−5 0.03864 97.68 1.5142×10−4 0.16848 94.60 2.1224×10−4 0.23616 95.65 6.8388×10−4 0.76080 92.07 

800 
2.9788×10−5 0.03320 98.01 1.3777×10−4 0.15328 95.09 1.9114×10−4 0.21280 96.09 6.1810×10−4  0.68784 92.83 

 

 

Zn 

Blank 
2.6325×10−3 2.93086 − 4.3130×10−3 4.79822 − 7.2024×10−3 8.01758 − 1.3485×10−2 14.99706 − 

200 
1.5527×10−3 1.72898 41.02 1.7289×10−3 1.92586 59.91 2.1137×10−3 2.35418 70.65 3.4057×10−3 3.78978 74.74 

400 
1.5304×10−3 1.70330 41.87 1.6383×10−3 1.82254 62.01 1.7240×10−3 1.91816 76.06 2.2117×10−3 2.46042 83.60 

600 
1.4869×10−3 1.65564 43.52 1.5899×10−3 1.76946 63.14 1.5912×10−3 1.76974 77.91 1.7116×10−3 1.90656 87.31 

800 
1.4807×10−3 1.64814 43.75 1.4993×10−3 1.67086 65.24 1.5266×10−3 1.69824 78.80 1.6495×10−3 1.83654 87.77 

 

 

Al 

0 
8.6931×10−3 9.67492 − 8.9549×10−3 9.96434 − 1.0930×10−2 12.14630 − 1.1308×10−2 12.59214 − 

200 
1.2924×10−3 1.43760 85.13 3.3875×10−3 3.77050 62.17 5.4723×10−3 6.08270 49.93 8.0348×10−3 8.93804 28.95 

400 
1.1265×10−3 1.25370 87.04 3.0917×10−3 3.43758 65.47 5.3870×10−3 5.99338 50.71 7.6616×10−3 8.53320 32.25 

600 
7.2606×10−4 0.80784 91.65 2.9539×10−3 3.28792 67.01 5.0490×10−3 5.61880 53.81 7.5698×10−3 8.41304 33.06 

800 
7.0499×10−4 0.78432 91.89 2.6474×10−3 2.94786 70.44 4.3387×10−3 4.82754 60.30 7.5433×10−3 8.39078 33.29 
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Figure 6.16: Variation of inhibition efficiencies (%IEWL) obtained from weight loss for Zn, Al, 

and MS samples in 1 M HCl as a function of ALJCE concentration at 303 K 
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Figure 6.17: Variation of inhibition efficiencies (%IEWL) obtained from weight loss for Zn, Al, 

and MS samples in 1 M HCl as a function of ALJCE concentration at 313 K 
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Figure 6.18: Variation of inhibition efficiencies (%IEWL) obtained from weight loss for Zn, Al, 

and MS samples in 1 M HCl as a function of ALJCE concentration at 323 K 
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Figure 6.19: Variation of inhibition efficiencies (%IEWL) obtained from weight loss for Zn, Al, 

and MS samples in 1 M HCl as a function of ALJCE concentration at 333 K
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6.6.2. Influence of immersion time on MS, Al, and Zn corrosion inhibition in 1 M 

HCl with an optimal concentration of ALJCE at 303 K 

Time is an important parameter in evaluating the effectiveness of an inhibitor against the corrosion 

of metals. A time study gives an indication of the stability of the adsorption film; therefore, the 

effect of long-term exposure (6 to 24 hours) of Al, Zn, and MS samples to 1 M HCl solution in the 

presence of 800 ppm ALJCE was examined using weight loss analysis. Figure 6.20 and Table 6.5 

shows the weight loss results obtained at the optimum concentration of 800 ppm after immersing 

the test samples for 6, 7, 12, 18 and 24 hours and the corresponding %IE calculated from the results 

obtained. According to Table 6.5, the %IE for MS remained relatively constant at around 90% 

over the entire test period. The %IE of Al was found to decrease from 91.03% at 6 hours to 79.72% 

at 24 hours. This means that the decrease in %IE with exposure time was relatively small, and even 

after a long exposure time, the efficiency remains around 80%. Retaining the protection efficiency 

at approximately 80% indicates that the adsorption film formed on the Al surface had stabilized. 

The Zn %IE increased from 49.72 to 78.68% with immersion time (Figure 6.20) from 6 to 24 

hours. The increase in %IE up to 24 h demonstrates that ALJCE is an effective Zn corrosion 

inhibitor due to the strong adsorption of ALJCE components on the Zn surface, resulting in the 

formation of a protective layer at the Zn/acid solution interface. 

The high protective effect for all three metals achieved between 6 and 12 hours of immersion 

demonstrates rapid adsorption of ALJCE compounds at 800 ppm, indicating that ELJCE provides 

adequate corrosion protection for Al, MS, and Zn. Similarly, Baghdadi et al. [621] reported similar 

findings and observed a high inhibitory effect at the early exposure times of about 5–10 hours. 

After 10 hours of immersion, they observed a decrease in the protective effect, which they 

attributed to the desorption of inhibitor molecules from the metal surfaces. The fact that high 

inhibitory effects were maintained after 10 hours of immersion in the current study supports that 

ALJCE is an efficient inhibitor for all three metal samples in 1 M HCl solution. 
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Table 6.5: Weight loss results showing the %IE for Al, Zn, and MS corrosion in 1M HCl in the 

absence and presence of 800 ppm ALJCE at various immersion times 

Metal Conc. of 

ALJCE 

(ppm) 

Immersion period (hours) 

6 7 12 18 24 

%IE 

MS 800 91.77 98.01 99.45 98.60 97.00 

       

Zn 800 49.72 43.75 60.61 72.37 78.68 

       

Al 800 91.03 97.22 87.46 81.45 79.72 

 

 

 

 

 

 

 

 

  

 

 

Figure 6.20: The variation of %IE for Al, Zn, and MS corrosion in 1M HCl in the absence and 

presence of 800 ppm ALJCE at various immersion times 

6.6.3. Effect of temperature on the corrosion of Zn, Al, and MS in 1 M HCl solution 

containing ALJCE 

Corrosion inhibitors regulate the corrosion process by altering the kinetics of metallic corrosion, 

thereby slowing the rate of either the anodic or cathodic reactions [620]. Temperature is one of the 

factors affecting the performance of a given inhibitor function because of its ability to alter the 

interaction between the metal and inhibitor surfaces. Therefore, to gain more insight into the nature 

of ALJCE adsorption, the effect of temperature on the %IE and CR of MS, Al, and Zn samples in 

a 1 M HCl solution was investigated. In the absence of ALJCE, Al, MS, and Zn, dissolution 
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occurred acceleratedly. With an increasing temperature of the corrosive solutions from 303 to 333 

K, the acceleration was ramped up even further (Table 6.4), indicating that the 1 M HCl molecules 

collided with the Al, MS, and Zn surface more frequently. The dissolution process slowly occurred 

when various concentrations of ALJCE were introduced in the corrosive medium (Figure 6.21–

6.23). The reduction in the CR indicates the participation of ALJCE at the metal/acidic solution 

interface, which forms a protective film. According to 6.21–6.23 and Table 6.4, as the temperature 

is raised from 303 K to 333 K, the value of inhibition efficiencies decreases while CR increases. 

However, the increase in corrosion rates and subsequent decrease in inhibition efficiencies with 

temperature is only observed for MS and Al samples and can be attributed to the two metals’ 

accelerated dissolution process at higher temperatures as a result of the desorption of the ALJCE 

molecules from the three metal surfaces. The desorption reduces the interaction between the metal 

surface and the extract/inhibitor molecules at elevated temperatures. These processes follow the 

general rule of chemical reaction at elevated temperature, which states that an increase in 

temperature causes faster etching and desorption of inhibitor molecules [621]. For instance, for 

MS at 200 ppm, the CR increased from 4.4682×10−5, 4.1703×10−4, 1.3268×10−3 up to 3.3064×10−3 

g.cm−2.h−1, at 303, 313, 323 and 333 K, respectively. Whereases for Al, the CR increased from 

1.2924×10−3, 3.3875×10−3, 5.4723×10−3, up to 8.0348×10−3 g.cm−2.h−1 at 303, 313, 323 and 333 

K, respectively. 

On the other hand, the Zn sample demonstrated a decrease in corrosion rates as the temperature of 

the inhibited system was raised, resulting in an increase in %IE; this behaviour is associated with 

the chemisorption inhibition process [170]. For example, at 200 ppm, the CR decreased from 

1.5527×10−3, 1.7289×10−3, 2.1137×10−3, up to 3.4057×10−3 g.cm−2.h−1 at 303, 313, 323 and 333 

K, respectively. As such, the highest inhibition process for Zn corrosion was achieved at the 

highest temperature of 333 K. 

During the corrosion inhibition process, an equilibrium exists between the adsorption and 

desorption of inhibitor molecules (e.g., ALJCE) on the metal surfaces, which occurs continuously 

at a specific temperature. As the temperature of the system rises, the equilibrium of Al and MS 

shifts towards the desorption direction until an equilibrium is achieved at a different value of the 

equilibrium constant. At higher temperatures, this results in lower %IE values. The decrease in 

%IE with temperature is due to electrostatic interactions (physical adsorption), which disappear at 
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elevated temperatures [622]. The increase in %IE with temperature for Zn indicates that the 

equilibrium is shifted towards adsorption, meaning that film is formed at higher temperatures, 

leading to a chemisorption inhibition mechanism. In the presence of ALJCE, the CR decreased 

with temperature and at nearly a constant rate at all temperatures for Zn, indicating the presence 

of a robust adsorption film on the metal surface. However, for MS and Al, the CR increased with 

temperature but at a much slower rate than the blank, especially at 303 K, where the highest %IE 

was achieved, as shown in Figures 6.21 and 6.22. The %IE was found to decrease with increasing 

temperature at all extract concentrations tested for MS and Al, though the decrease is more 

pronounced at the lowest concentration of the extracts tested, 200 ppm. When the temperature was 

raised from 303 to 333 K, the %IE was maintained at around 90% at higher concentrations of 600 

and 800 ppm for MS. The retention of the %IE around 90% demonstrates the thermal stability of 

the adsorption film on the MS surface at various temperatures, even though there is a slight onset 

of the desorption process. Among the three metals studied, the %IE for Al decreased at a faster 

rate as the system temperature increased, with the lowest %IE of 35.75% obtained at the highest 

temperature and the lowest extract concentration of 333 K  and 200 ppm, respectively. In the 

presence of ALJCE, the decrease in %IE with increasing temperature may indicate a weakening 

of the physical adsorption mechanism on the Al and MS surfaces at high temperatures. 

