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         ABSTRACT      

       

This research study reports the inhibition of mild steel (MS), zinc (Zn) in 1.0 M HCl and 1.0 M 

H2SO4, and the inhibition of aluminium (Al) in 0.5 M HCl by three selected quinoxaline derivatives 

namely,  quinoxalone-6-carboxylic acid (Q6CA), 3-hydroxy-2-quinoxaline carboxylic acid 

(H2QCA), and Methyl quinoxaline-6-carboxylate (MQ6CA) at 303 – 333 K. The corrosion 

inhibition characteristics including corrosion mechanism, corrosion inhibition efficiencies, and 

inhibitor-metal adsorption/desorption behavior were analyzed using gravimetric analysis, 

electrochemical impedance spectroscopy (EIS), and potentiodynamic polarization (PDP). Fourier 

transform infrared spectroscopy (FTIR) was utilized to give more insight into the functional groups 

that formed or disappeared during the adsorption/desorption of the studied quinoxaline molecules 

on the metal surfaces. Atomic absorption spectroscopy (AAS) was employed to determine the 

amount of MS and Zn ions that remained in the solutions after gravimetric analysis. Density 

functional theory (DFT) was utilized to compute all theoretical studies. 

The gravimetric analysis for mild steel show that the inhibition efficiency increased with the increase 

in the concentrations of the studied quinoxalines and decreased with the increase in temperature of 

the corrosive environment, whereas for zinc the inhibition efficiency increased with the increase in 

the temperature of the corrosive environment for all the quinoxaline compounds. The compounds 

inhibited the mild steel and zinc corrosion by adsorption on the active sites on the surfaces without 

altering the mechanism of the adsorption process. The studied compounds obeyed the Langmuir 

isotherm, and this isotherm indicated the adsorption mechanism which was mixed-typed adsorption 

with chemisorption dominant for both mild and zinc. The trend of inhibition efficiency for both mild 

steel and zinc varied in the order: MQ6CA>Q6CA>H2QCA.  

PDP results indicated that the studied quinoxalines shifted the polarization curves towards the region 

of low current densities as compared to the uninhibited system, which suggested that the inhibitor 

molecules reduced the anodic dissolution of mild steel, zinc, and aluminium and also suppressed the 

hydrogen evolution reaction. The obtained potentiodynamic polarization parameters revealed that 

all three inhibitors studied acted as mixed-type inhibitors, that is, anodic and cathodic inhibitor that 

protected the mild steel, zinc, and aluminium surfaces through spontaneous adsorption. Moreover, 

the increase in the concentration of the inhibitors increased the inhibition efficiency. 

EIS results showed that the studied quinoxalines retarded the rate of corrosion of mild steel, zinc, 

and aluminium surfaces through the adsorption process. For all the investigated metals the charge 

transfer resistance values increased with the increase in concentration of the inhibitors.  
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The AAS analysis revealed a decrease in the concentration of iron and zinc ions in the presence of 

the studied inhibitors as compared to the blank solutions. The inhibition efficiency increased with 

an increase in the concentration of the inhibitors. The FTIR spectra confirmed the formation of the 

inhibitor-Fe2+ and inhibitor-Zn2+ complexes. The obtained adsorption energies from the DFT results 

revealed that the studied quinoxalines exhibit a mixed-type adsorption mechanism, with the 

domination of the chemisorption process. 

 

Keywords: Corrosion inhibition efficiency, adsorption/desorption, quinoxalines, Langmuir 

isotherm, chemisorption 
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CHAPTER 1:  

                INTRODUCTION 

The work in this dissertation entitled “ COMPUTATIONAL AND ADSORPTION 

INVESTIGATION OF SOME QUINOXALINE DERIVATIVES ON SELECTED 

METALS IN ACIDIC MEDIA” is partitioned into five chapters with several 

sections and subsections in every chapter. 

 

This Chapter present an overview on the background of the corrosion phenomenon, the 

importance of undertaking the study of corrosion of metals. The existing gaps of knowledge in the 

field of corrosion and corrosion mitigations are also outlined in this chapter. The aim and 

objectives of this project are also outlined. 
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1.1 Background of the study 

Humans live in a society where many items are produced from metals. Different types of metal 

are used successfully in engineering (in bridges, automobiles, ships, trains, etc.) and commercial 

applications (office buildings, medical centers, hotels, malls, retail stores, etc.) [1]. These items 

are made of versatile material of metals that comes with varying strengths and durability. However, 

all metals and their end-use products except for gold and platinum group metals (PGM), are 

unstable, and consequently when they are subjected to their environments they revert to their 

original and stable state by which they were found, that is, naturally occurring minerals and ores 

at different rates [1, 2, 3]. This process is referred to as corrosion [1]. Corrosion of metallic material 

is perceived as a universal phenomenon that is widely and constantly experienced. It is there in 

every environment that we encounter, and its effects have been an unavoidable part of human 

experience for thousands of years [4]. 

The word corrosion is as old as our planet earth and it was derived from the Latin word corrodere, 

which means “to eat away”. This phenomenon is known by many as “rust” [4]. Corrosion of 

metallic materials leads to the degradation of metals and consequently metals losing their strength, 

durability, and efficiency. The impact of corrosion has elevated in complexity and diversity of 

materials systems, which include not only metallic materials but also ceramics, polymers, and 

composites, which are, as well, subjected to this natural and destruction process [5]. Over the years, 

the industrial negative impact of corrosion has increased. The industrial consequences of corrosion 

lead to challenges such as production plants shutdowns, product contaminations, loss of efficiency, 

and loss of productivity [6]. Corrosion also possesses a significant negative impact on human 

health and safety [7]. 

A significant framework of evidence concerning corrosion has been brought forward from time to 

time by many scientists, writers, and philosophers [6, 7]. It was the Greek philosopher Plato (427-

347 B.C.) who documented the first description of corrosion in his work, where he defined rust as 

“the earthly component segregating out the metal” [4]. A Roman philosopher by the name of Pliny 

the elder (23–79 AD) wrote about the degradation of iron in his essay entitled “Ferrum 

Corrumpitar” [6, 8]. The studies of corrosion