300 305 310 315 320 325 330 335

60

65

70

75

80

85

90

95

100

%
 I

E

T (K)

ALJCE−MS

0.000

0.001

0.002

0.003

0.004

C
R

 (
g

.c
m
−

2
.h
−

1
)

 200 ppm

 400 ppm

 600 ppm

 800 ppm

 

Figure 6.21: The dependence of (a) IEWL(%) (solid lines) and (b) CR (dashed lines) on temperature 

after 7 h of immersion of MS samples in 1 M HCl at different ALJCE concentrations 
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Figure 6.22: The dependence of (a) IEWL(%) (solid lines) and (b) CR (dashed lines) on temperature 

after 7 h of immersion of Zn samples in 1 M HCl at different ALJCE concentrations 
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Figure 6.23: The dependence of (a) IEWL(%) (solid lines) and (b) CR (dashed lines) on temperature 

after 7 h of immersion of Al samples in 1 M HCl at different ALJCE concentrations
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6.6.4. Thermodynamic and kinetic Parameters  

The nature of MS, Al, and Zn corrosion inhibition can be further elucidated using kinetic and 

thermodynamic parameters in 1 M HCl with and without ALJCE. The apparent Ea for the corrosion 

of Zn, Al, and MS in 1 M HCl with and without various concentrations of ALJCE were calculated 

using Arrhenius equation 51. The slope (−Ea/2.303R) obtained from the linear Arrhenius plots of 

log CR against 103/T (Figures 6.24−6.26) for the blank and each concentration of ALJCE was 

employed to calculate the Ea for the corrosion phenomena of Zn, Al, and MS and the results are 

indexed in Table 6.6. Inspection of Table 6.6 demonstrates that the activation energies were altered 

by the presence of ALJCE in the corrosive solution highlighting their adsorption of the surface of 

MS, Zn and Al. The temperature, inhibition efficiency, and Ea of the inhibited system are all related 

in the following ways: 

i. If the Ea remains constant in the presence and absence of an inhibitor, the inhibition 

efficiency does not vary with system temperature. 

ii. If the Ea of the inhibited solution is less than that of the uninhibited system, then the 

inhibition efficiency increases with temperature. 

iii. If the Ea of the inhibited solution is greater than that of the uninhibited system, the 

inhibition efficiency decreases as the temperature rises. 

It is experimentally evident from Table 6.6 that the Ea values for MS and Al are higher in the 

presence of ALJCE than in its absence. The increase in Ea values in the presence of the 

extract/inhibitor could be due to the participation of ALJCE molecules during the adsorption 

process on the Al and MS surfaces, leading to the formation of a physical barrier, which in turn 

blocks the corrosive charge and mass transfer [623], leading to a decrease in its rate of dissolution. 

An analogous increase in apparent Ea in the presence of ALJCE compared to its absence, along 

with a reduction in IE(%) with increasing temperature, can be interpreted as indicating the 

formation of electrostatic adsorption (physisorption) nature. The electrostatic adsorption of 

ALJCE on the Al and MS surfaces leads to a barrier that prevents charge and mass transfer 

processes. Table 6.6 shows that the Ea for the uninhibited MS surface was 48.2192 kJ.mol–1, 

whereas the Ea for different concentrations of ALJCE (200–800 ppm) ranged from 117.0056 to 

78.3835 kJ.mol–1, indicating that while the Ea is higher in the presence of the extracts (implying a 

physical adsorption mechanism), it decreases with increasing extract concentration.  
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Figure 6.24: Arrhenius diagram (log CR versus 103/T) for the uninhibited (blank) and ALJCE-

inhibited (200 to 800 ppm) MS system in corrosive 1 M HCl solution after 7 hours of immersion 
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Figure 6.25: Arrhenius diagram (log CR versus 103/T) for the uninhibited (blank) and ALJCE-

inhibited (200 to 800 ppm) Zn system in corrosive 1 M HCl solution after 7 hours of immersion 
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Figure 6.26: Arrhenius diagram (log CR versus 103/T) for the uninhibited (blank) and ALJCE-

inhibited (200 to 800 ppm) Al system in corrosive 1 M HCl solution after 7 hours of immersion 

The decrease in Ea values could be attributed to chemical interactions between the metal surface 

and the extracts molecules, such as electron sharing or transfer from the extracts to the MS surface, 

resulting in the formation of a film that acts as a barrier between the metal surface and the HCl 

solution [624]. This suggests that both physical and chemical adsorption inhibition mechanisms 

control MS corrosion.  

Further examination of the results (Table 6.6) reveals that adding ALJCE to the corrosive solution 

reduced the Ea values for Zn to a low of 2.8435 kJ.mol–1 compared to the blank (45.0215 kJ.mol–

1). The decrease in Ea values with temperature can be explained in several ways, as in the literature. 

According to Riggs and Hurd [625], the rate at which metals corrode can be summarized into two 

corrosion rates; the rate at which the metal surface corrodes in the absence of the corrosion 

inhibitor and the rate at which the metal surface covered by the adsorbed inhibitor molecules 

corrodes. At higher metal surface coverage, the first process has no significant contribution, and 

the corrosion process is inhibited by a direct reaction that occurs between the inhibitor molecules 

and the metal surfaces, and the Ea can be smaller or higher than in the absence of the inhibitor. 

Putilova et al. [456] demonstrated the phenomenon by showing that the surface area of the metal 
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protected by the inhibitor increases with increasing temperature. At the same time, the rate-

determining step of metal dissolution becomes diffusion through the corrosion product and 

inhibitor film. Other researchers [626-628] state that the reduction in Ea values in the presence of 

the inhibitors is attributed to the chemisorption inhibition mechanism against metal corrosion due 

to the large size of the inhibitor compounds.  
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Figure 6.27: Transition state diagram (log CR/T versus 103/T) for the uninhibited (blank) and 

ALJCE-inhibited (200 to 800 ppm) MS system in corrosive 1 M HCl solution after 7 hours of 

immersion 
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Figure 6.28: Transition state diagram (log CR/T versus 103/T) for the uninhibited (blank) and 

ALJCE-inhibited (200 to 800 ppm) Zn system in corrosive 1 M HCl solution after 7 hours of 

immersion 
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Figure 6.29: Transition state diagram (log CR/T versus 103/T) for the uninhibited (blank) and 

ALJCE-inhibited (200 to 800 ppm) Al system in corrosive 1 M HCl solution after 7 hours of 

immersion 
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Plotting log (CR/T) vs 103/T resulted in straight lines graphs (Figures 6.27−6.29) with a slope of 

(−ΔHa
∗/2.303R) and an intercept of (log R/Nh) + ΔSa

∗/2.303R), from which the values of ΔHa
∗ and 

ΔSa
∗ were calculated using equation 52 and tabulated in Table 6.6. The ΔHa

∗ values are all positive 

in the absence and presence of the leaf extract, demonstrating the difficulty of the endothermic 

nature of MS, Al, and Zn dissolution, which is attributed to physisorption adsorption [44]. The 

ΔHa
∗ values for MS and Al are higher in the presence of the extracts than in the uninhibited system, 

indicating a greater protective effect. These high efficiencies result from an energy barrier formed 

by the extract adsorption process on the metal surface, which increases the corrosion process’s 

enthalpy. Though the ΔHa
∗ values are higher in the presence of the extracts; they decrease with the 

concentration of the extracts from 200 to 800 ppm for MS specimens. For the Al surface, a strong 

parallelism exists between ΔHa
∗ and Ea as they increase with the increase in %IE when the 

concentration of the extract is increased. The ΔHa
∗ values for the inhibited Zn system are lower 

than for the uninhibited system and continue to decrease when the concentration of the extracts is 

increased from 200 to 800 ppm. The decrease in ΔHa
∗ with the extract concentration is related to 

the chemical interaction between the Zn surface and the extract compounds. This is supported by 

the increase in %IE with solution temperature, suggesting a chemisorption binding mechanism. In 

addition, the mean value of the difference between the Ea and ΔHa
∗ values (Ea− ΔHa

∗) is about 2.6 

kJ.mol−1, which is almost the exact value of the product of the gas constant (R = 8.3145 

J.mol−1.K−1) and the lowest temperature of the experiment (T = 303 K). This applies to all three 

metals examined. This finding is consistent with Benabbouha et al. [629], who reported that the 

metal corrosion process involves a unimolecular reaction. The negative ΔSa
∗ signs in the absence 

and presence of ALJCE indicate that the formation of the activated complex in the rate-limiting 

step occurred through an association process rather than a dissociation process [630], implying 

that the reactants were less disordered during the formation of the activated complex. The entropy 

values in the presence of the ALJCE extracts have a less negative value than in the bare system for 

Al and MS, suggesting that the addition of the extracts into the corrosive solution has shifted the 

corrosion system close to equilibrium, suggesting that a greater degree of disorder occurs during 

the conversion of the leaf extract species from reactants to an active complex for the two systems. 
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Table 6.6: Kinetic and activation parameters for MS, Al, and Zn in uninhibited and ALJCE-

inhibited 1 M HCl solution  

Metal Conc. of 

ALJPE 

(ppm) 

Ea
 

(kJ.mol−1) 

𝚫𝐇𝐚
∗ 

(kJ.mol−1) 

Ea − 𝚫𝐇𝐚
∗= 

RT 

(kJ.mol−1) 

 

∆Sa
 

(J.mol−1.K−1) 

Qads (kJ.mol−1) 

303 to 313 303 to 313 303 to 313 

         

 

 

    MS 

   Blank 48.2192 45.6457 2.5774 −194.5601 − − − 

     200 117.0056 114.3846 2.6210 −184.0860 −137.0854 −63.7968 −45.7712 

400 101.3251 98.7095 2.6156 −186.9265 −90.8091 −32.4452 −58.9369 

600 77.1408 74.5252 2.6156 −191.1505 −69.1572 19.1067 −57.1224 

800 78.3835 75.7602 2.6233 −190.9966 −73.6143 20.0262 −57.3245 

 

 

 

 

 

Zn 

   Blank 45.0215 42.4058 2.6157 −194.8944 − − − 

200 21.2642 18.6543 2.6099 −199.2408 60.3227 40.0805 18.4570 

400 9.6086 6.9930 2.6155 −201.2355 64.5208 55.9931 42.2892 

600 3.5156 0.9057 2.6099 −202.2798 63.0072 60.7183 59.7698 

800 2.8435 0.2279 2.6156 −202.4067 69.4765 57.4482 58.8480 

 

 

 

Al 

   Blank 8.2165 5.6009 2.6156 −200.7138 − − − 

200 49.6190 46.9957 2.6233 −194.3290 −98.4324 −42.0008 −80.0554 

400 52.4376 49.8219 2.6157 −193.8955 −99.7474 −51.3996 −68.9368 

600 62.9424 60.3248 2.6176 −192.2288 −133.0566 −46.7402 −76.7598 

800 63.2660 60.6484 2.6176 −192.2074 −122.9676 −37.8634 −99.5605 
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Figure 6.30: Relationship of Ea with the different concentrations of ALJCE for Zn, Al, and MS 
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Using equation 53, the Qads of the ALJCE on the surface of Zn, MS, and Al metals were estimated 

using surface coverage and temperature. The Qads values allow for the determination of the type of 

adsorption process that occurred during corrosion inhibition, and these values are shown in Table 

4. Positive Qads values indicate chemical adsorption, whereas negative Qads values indicate physical 

adsorption, which is associated with decreased %IE as the system temperature rises. According to 

the table, the Qads values for Zn are positive at all temperatures, indicating a chemical adsorption 

inhibition mechanism. The ALJCE’s physical adsorption mode is suggested by the negative Qads 

values on the surface of Al metal. The negative and positive values of Qads for MS surface 

represented both chemical and physical adsorption processes. 
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Figure 6.31: Heat of adsorption data for different concentrations of ALJCE for Zn, Al, and MS 
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6.7. Thermodynamic parameters of adsorption  
Adsorption isotherms are the best method to quantitatively analyze the adsorbed layer formed by 

the inhibitor molecules responsible for the reduced access of corrosive species to the metal surface 

[170]. The adsorption of inhibitors on the surface of metals is generally recognized as the primary 

step in the action of inhibitors in corrosive solutions. It provides crucial information about the 

thermodynamic properties of corrosion. The adsorption process implies that no corrosion reactions 

occur on the metal or alloy surfaces covered by the adsorbed inhibitor species (or active sites). 

Still, these corrosion reactions typically occur on the inhibitor-free surface [631]. Adsorption by a 

substance relies primarily on the molecular structure, size and electrical potential of the 

substrate/corrosive solution interface. Adsorption isotherms are crucial in determining the 

corrosion-inhibiting mechanism of inhibitors on metal surfaces. Adsorption is a process in which 

water molecules with dissolved corrosive species are displaced from the substrate surface by the 

inhibitor molecules (e.g., ALJCE), and such a process can be explained according to equation 63 

below [631, 632]: 

                                𝐴𝐿𝐽𝐶𝐸 (𝑠𝑜𝑙) + 𝑛𝐻2𝑂(𝑎𝑑𝑠) → 𝐴𝐿𝐽𝐶𝐸(𝑎𝑑𝑠) + 𝑛𝐻2𝑂(𝑠𝑜𝑙)                      (63)        

For adsorption to occur, the interaction energy between the substrate surface and the inhibitor 

species must be higher than the energy between the metal surfaces and the water molecules [170]. 

Therefore, depending on the inhibitor’s concentration and the solution’s temperature, the 

proportion of the metal surface covered by the inhibitor species can be monitored. Surface 

coverage data are helpful in describing the properties of adsorption. The dependence of ALJCE on 

the surface area was tested graphically by fitting to several adsorption isotherms, with the 

Langmuir isotherm described by equation 54 being found to be the most appropriate isotherm 

(Figures 6.32−6.35). The Langmuir model describes how the adsorption of inhibitors like ALJCE 

on metals’ surfaces occurs in corrosive solutions. The isotherm assumes that the solid surface has 

a fixed number of locations where the adsorbed species are located and that each adsorption 

location contains an inhibitor species [633]. In other words, a single layer of adsorption forms on 

the surface of the metal with no contact between the individual components from the plant extract. 

The adsorption of ALJCE on Zn, Al, and MS surfaces leads to the formation of a stable, insoluble 

protective layer, which effectively suppresses the dissolution reaction of the three electrodes. The 

intercept lines on the Cinh/θ axis of the Langmuir isotherms was used to calculate the Kads values 
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at different temperatures, which were then used to determine the ∆G°ads and results are indexed in 

Table 6.7. The values of R2 from the plots were around unity, which indicates strict isothermal 

compliance with the Langmuir adsorption isotherm. High Kads values strongly imply a better 

ability of ALJCE to bond to Al, Zn, and MS surfaces when immersed in the 1 M HCl solution. It 

also indicates that corrosion only occurs on the part of the metal that is not protected by plant 

extracts. The Kads values decreased with increasing ambient temperature for MS and Al surfaces, 

implying the decrease in the strength of the interaction between ALJCE and the two metal surfaces 

as a result of the desorption process when the system temperature is increased from 303 K to 333 

K. While Kads values for Zn increase with temperature, implying that the strength of adsorption 

increases with temperature, a behaviour associated with chemical adsorption. Negative ∆G°ads 

values indicate a spontaneous adsorption mechanism on MS, Al, and Zn surfaces. The higher 

negative energy values of ∆G°ads also indicate favourable adsorption of thermodynamically more 

stable extracts on the metal surface. It is generally accepted that ∆G°ads values of −20 kJ mol-1 or 

less indicate a physisorption adsorption mechanism [470-472]. In such cases, the adsorption of the 

plant extracts on the metal surface is attributed to the electrostatic attraction between the charged 

extract molecules and the charged metal surface. About –40 kJ.mol–1 or more negative ∆G°ads 

values indicate that charges (electrons) are shared or transferred from the inhibitor species to the 

metal surface to form a bond (i.e., chemisorption) [470-472]. The present work shows that the 

calculated ∆G°ads values are neither at –20 kJ.mol–1 nor –40 kJ mol–1 but lie between the two 

ranges, which means that both physical and chemical adsorption processes occur on the surface of 

the three metals. For Al, however, the values are close to the –20 kJ mol–1 range, suggesting that 

the ALJCE acts primarily through a physical adsorption process to retard its dissolution.  

The slope values for the three metal samples are at or near unity, with some variation, suggesting 

that the ALJCE adsorption process on these surfaces cannot be described by the Langmuir 

isotherm alone, as it does not represent the uptake of large interacting molecules or their adsorption 

ability at more than one active site on the metal surfaces. The Temkin adsorption isotherm has 

been plotted to describe such processes as outlined in equation 58. The R2 values for the Temkin 

isotherm shown in Table 6.7 are close to unity, indicating that the extracts obey such an isotherm. 

The lateral interaction parameter “a” values show that up to 31 forms of interactions or extract 

components absorption onto the MS surface is possible.   
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Table 6.7: Gravimetric, EIS, and PDP Langmuir adsorption isotherm parameters for ALJCE-

inhibited Al, MS, and Zn systems in 1 M HCl corrosive solution at different temperatures. 

 

These values decrease for all three metals with increasing system temperature, suggesting that 

temperature drives the extracts components’ desorption from the metals’ surface. Temkin ∆G°ads 

Metal Isotherm Method T (K) R2 Slope Intercept Kads (L.g−1) 
∆G°ads (kJ.mol−1) –a 

 

 

 

 

 

 

MS 

 

 

Langmuir 

 

Weight  

loss 

303 1 1.0170 0.00330 303.0303 −31.7975  

 

 

− 

313 1 1.0100 0.03095 32.3102 −27.0215 

323 0.998 0.9261 0.08285 12.0700 −25.2404 

333 0.996 0.8845 0.14100 7.0922 −24.5496 

PDP 303 0.999 1.0241 0.03605 27.7393 −25.7739 

EIS 303 0.999 1.0185 0.03536 28.2805 −25.8226 

 

 

Temkin 

 

Weight  

loss 

303 0.979 0.0158 0.98095 1.2176×1062 −377.5537 31.6456 

313 0.942 0.1709 0.97828 5.3004×105 −52.2790 2.9257 

323 0.945 0.4047 1.02733 3.4557×102 −34.2491 1.2355 

333 0.965 0.5472 1.01207 7.0706×101 −30.9164 0.9137 

PDP 303 0.934 0.1392 0.94804 6.4672×106 −56.9109 3.5920 

EIS 303 0.971 0.1546 0.95841 1.5826×106 −53.3645 3.2342 

 

 

 

 

 

 

Zn 

 

 

Langmuir 

 

Weight  

loss 

303 1 2.2250 0.05035 19.8610 −24.9322  

 

 

− 

313 0.999 1.4921 0.04295 23.2829 −26.1688 

323 1 1.2203 0.03845 26.0078 −27.3020 

333 1 1.0702 0.05110 19.5695 −27.3598 

PDP 303 1 1.0094 0.01240 80.6452 −28.4625 

EIS 303 1 1.0391 0.01070 93.4579 −28.8340 

 

 

Temkin 

 

Weight  

loss 

303 0.933 0.0486 0.44261 1.2801×109 −70.2328 10.2881 

313 0.957 0.0833 0.65524 7.3456×107 −65.1129 6.0024 

323 0.968 0.1377 0.80727 7.2871×105 −54.8041 3.6311 

333 0.954 0.2259 0.91348 1.1061×104 −44.9058 2.2134 

PDP 303 0.899 0.0518 0.97994 8.2745×1018 −127.1424 9.6525 

EIS 303 0.884 0.0424 0.95357 3.0899×1022 −147.8646 11.7925 

 

 

 

 

 

 

Al 

 

 

Langmuir 

 

Weight  

loss 

303 0.999 1.0511 0.0294 34.0136 −26.2876  

 

 

− 

313 0.998 1.3632 0.05935 16.8492 −25.3271 

323 0.9838 1.5523 0.13165 7.5959 −23.9967 

333 1 2.8558 0.1094 9.1408 −25.2522 

PDP 303 0.9431 0.6674 0.26910 3.7161 −20.7097 

EIS 303 0.998 0.9583 0.0643 15.5521 −24.3161 

 

 

Temkin 

 

Weight  

loss 

303 0.905 0.1229 0.93278 3.8874×107 −61.4294 4.0683 

313 0.948 0.1281 0.70805 3.3676×105 −51.0986 3.9032 

323 0.724 0.1537 0.59126 7.0284×103 −42.3395 3.2531 

333 0.925 0.0740 0.34506 4.6026×104 −48.8534 6.7568 

PDP 303 0.809 0.1419 0.98728 9.0690×106 −57.7627 3.5236 

EIS 303 0.960 0.2891 0.99732 2.8166×103 −37.4141 1.7295 
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values go beyond the –40 kJ.mol–1 value associated with the chemical adsorption process; this 

indicates that the lateral interaction of the adsorbed species contributes significantly to the 

inhibition process leading to high protection efficiencies as suggested by the values of the lateral 

interaction parameter.  
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Figure 6.32: Langmuir adsorption isotherm plots for MS corrosion in 1 M HCl in the presence of 

various concentrations of ALJCE 
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Figure 6.33: Langmuir adsorption isotherm plots for Zn corrosion in 1 M HCl in the presence of 

various concentrations of ALJCE 



269 
 

 

0,2 0,3 0,4 0,5 0,6 0,7 0,8
0,0

0,5

1,0

1,5

2,0

2,5

 303 K

 313 K

 323 K

 333 K
C

in
h
/q

 (
g
.L

-1
)

Cinh (g.L-1)

ALJPE-Al

Equation y = a + b*x

Plot 303 K 313 K 323 K 333 K

Weight No Weighting

Intercept 0,0294 ± 0,01048 0,05935 ± 0,02253 0,13165 ± 0,0771 0,1094 ± 0,0169

Slope 1,0511 ± 0,01913 1,3632 ± 0,04114 1,55225 ± 0,14076 2,85575 ± 0,03086

Residual Sum of Squares 1,46368E-4 6,77082E-4 0,00793 3,81035E-4

Pearson's r 0,99967 0,99909 0,99188 0,99988

R-Square (COD) 0,99934 0,99818 0,98382 0,99977

Adj. R-Square 0,99901 0,99727 0,97573 0,99965

 

Figure 6.34: Langmuir adsorption isotherm plots for Al corrosion in 1 M HCl in the presence of 

various concentrations of ALJCE 
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Figure 6.35: Langmuir adsorption isotherm plots for MS, Zn, and Al corrosion in 1 M HCl in the 

presence of various concentrations of ALJCE 
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Figure 6.36: Temkin adsorption isotherm plots for MS corrosion in 1 M HCl in the presence of 

various concentrations of ALJCE 
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Figure 6.37: Temkin adsorption isotherm plots for Zn corrosion in 1 M HCl in the presence of 

various concentrations of ALJCE 
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Figure 6.38: Temkin adsorption isotherm plots for Al corrosion in 1 M HCl in the presence of 

various concentrations of ALJCE 
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Figure 6.39: Temkin adsorption isotherm plots for MS, Zn, and Al corrosion in 1 M HCl in the 

presence of various concentrations of ALJCE 

The physical property of the adsorption isotherm, KL, was also considered to evaluate the fitness 

of the surface coverage data to the Langmuir adsorption isotherm in addition to the slope and R2 

values [469, 474, 475]. When  KL ˃ 1 or KL = 1, the adsorption process is unfavourable or 
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considered irreversible and does not agree with the Langmuir adsorption isotherm [475]. If KL ˂ 

1, the experimental data are favourable and fit the Langmuir adsorption isotherm. The results in 

Table 6.8 show that the KL values are less than one, implying that the Langmuir adsorption 

isotherm can interpret the adsorption process of ALJPE on the Al, Zn and MS surfaces. 

Table 6.8: The KL values for ALJCE at varying concentrations at 303 to 333 K for MS, Al and Zn 

corrosion in 1 M HCl calculated from weight loss Langmuir isotherm parameters  

Metal Conc. of MLJCE 

(ppm) 

KL 

303 K 313 K 323 K 333 K 

 

 

MS 

200 0.0162 0.1340 0.2929 0.4135 

400 0.0082 0.0718 0.1716 0.2606 

600 0.0055 0.0491 0.1213 0.1903 

800 0.0041 0.0372 0.0938 0.1498 

Mean 0.0085 0.0730 0.1699 0.2536 

 

 

Zn 

200 0.2011 0.1768 0.1612 0.2035 

400 0.1118 0.0970 0.0877 0.1133 

600 0.0774 0.0668 0.0602 0.0785 

800 0.0592 0.0510 0.0459 0.0600 

Mean 0.1124 0.0979 0.0888 0.1138 

 

 

Al 

200 0.1282 0.2288 0.3970 0.3536 

400 0.0685 0.1292 0.2476 0.2148 

600 0.0467 0.0900 0.1799 0.1542 

800 0.0354 0.0691 0.1413 0.1203 

Mean 0.0697 0.1293 0.2414 0.2107 
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6.8. FTIR analysis of the ALJCE adsorption layer formed on the 

surface of Al, MS, and Zn in the 400-4000 cm-1 range 
The ALJCE functional groups responsible for the inhibition of Zn, Al and MS corrosion were 

analyzed using FTIR. The resulting spectra were compared to those of a blank and their respective 

corrosive solutions. The FTIR spectra of the blank and inhibitor solutions for all three metal 

samples showed the same peaks as those of liquid water, which was expected since water produces 

intense and broad absorption bands in the mid-infrared range. The O–H peak around 3000–4000 

cm–1 and a small, less intense peak at 2000 cm–1 due to the coupling of the scissor bending and a 

near-infrared liberation band are examples of such peaks [480, 483]. Around the 1600 cm–1 region, 

there is a peak caused by the scissors bending of the water molecule (H–O–H) and small peaks 

caused by vibrations in the fingerprint region [374]. As a result, the FTIR spectrum of the 

adsorption film formed on the metal surfaces was compared with that of the bare metal surface 

(blank) to determine the ALJCE functional groups responsible for reducing the corrosion rate of 

MS, Zn and Al, and the results are shown in Figure 6.40–6.42. Figure 6.40 shows the presence of 

a broad peak around the 3265 cm−1 regions in the ALJCE–MS adsorption film spectrum. This peak 

is less intense than that of the O–H peak of the corrosive solutions of the inhibited and uninhibited 

systems, indicating that it is caused by the interaction of the ALJCE’s hydroxyl group with the MS 

surface (MS–OH). This is supported by the disappearance of the intense scissor peak of around 

wavenumber 1620 cm−1 and the appearance of a new broad distinct peak around 1350–1665 cm−1, 

indicating the involvement of carboxyl or aldehyde functional groups (i.e., flavonoids) in the 

adsorption process on the MS surface, resulting in the decrease in its corrosion rate. There is also 

the appearance of two new peaks around the 650 and 820 cm–1, which are said to be due to the Fe–

O bond and the α–FeOOH corrosion products. The ALJCE–Zn adsorption film spectrum indicates 

the reduction in the intensity of the ZnO3.×H2O peak found at about 3350 cm−1 to a narrower peak 

in the presence of ALJCE which shows that the extract was successful in reducing the CR of Zn. 

This could have been caused by the crude extract’s O–H and N–H groups. The adsorption of 

ALJCE on the Zn surface can also be attributed to two new peaks that appeared at around 1647 

and 1606 cm−1, which might be from the binding of the C=O, COO–, C–O, or the C=C groups onto 

the Zn surface. Around 820 cm−1, there is a new small peak (ALJCE–Zn adsorption film); such a 

peak was not observed in the blank–Zn corrosion products spectrum. This peak can be attributed 

to the interaction of the ALJCE with the Zn surface through the C=C groups of the aromatic rings. 
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The absorption bands in the 450–820 cm−1 region correspond to the passivating Zn oxide layers, 

which are formed during the corrosion process of Zn in 1 M HCl. The passivation layers protect 

the Zn surface from further degradation by the aggressive ions in acidic solutions [170]. The blank-

Al corrosion products spectrum is also identical to that of liquid water except for the two peaks 

identified at  1151 and 502 cm–1, which in our previous paper [555] on the inhibition of Al, these 

peaks were stated to represent the γ–AlO4 and γ–AlO6, respectively, indicating the presences of 

both octahedral and tetrahedral coordination of alumina in γ–Al2O3 [500]. The ALJCE-Al 

adsorption spectrum is distinctively different from the other spectra showing the participation of 

ALJPE in the dissolution process of Al. The spectrum showed a reduction in the intensity of the 

Al2O3.×H2O peak found at about 3000–4000 cm−1 to a narrower peak. This indicates that the 

presence of ALJPE in the corrosive solution decreased Al’s CR, which the O–H group could have 

caused in the crude extract. A less intense peak at 1620 cm−1 is evidence that the ALJPE adsorption 

layer protected the Al surface since this peak can be linked to the scissor band of water molecules. 

Additionally, the uniqueness of this peak from that of water could be the result of the interaction 

of ALJPE with the Al surface via the C=O and C=C groups (Figure 6.43). The characteristic 

absorption bands around the 1496 and 1406 cm−1 can be linked to the adsorption of ALJPE via the 

S=O, C–H C=C, and =C–O–C functional groups in the extract. The absorption band observed 

around 1151 cm–1 in the blank-Al corrosion products spectrum has shifted to around 900 cm–1 in 

the presence of ALJPE, while the peak at 502 cm–1 has shifted to higher transmittance value. This 

indicates that the extract successfully altered the formation of both the octahedral and tetrahedral 

coordination of alumina. 
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Figure 6.40: FT-IR spectrum of the adsorption film formed on the MS surface (ALJCE-MS 

adsorption film) compared to the crude ALJCE, corrosion products formed on MS (Blank-MS 

corrosion products), the 1 M HCl corrosion solution in the presence (ALJCE-MS solution) and 

absence (Blank-MS solution) of ALJCE 
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Figure 6.41: FTIR spectrum of the adsorption film formed on the Zn surface (ALJCE-Zn 

adsorption film) compared to the crude ALJCE, corrosion products formed on Zn (Blank-Zn 

corrosion products), the 1 M HCl corrosion solution in the presence (ALJCE-Zn solution) and 

absence (Blank-Zn solution) of ALJCE 
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Figure 6.42: FTIR spectrum of the adsorption film formed on the Al surface (ALJCE-Al 

adsorption film) compared to the crude ALJCE, corrosion products formed on Al (Blank-Al 

corrosion products), the 1 M HCl corrosion solution in the presence (ALJCE-Al solution) and 

absence (Blank-Al solution) of ALJCE 
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Figure 6.43: Expanded FTIR spectrum of the adsorption film formed on the Al surface (ALJCE-

Al adsorption film)  
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6.9. UV-visible spectroscopy: Interaction of MLJCE with Al3+, Fe2+ 

and Zn2+ cations  
Plant extracts contain chromophores, molecules that absorb light at a specific frequency and thus 

give colour to a molecule [87]. Figures 6.44–6.42 show the UV-vis spectrum in terms of 

wavelength and absorbance obtained for ALJCE dissolved in the acidic solution (ALJCE in 1 M 

HCl) without the immersion of the metal samples. The spectra obtained after immersing the metal 

samples in the corrosive 1 M HCl solution with optimal concentration (800 ppm) of the extract for 

7 hours are shown by ALJCE–Fe2+, ALJCE–Al3+ and ALJCE–Zn2+. As a control, in addition to 

the 1 M HCl solution, the Zn, Al, and MS samples immersed in the acidic solution (1 M HCl + 

Zn2+) without the inhibiting extract (Blank–Fe2+, Blank–Zn2+ and Blank–Al3+)  for 7 hours were 

analyzed. The ALJCE spectra fingerprint shows a significant change in the shape of the spectra 

after contact with the immersed Zn, Al, and MS samples, indicating that the extract adsorbs onto 

the metal surfaces and prevents their dissolution. The Blank–Zn2+ spectrum shows two bands at 

209 and 227 nm, the intensity of which is significantly reduced in the presence of the extract. This 

indicates the adsorption of ALJCE on the Zn surface and is supported by absorption bands at 218 

and 237 nm (ALJCE–Zn2+) that have decreased in intensity compared to the spectrum of ALJCE 

in 1 M HCl. A more prominent band, indicative of ALJCE binding to the Zn surface, is shown at 

about 339 nm. Other notable absorption bands, indicating binding of the extract to the Zn surface 

and formation of the ALJCE–Zn2+ complex, are observed at 663, 418 nm regions. The bands 

responsible for the inhibition of Zn corrosion can be assigned to the n → π* and π → π* transitions 

[88, 89]. The UV traces for MS and Al (Figures 6.44 and 6.46 ) show that the long-wavelength 

band observed before immersion of the two metals in a corrosive solution containing ALJPE 

molecules was shifted from the 215–290 to 265–366 nm regions due to a bathochromic shift 

produced by the introduction of the metals. These absorbance peaks could be interpreted as 

indicating the presence of π–π* and n–π* transitions, which could result from the C=C, O–H and 

C=O groups present in the plant extract [502, 503]. The shift in the long-wavelength band (265–

366 nm) also indicates intramolecular electron transfer from a ligand to ALJCE components [505-

507]. Other absorption peaks around the 418 and 663 nm that point to the adsorption of ALJPE 

onto the Al and Zn surface may be due to the n–p* transitions of carbonyl and other functional 

groups found in the extract [588, 589].  
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Figure 6.44: UV-vis spectra for 1 M HCl solution without and with ALJCE before immersion of 

the metal sample (ALJCE in 1 M HCl), after immersion (ALJCE–Fe2+), and the sample without 

ALJCE (Blank–Fe2+) 
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Figure 6.45: UV-vis spectra for 1 M HCl solution without and with ALJCE before immersion of 

the metal sample (ALJCE in 1M HCl), after immersion (ALJCE–Zn2+), and the sample without 

ALJCE (Blank–Zn2+) 
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Figure 6.46: UV-vis spectra for 1 M HCl solution without and with ALJCE before immersion of 

the metal sample (ALJCE in 1M HCl), after immersion (ALJCE–Al3+), and the sample without 

ALJCE (Blank–Al3+) 

6.10. Water contact angle measurement  
The polarity of the water molecules and the surface sites, impurities, and the roughness of the 

metal surface all affect the contact angle between a static water droplet and the metal surface, and 

these factors can be used to verify the binding of an inhibitor on the surface of a metal [634]. 

Figures 6.47–6.49  shows contact angle images of the surfaces of the Zn, MS, and Al coupons in 

the uninhibited acid test solution, the surface inhibited by ALJCE adsorption, and the polished 

untreated surface. The contact angle of water droplets was determined to be 82.403, 93.647, and 

66.314° for the polished untreated MS, Zn, and Al surfaces, respectively, but when exposed to the 

corrosive solution in the absence of the plant extracts, the contact angles decreased to 67.546, 

73.257, and 47.956°. Other authors found similar results [564, 634], where the contact angles were 

high for the bare (untreated) metal, decreased in the unconstrained acidic solution, and increased 

in the presence of the inhibitor. Generally, a metal surface is considered hydrophilic when the 

water droplet contact angle is less than 90°, and when it is greater than 90°, the contact angle is 

hydrophobic [635, 636]. The reduction in the water droplet contact angles when the Zn, MS and 

Al surfaces were exposed to the 1 M HCl solution indicates that the surfaces have become more 
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hydrophilic than their polished, unexposed counterparts. This shows that the acidic solution 

severely damaged the surfaces, allowing the water droplet to spread over the large area of the 

surfaces. The addition of ALJCE to the corrosive solution had the opposite effect as the metallic 

surfaces became hydrophobic, indicating the decrease in its wettability, implying that ALJCE 

formed a protective film on the Zn, MS, and Al surfaces. 

 

Figure 6.47: Surface wettability behaviour of (a) polished untreated MS substrate, (b) MS 

substrate after 7 hours of immersion in 1 M HCl medium with no inhibitor, and (c) in the presence 

of 800 ppm of ALJCE 

 

Figure 6.48: Surface wettability behaviour of (a) polished untreated Zn substrate, (b) Zn substrate 

after 7 hours of immersion in 1 M HCl medium with no inhibitor, and (c) in the presence of 800 

ppm of ALJCE 

 

Figure 6.49: Surface wettability behaviour of (a) polished untreated Al substrate, (b) Al substrate 

after 7 hours of immersion in 1 M HCl medium with no inhibitor, and (c) in the presence of 800 

ppm of ALJCE 
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6.11. SEM/EDS and Elemental Mapping 
Figures 6.50, 6.52, and 6.54 show the untreated, polished MS, Zn, and Al metal samples in the 

form of SEM images, which are smooth and show minor scratches created during preparation. The 

roughness of the surfaces suggests that they were corroded after immersion in the 1 M HCl solution 

(MS, Zn, and Al immersed in 1 M HCl), as the surfaces appeared very rough and badly damaged. 

The Al corroded surface had more visible cracks and pits than the Zn and MS surfaces, implying 

that Al suffered from pitting while MS and Zn suffered from a uniform form of corrosion. 

However, immersing the three metal surfaces in 1 M HCl solution in the presence of 800 ppm 

ALJCE revealed smoother surfaces, indicating that the rate of deterioration and surface damage 

was significantly reduced. The smoothness of the surfaces in the presence of ALJCE is due to the 

formation of protective inhibitor films onto the Al, MS, and Zn surfaces. The elemental 

composition of polished but untreated metal surfaces and those immersed in 1 M HCl with and 

without ALJCE was determined using EDS, and the results are displayed alongside the SEM 

micrographs. The EDS spectrum of Zn was the most affected by immersion in the corrosive 

solution with and without extracts of the three metal samples. The spectrum indicated a high Zn 

concentration prior to immersion in the corrosive solution. However, when the sample was 

immersed in 1 M HCl solution, there was no such peak. In contrast, a minute Zn peak was observed 

when exposed to the corrosive solution containing the ALJCE. The lack of a Zn peak without the 

extracts could be due to the dissolution and destruction of the plated Zn layer. However, the low 

Zn peak in the presence of 800 ppm ALJCE suggests that the destruction of the Zn layer or element 

was prevented due to the protective film formed by the plant extract [637]. Some island regions 

were observed on the metal surfaces exposed to 1M HCl with ALJCE. These were analyzed by 

elemental mapping to gather information on the element responsible for corrosion inhibition and 

compared to that obtained for the blank solutions, as shown in Figures 6.51, 6.53, and 6.55. EDS 

analysis revealed that oxygen and carbon were the elements affected significantly by the presence 

of ALJCE in the corrosive solution for all three metals, indicating the adsorption of extracted 

components on the surfaces of the three metals [514, 638]. 
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Figure 6.50: SEM images and EDS spectra of unexposed-polished MS surface, MS immersed in 

uninhibited 1 M HCl, and MS immersed in ALJCE-inhibited 1 M HCl solution 
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Figure 6.51: EDS map analyses for MS exposed to the corrosive solution in the (a) absence of the 

extract and the (b) presence of 800 ppm of the extract  
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Figure 6.52: SEM images and EDS spectra of unexposed-polished Zn surface, Zn immersed in 

uninhibited 1 M HCl, and Zn immersed in ALJCE-inhibited 1 M HCl solution 

 



285 
 

 

 

 

Figure 6.53: EDS map analyses for Zn exposed to the corrosive solution in the (a) absence of the 

extract and the (b) presence of 800 ppm of the extract  
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Figure 6.54: SEM images and EDS spectra of unexposed-polished Al surface, Al immersed in 

uninhibited 1 M HCl, and Al immersed in ALJCE-inhibited 1 M HCl solution 

 

 



287 
 

 

 

Figure 6.55: EDS map analyses for Al exposed to the corrosive solution in the (a) absence of the 

extract and the (b) presence of 800 ppm of the extract  
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CHAPTER 7 

Verbascoside binding process results and 

discussions 
 

The main metabolite isolated from the three extracts was theoretically evaluated using quantum 

chemical calculations to determine the stable binding geometry that produces the highest binding 

energies of the Fe, Zn, and MS surfaces. A corrosion inhibition mechanism by which the plant 

extracts could have prevented the three metals from corroding has also been proposed.
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7. Quantum chemical studies on the interaction between L. javanica 

components and the metal surfaces of Al, MS, and Zn 
Adsorption is a chemical bonding process between a solid surface and a molecule via an 

exothermic process, generating heat as the mixture components are adsorbed [639], favouring 

configurations that minimize Gibbs’s free energy. When adsorbing molecules on metal surfaces, 

care must be taken to select suitable model surface plates for such metals. This is achieved by 

selecting the lowest energy, most stable surfaces, as they are most likely to be the predominantly 

exposed crystal faces in a realistic system. The face-centred cubic (FCC) surface plane chosen for 

the study on the Al surface was Al(111), as it is believed to be one of the most stable planes for 

this metal [640]. The body-centred cubic (BCC) flat surface of Fe(110) was chosen because it has 

the lowest energy [641], indicating that it is the dominant surface on real Fe crystals [642]. The 

Zn(110) surface was chosen for Zn because it is one of the most commonly reported surfaces in 

the literature [643, 644]. The complex nature of the chemical makeup of the L. javanica plant 

makes it difficult to ascribe its inhibitory activity to a single specific component. For example, the 

plant contains a wide range of compounds that can be extracted and isolated, with up to 173 

combinations identified in one study [645]. Therefore, the contribution to corrosion inhibition 

through the mutual influence of the connections and their interaction cannot be ruled out. VBS is 

a compound abundant in L. javanica extracts obtained from methanol, ethanol and acetone 

solvents, and the high antioxidant activities of the plant can be attributed in part to it [515]. 

Therefore, this work investigates the binding structures and energies between VBS and the 

Al(111), Zn(110), and Fe(110) surfaces using quantum mechanical methods and DFT to find the 

highest energy adsorption sites. The adsorption properties of VBS on the MS, Al, Zn surfaces have 

been simulated in both vacuum and solution phases to simulate a realistic situation and the results 

are discussed below: 

7.1. Binding structures and energies of the VBS/Al(111) system 

Four interaction sites were evaluated for the solution phase (VBS1 to VBS4) and for the vacuum 

phase (VBS5 to VBS8) to discern the equilibrium adsorption configuration of VBS on the Al(111) 

surface, and the PBE-optimized geometry structures are shown in Figure 7.1. The calculated 

interaction and binding energies obtained through equation 30 are listed in Table 7.1.  It can be 

seen from Figure 7.1 that the optimization configurations of VBS/Al(111) in the solution phase 

resulted in higher binding energies compared to the vacuum phase [646]. For instance, the VBS2 
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binding structure produced the highest binding energy (114.620 kcal/mol) for the solution phase. 

It occurred preferentially through the phenylethanoid group with the oxygen atom near the Al 

surface (Al−O43). 

In comparison, the VBS8 binding structure resulted in the highest binding energy (86.939 

kcal/mol) for the vacuum phase and occurred through the hydroxy group located at carbon 31. The 

parallel adsorption configurations (VBS1 and VBS8) in the two different environmental 

conditions suggest that this is the best binding configuration to ensure that the VBS molecules 

cover a larger surface area of the Al surface. The other adsorbed geometries at different adsorption 

sites for the two phases also showed high binding energies with the oxygen atom close to the Al 

surface. Binding energies can be interpreted to indicate whether the mode of adsorption is 

physisorption or chemisorption. Chemisorption has been linked to high binding energies, which 

are thought to occur in conjunction with physisorption when the molecule of interest is close to 

the metal surface  [647]. The interaction of oxygen in its 2p state with the sp band of a metal, such 

as Al, results in chemisorption. [647]. It has been reported that binding energy of about 13 kcal/mol 

indicates chemisorption [647]. All eight binding geometries revealed binding energies greater than 

13 kcal/mol for the VBS/Al(111) systems, indicating a chemical binding process.  

 

Table 7.1: Calculated optimized energies for stable VBS adsorption sites on Al(111) surface 

Environment  System dAl–O 

(Å) 

h  

(Å) 

Eint  

(kcal/mol) 

Ebind  

(kcal/mol) 

Solution Phase VBS1/Al(111) 3.321 (Al−H) 2.879 −112.937 112.937 

VBS2/Al(111) 2.590 (Al−O) 2.590 −114.620 114.620 

VBS3/Al(111) 3.153 (Al−H) 3.079 −107.975 107.975 

VBS4/Al(111) 3.661 (Al−H) 2.936 −109.975 109.975 

Vacuum  

 

VBS5/Al(111) 2.585 (Al−O) 2.585 −76.224 76.224 

VBS6/Al(111) 3.101 (Al−O) 3.101 −75.319 75.319 

VBS7/Al(111) 3.553 (Al−H) 2.964 −75.364 75.364 

VBS8/Al(111) 2.157 (Al−O) 2.157 −86.939 86.939 

dAl–O represents the distance between the nearest O2 atom to the Al surface, and h is the interlayer distance between the topmost 

atom of the Al surface and the nearest atom of the VBS molecule.  

 

 

The experimental results (PDP, EIS, and gravimetric analysis) suggested that the inhibition of Al 

corrosion in 1M HCl occurred via a mixed-type inhibition process involving both physical and 
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chemical processes. This supports the assumption that the chemisorption binding process is 

generally coupled with physisorption. Compared to the others, the high binding energies for the 

VBS2 and VBS5/Al(111) systems can be attributed to the aromatic rings, and the oxygen atom 

since their structures contain π-electrons from the conjugated double bonds that could interact with 

the sp band of the metal. 

      

         

Figure 7.1: Different adsorption geometries of the VBS molecules for the solution (VBS1 to 

VBS4) and vacuum phase (VBS5 to VBS8) on the Al(111) surface  

 

The bond distance for the optimized VBS2/Al(111) structure between the O43 atom and the Al 

atom is  2.590 Å. As a result of the interaction process, the initial bond distances of C41=C40 and 

C40–O43 of the non-interacting phenylethanoid group were lengthened from 1.391 and 1.388 Å 

to 1.395 and 1.399 Å, and that of C39–C40 was compressed from 1.406 to 1.405 Å, respectively. 

Although these bond lengths indicate a slight or minor distortion of the VBS molecule when it 

binds through the phenylethanoid group, the small change is indicative of the stability of the final 

binding structure. 
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7.2. Binding structures and energies of the VBS/Zn(110) system 

Three possible interaction sites between VBS molecules on the Zn(110) surface were tested for 

the solution (VBS1 to VBS3) and vacuum phases (VBS4 to VBS6). The preferred binding sites 

for the VBS molecule on the Zn surface are shown in Figure 7.2, while the interaction and binding 

energies are indexed in Table 7.2. The results suggest that the strongest interaction strengths 

involve the interaction between VBS and the Zn(110) surface in the solution phase. In contrast, 

the weakest interaction strengths were observed for the vacuum phase. The strongest binding 

strengths for the vacuum were 31.398 and 23.806 kcal/mol observed when the VBS molecules 

interacted with the Zn(110) surface via the oxygen atom of the hydroxyl group (–C31–OH) 

(VBS7) and that of the sugar group (VBS6). The weakest binding strength of 15.527 kcal/mol was 

observed for the VBS4 when the molecule interacted with the Zn surface via the phenylpropanoid 

group. The difference between the weakest and the strongest binding energy for the vacuum phase 

shows a difference of 15.871 kcal/mol, indicating an energetic difference between the two binding 

sites. The binding strength observed for VBS in the solution phase was fairly similar for all three 

binding geometries, with the strongest binding strengths of 64.061 kcal/mol observed for VBS3, 

while the weakest binding strength of 58.411 kcal/mol was observed for VBS1. The highest 

binding energy for both the vacuum and solution phase indicates the preference for binding to the 

metal surface by the oxygen atom and could be attributed to the opposite electronegative charge 

of the Zn and oxygen atoms, resulting in a strong attraction between them and could be proposed 

as the most stable binding site on the Zn(110) surface. 

The binding energies obtained for the VBS/Zn(110) systems indicate a mixed-type adsorption 

process involving chemisorption and physisorption binding process, as all the energies are greater 

than 13 kcal/mol. The binding process of the VBS2 and VBS5 can be attributed to the π-electrons 

of the aromatic rings that interact with the Zn surface’s sp band. The bond distance for the 

optimized structure between the O29 atom and the nearest Zn atom is 2.251 Å for the VBS6 

geometry, while for the VBS7, the distance between the O32 atom and the Zn atom is 2.198 Å.  

The interaction in VBS6 resulted in the lengthening of the bond distances of C24–O29 and O29–

H from 1.430 and 0.977 Å to 1.456 and 0.987 Å, respectively. At the same time, the bond distances 

of C24–C25 and C24–C23 were compressed from 1.527 Å of the non-interacting sugar group to 

1.523 Å during the interaction of the sugar group with the metal surface. This indicates that the 

VBS molecule experienced a slight distortion through the sugar group as it interacted with the 
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atoms on the Zn surface. The binding of the adsorbate (VBS7) through the oxygen atom of the 

hydroxyl group attached to C31 also indicates that the bond distance between these two atoms 

(C31–O32) before and after the interaction with the Zn surface was lengthened from 1.435 to 1.454 

Å. 

        

  

Figure 7.2: Different adsorption geometries of the VBS molecules for the solution (VBS1 to 

VBS3) and vacuum phase (VBS4 to VBS7) on the Zn(110) surface 

Table 7.2: Calculated optimized energies for stable VBS adsorption sites on Fe(110) surface 

Environment  System  dFe–O 

(Å) 

h (Å) Eint 

(kcal/mol) 

Ebind 

(kcal/mol) 

Solution  

Phase  

VBS1/Zn(110) 2.840  (Zn−H) 2.824 −58.411 58.411 

VBS2/Zn(110) 2.742  (Zn−O) 3.310 −62.569 62.569 

VBS3/Zn(110) 2.286  (Zn−O) 2.286 −64.061 64.061 

Vacuum VBS4/Zn(110) 2.713  (Zn−O) 2.713 −15.527 15.527 

VBS5/Zn(110) 3.014  (Zn−H) 2.829 −20.392 20.392 

VBS6/Zn(110) 2.251  (Zn−O) 2.251 −23.806 23.806 

VBS7/Zn(110) 2.198  (Zn−O) 2.198 −31.398 31.398 

dZn–O represents the distance between the nearest O atom to the Zn surface, and h is the interlayer distance between the topmost 

atom of the Zn surface and the nearest atom of the VBS molecule.  
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7.3. Binding structures and energies of the VBS/Fe(110) system 

Full DFT-level geometry optimization produced optimized equilibrium geometries and energies 

in the vacuum (VBS1 to VBS3) and solution phases (VBS4 and VBS5), as shown in Figure 7.3. 

The figure demonstrates that the interaction of VBS with the uppermost of the Fe(110) slab occurs 

preferably via the oxygen atom; as such, it is worth noting the Fe–O bond distance. Strong 

adsorption of molecules on the metal surfaces is believed to result in a shorter surface molecule 

bond. VBS3 adsorption geometry indicates two covalent bonds (Fe–O) above 2.414 Å and 2.092 

Å producing an adsorption energy of 63.401 kcal/mol. The interaction of VBS with the Fe(110) 

surface through the oxygen atom indicates hybridization between the 2p orbital of the oxygen atom 

and the 3d orbital of the surface Fe atom. Besides the interaction of VBS via the oxygen atom, the 

molecules were also aligned parallel to the top layer of the Fe(110) slab via the phenylpropanoid 

group, with the −O−H pointing to the surface via the hydrogen atom at a distance of 2.670 Å, as 

indicated by the VBS4 geometry. The interaction via the phenylpropanoid group suggests the 

participation of CH−π (physisorption) and π−π interactions (chemisorption). Adsorption energy 

values of molecular VBS on Fe(110) in two different environments indicate a chemisorption 

adsorption nature on the surface of metals typically coupled with physisorption [647]. This implies 

that VBS interacts with the Fe(110) surface through a complex adsorption process involving both 

physisorption and chemisorption, which supports the experimental data. Comparing the adsorption 

energies from the vacuum and the solution phase, it is clear that the adsorption of VBS in the gas 

phase produced the highest adsorption energies (35,993 and 63,401 kcal/mol) which is in 

contradiction to what was observed with the VBS/Al(111) and VBS/Zn(110) systems. This 

behaviour can be attributed to the fact that VBS molecules, considered ideal gases, do not have 

adsorptive-adsorptive interaction problems, whereas considering water in the system (i.e. solution 

phase) leads not only to an adsorptive-adsorptive interaction but also results in solute-solvent 

interaction, indicating competitive behaviour between solute and solvent in adsorption on the 

Fe(110) plate, making it difficult for VBS to adsorb on the Fe surface [642, 648]. The low binding 

energies for the solution phase can also be attributed to the salvation effects affecting the degree 

of inhibitor adsorption on metallic surfaces, as the inhibitor molecules are trapped in the solvent 
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cavity, resulting in less strong interactions with the metal surface compared to the vacuum phase 

[649-651]. 

Table 7.3: Calculated optimized energies for stable VBS adsorption sites on Fe(110) surface 

Environment  System  dFe–O 

(Å) 

h (Å) Eint 

(kcal/mol) 

Ebind 

(kcal/mol) 

Vacuum  VBS1/Fe(110) 2.430 (Fe−O) 2.430  −13.476 13.476 

VBS2/Fe(110) 2.212 (Fe−O) 2.212 −35.993 35.993 

VBS3/Fe(110) 2.414 (Fe−O) 2.092  −63.401 63.401 

Solution  

Phase 

VBS4/Fe(110) 2.867    (Fe−H) 2.670    −22.762 22.762 

VBS5/Fe(110) 2.460 (Fe−O) 2.460 −14.168 14.168 

dFe–O represents the distance between the nearest O atom to the Fe surface, and h is the interlayer distance between the topmost 

atom of the Fe surface and the nearest atom of the VBS molecule.  

 

Figure 7.3: Different adsorption geometries of the VBS molecules for the vacuum (VBS1 to 

VBS3) and solution phase (VBS4 and VBS5) on the Fe(110) surface 

The above configurations resulted in a different binding geometry, indicating multiple possible, 

stable binding sites for the VBS molecule on the Fe(111), Al(111), or Zn(110) surfaces, determined 



296 
 

by the initial arrangement of the VBS molecule in the supercell. A comparison of the binding 

energy in the solution and vacuum phases is shown in Figure 7.3. For both simulated environments, 

the interactions producing the strongest binding strengths were between VBS and the Al(111) 

surface compared to Fe(110) and Zn (110) surfaces. Since the Zn2+ has an electron configuration 

of [Ar]3d10, it is unlikely to donate more than the 4s orbital electrons since the 3d orbital is fully 

filled and reasonably stable, which could be the reason for the low binding energies. The electron 

configuration of Fe2+, [Ar]3d6, suggests that the partially filled 3d orbitals bind with the VBS 

molecule’s highest occupied molecular orbitals. Al is the most thermodynamically reactive metal 

compared to Zn and Fe, as indicated by its position in the electromotive force series, but is 

nevertheless less corrosive. This behaviour can be explained by the fact that Al loses three 

electrons (3s2p1) to become stable (Al3+) with an electron configuration of [Ne]1s22s2sp6. So when 

Al encounters a molecule like VBS with an abundance of oxygen atoms, one of the possible 

interactions is that two Al atoms donate six electrons to three oxygen atoms, resulting in a much 

stronger interaction. 
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Figure 7.4: Comparison of surface plane binding energies of Fe(110), Zn(110) and Al(111) for 

binding VBS in solution (a) and vacuum phase (b) 

7.4. Corrosion inhibition mechanism 

Most corrosion inhibitors are believed to inhibit corrosion primarily through adsorption and 

coordination processes [652]. The π-electron clouds in the aromatic ring of organic compounds 

and the lone pair of electrons in the donor atoms can form a strong interaction bond between the 

inhibitor and the metal surfaces [653]. Although lone pairs of electrons in oxygen, sulphur, and 
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nitrogen heteroatoms play an essential role in forming a protective layer [654], the unique 

properties of metals such as Al, MS, and Zn imply the formation of such a layer is unique to each 

metal. For instance, the absence of d orbitals in the outer shell of Al suggests that few compounds 

containing such atoms can directly form covalent bonds with the Al surface via the chemisorption 

mechanism [655]. On the other hand, several studies have shown that Al3+ chelate complexes can 

be easily created through coordination with heterocyclic, hydroxy, and carboxyl groups [652, 656, 

657]. In acidic corrosive solutions, the Al surface possesses a positive charge that creates an 

attractive force for the negatively charged Cl− ions adsorbed on the Al surface [555, 658], which 

act as adsorption centres for the protonated extract components (e.g., VBS+). This adsorption type 

is linked to the proposed physical adsorption mode [659]. Chelation of freshly oxidized Al3+ ions 

(equation 59) L. javanica components can lead to the formation of Al3+− L. javanica complexes 

as proposed in equation 64, similar to that reported by Nnaji et al. [658]: 

 

                                             𝐴𝑙3+(𝑎𝑞) + 𝑖𝑛ℎ(𝑎𝑑𝑠) → [𝐴𝑙 − 𝑖𝑛ℎ]3+(𝑎𝑑𝑠)                              (64) 

 

The formation of Al3+- L. javanica complexes led to the passivation of the Al surface, as supported 

by the PDP results in this work. Nnaji et al. [658] also suggested possible reactions that might be 

involved during the corrosion process. These include acid ionization (equation 65), water 

hydrolysis (equation 66), metal oxidation or corrosion (equation 67), formation of corrosion 

products (equation 68 and 69), and protective film formation (equations 70 and 71). 

 

                                                      3𝐻𝐶𝑙(𝑎𝑞)  ↔ 3𝐻+(𝑎𝑞) + 3𝐶𝑙−(𝑎𝑞)                                   (65) 

                                                        3𝐻2𝑂(𝑙)  ↔ 3𝐻+(𝑎𝑞) + 3𝑂𝐻+(𝑎𝑞)                                 (66)  

                                                             2𝐴𝑙(𝑠)  → 2𝐴𝑙3+(𝑎𝑞) + 6𝑒−                                        (67)        

                                                          𝐴𝑙+(𝑎𝑞) + 3𝐶𝑙−(𝑎𝑞) ↔ 𝐴𝑙𝐶𝑙3(𝑠)                                   (68)                                   

                                                      𝐴𝑙3+(𝑎𝑞) + 3𝑂𝐻−(𝑎𝑞) ↔ 𝐴𝑙(𝑂𝐻)3(𝑠)                              (69)        

                                                            𝐴𝐶𝑙3(𝑠) + 𝑥𝑖𝑛ℎ𝑛+ ↔ [𝐴𝑙𝐶𝑙3𝑥𝑖𝑛ℎ𝑛+](𝑠)                       (70)             

                                                         𝐴𝑙(𝑂𝐻)3(𝑠) + 𝑥𝑖𝑛ℎ𝑛+ ↔ [𝐴𝑙(𝑂𝐻)3𝑥𝑖𝑛ℎ𝑛+](𝑠)              (71)             

 

where x is the number of inhibitor molecules and n can be 1, 2, 3, or 4 for the different components 

of ALJPE.  
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The mixed-type Al corrosion inhibition mechanism was also proposed for Zn and MS through the 

different techniques used in the study. These could occur either through the electrostatic interaction 

of plant components with positively charged Zn and MS surfaces or through the lone pairs of 

electrons on atoms such as oxygen. The same behaviour, where the Al surface becomes positively 

charged in the acidic solution, applies to MS and Zn surfaces, which then become covered with 

negatively charged Cl- ions, and the L. javanica components electrostatically interact with such 

surfaces. After getting adsorbed, the plant species compete with H+ ions for electrons on the Zn 

and MS surfaces. This results in the release of H2 gas, and the plant species return to their neutral 

form, where they can interact with the Zn and MS surfaces via the electron-dense atoms. The MS 

and Zn surfaces become negatively charged due to the accumulation of electrons. For instance, the 

3d orbital of Fe might release an electron to a vacant π* (antibonding) orbital of the L. javanica 

components through retro-donation to relieve the MS surface from extra negative charge resulting 

in stronger adsorption of the L. javanica components on the MS surface [660].  It is important to 

note that the mechanism of action of green inhibitors such as L. javanica extracts in inhibiting 

corrosion depends on the structure of the active ingredient present. Other theories have been put 

forward to support this [661, 662]. Another process that might aid in Al, Zn, and MS corrosion 

inhibition is the intermolecular interactions between the L. javanica components, such as hydrogen 

bonding between the VBS molecules. This process is supported by the Langmuir slope’s departure 

from unity in this study. 



299 
 

CHAPTER 8 

Summary, comparison, conclusions, list of 

publications, recommendations, and future 
 

This chapter contains a summary of some of the current study's findings. It also summarizes some 

of the most important findings from current research on plant extracts as potential corrosion 

inhibitors. There is a list of publications that have been submitted and those that have yet to be 

submitted. Recommendations and potential future studies derived from the current work have been 

outlined.
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8. Summary and comparative analysis of the corrosion inhibition 

performance of L. javanica leaf extracts on Al, MS, and Zn  
In the present study, ethanol, methanol, and acetone extracts from L. javanica leaves were 

investigated for their anticorrosive properties towards Al, Zn, and MS in 1 M HCl solution at 303–

333 K. The characterized extracts showed that the three solvents extracted similar compounds, and 

their anti-corrosion behaviour for Zn, Al, and MS corrosion was comparable. Some of the results 

are summarized in Table 8.1. 

Table 8.1: Comparison of the performance of MLJCE, ELJCE, and ALJCE on the corrosion 

inhibition of Al, Zn, and MS in 1 HCl solution 

 

Technique 

Metal 

Al MS Zn 

 

PDP 

• Less than 85 mV Ecorr values  

• Mixed-type adsorption 

• PDP curves with a 
pronounced passive region 

• Maximum %IE were 87.79, 
97.54 and 97.47% from the 

three extracts 

 

• Less than 85 mV Ecorr values  

• Mixed-type adsorption 

• Undulation PDP curves with no 
pronounced passive region 

• Maximum %IE were 93.40, 95.57 

and 94.21% from the three extracts 

• Less than 85 mV Ecorr values  

• Mixed-type adsorption with 

dominating cathodic protection 

• Undulation PDP curves with no 

pronounced passive region 

• Maximum %IE were 96.84, 98.00 

and 97.47% from the three extracts 

 

EIS 

• Circuit for data fitting: Rs(Q 
Rct (L1/RL)) 

• Imperfect Nyquist plots with 
a pronounced passive region 

(inductive loop) 

• More capacitive behaviour 
than MS and Zn 

• Maximum %IE were 85.08, 

77.15 and 97.50% from the 

three extracts 

• Circuit for data fitting: Rs(Q Rct) 

• Imperfect Nyquist plots 

• Pseudo-capacitive behaviour, n-values 
approach unity in the presence of the 

extracts 

• Maximum %IE were 89.13, 94.71 and 
94.85% from the three extracts 

• Circuit for data fitting: Rs(Q Rct) 

• Imperfect Nyquist plots 

• Pseudo-capacitive behaviour, n-
values approach unity in the presence 

of the extracts 

• Maximum %IE were 94.85, 95.05 and 
95.40% from the three extracts 

Adsorption 

and 

Adsorption 

Isotherms 

• Obeys Langmuir model 

• Mixed type adsorption  

• Spontaneous adsorption 

• Lateral molecular interaction 
(Temkin) 

• Obeys Langmuir model 

• Mixed type adsorption 

• Spontaneous adsorption 

•  Lateral molecular interaction 
(Temkin) 

• Obeys Langmuir model 

• Mixed type adsorption 

• Spontaneous adsorption   

• Lateral molecular interaction 

(Temkin) 

SEM/EDS • Pitting corrosion 

• Traces of oxygen and carbon 
precipitate 

• Uniform corrosion 

• Traces of oxygen and carbon 
precipitate 

• Uniform corrosion 

• Traces of oxygen and carbon 

precipitate 

 

 

Weight loss 

• Increasing positive ΔHa
∗ and 

Ea values with extract 

concentration 

• Qads indicate exothermic 
adsorption linked with 

physisorption  

• Maximum %IE were 88.58, 

91.70 and 91.89% from the 
three extracts 

• Decreasing %IE with 

temperature  

• Increasing positive ΔHa
∗ and Ea values 

with extract concentration 

• Qads indicate exothermic adsorption 

linked with physisorption 

• Maximum %IE were 99.09, 97.01 

and 98.01% from the three extracts 

• Decreasing %IE with temperature 

 

• Decreasing positive ΔHa
∗ and Ea 

values with extract concentration 

• Qads indicate endothermic adsorption 
linked with chemisorption  

• Maximum %IE were 86.92, 85.64 and 
87.77% from the three extracts 

• Increasing %IE with temperature 

Contact angle • Increase in hydrophobic 
nature of the metal surface in 

the presence of extract 

• Increase in hydrophobic nature of the 

metal surface in the presence of 

extract 

• Increase in hydrophobic nature of the 

metal surface in the presence of 

extract 
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8.1. Conclusions  
The current study has successfully shown that L. javanica leaf extracts are excellent inhibitors of 

Al, Zn and MS corrosion in 1 M HCl as they promote the formation of a passive or protective layer 

on the three metal surfaces, and they are cheap to produce,  biodegradable and non-toxic. Some of 

the key findings of this work are discussed below: 

The extraction of different components contained in L. javanica leaves was successfully performed 

with methanol, ethanol, and acetone. LC/MS and FT-IR characterized the extracted components, 

and their inhibition performance was evaluated using weight loss, FT-IR, UV-vis, SEM/EDS, 

PDP, EIS and water contact angle studies. 

All examined extracts (i.e., MLJCE, ELJCE, and ALJCE) showed appreciable protective activity 

against Al, Zn and MS corrosion in 1 M HCl solution. The protection provided by the extracts for 

Zn was found to be more effective and possibly irreversible compared to MS and Al. This 

conclusion is based on the fact that it has been found that the protective effect for Zn increases 

with the temperature of the corrosive environment, and this is associated with a chemical inhibition 

process. For MS and Al, the decrease in protection efficiency with temperature indicates a 

reversible weaker protection resulting from a dominant physical inhibition process. The optimum 

extract concentration that provided good protection for MS, Al, and Zn was 800 ppm for all three 

examined extracts.      

The thermodynamic and kinetic parameters of corrosion and corrosion inhibition of Zn, MS, and 

Al were evaluated by performing temperature studies. The decrease in the thermodynamic ΔHa
∗ 

and Ea values with increasing concentrations of MLJCE, ELJCE, and ALJCE up to 800 ppm for 

Zn were observed, while parameters increased for MS and Al. The increase in these parameters 

with extract concentration indicates the formation of a physical barrier that prevents corrosive 

charge and mass transfer, requiring more energy to move from the reactants to the activated 

complex. On the other hand, it has been proposed that the decrease in these parameters is due to 

the surface area covered by the extracts expanding with increasing temperature and is associated 

with the chemical adsorption of the extracts on the Zn surface. The heat of adsorption studies 

indicates that the adsorption mechanism for MS and Al occurred through both an endothermic and 
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an exothermic nature. In contrast, for Zn, for all three extracts, it mainly occurred through an 

endothermic nature.  

All extracts investigated herein are mixed-type corrosion inhibitors. Adsorption of MLJCE, 

ELJCE, and ALJCE onto active sites of Zn, Al, and MS surfaces to inhibit their corrosion occurred 

without changing their corrosion mechanisms. According to the isotherm data, MLJCE, ELJCE, 

and ALJCE adsorption on three metal surfaces occurred spontaneously, and the adsorption 

mechanism followed the Langmuir adsorption isotherm. The Temkin adsorption isotherm 

accounted for the lateral interaction of the adsorbed species since the Langmuir adsorption slopes 

differed from unity for all three metals.  

Spectroscopic measurements confirmed the presence of interactions between Zn, Al, and MS and 

extracted components, resulting in the formation of extract-metal complexes. Water contact angle 

studies confirmed the construction of a widespread protective layer on the MS, Zn, and Al surfaces. 

This corresponds to the formation of a hydrophobic film that reduces their wettability. 

The extracts generated an adsorption film with pseudocapacitive behaviour on the MS, Zn, and Al 

surfaces, with Al also showing an inductive behaviour. The pseudocapacitive behaviour of the MS, 

Al, and Zn electrodes is also confirmed by the CPE exponent values being near unity in the 

presence of the extracts. 

The verbascoside molecule identified to be the main component of the three plant extracts as 

evidenced by its presence in all fractions collected through column fractionation was used for the 

DFT calculations. The binding process of verbascoside on the MS, Zn, and Al surfaces showed 

that the molecule interacted with the surface preferentially via the oxygen atoms, which can donate 

lone pairs of electrons to the metal surfaces. The calculations also revealed the involvement of the 

aromatic π-bonds during the interaction of the molecule with the metal surfaces, resulting in high 

bond energies. 

Potentiodynamic results showed that the extracts are capable of preventing the pitting of MS and 

Zn surfaces, while the lack of pitting in the absence of the extracts could be due to the protective 

nature of the Zn patina and the oxide layer on the MS surface. As indicated by SEM results, the 

Al surface suffered from pitting, while the corrosion mode on the MS and Zn surfaces was uniform. 
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8.2. Recommendations and future studies 
The present study found that plant-derived green inhibitors can be used to control the corrosion of 

metals that come in contact with a corrosive environment. The use of plant extracts as metal 

protectors is limited, and this study recommends their use because of their high level of protection. 

Also, evaluating the plant extract used in this study in a high-temperature environment could be 

considered in the future. For investigations into corrosion protection, the use of quantum 

mechanical methods to simulate the interactions between adsorbent and adsorbate is recommended 

since these can better describe chemical processes with the bond formation or bond breakage. 

Future studies could also include isolating some main components and evaluating their inhibitory 

abilities in an isolated state. This is based on the effectiveness of the plant used in this study and 

could potentially lead to the discovery of more highly effective corrosion inhibitors. 

8.3. Study contribution to the field of corrosion 

In a breakthrough discovery, this study uncovers the potential of plant extracts as remarkable 

corrosion inhibitors. The extracts stood strong even after 24 hours, showcasing enduring inhibition. 

Their performance shined under high temperatures, especially for Zn, an unexpected and rare trait. 

This research affirmed that these extracts could protect MS, Zn, and Al and aluminium. A standout 

finding: quantum calculations beat common methods for understanding extract-metal interactions. 

By revealing bond behavior, these results promise practical impact. In short, this study open doors 

to effective, sustainable corrosion protection. 
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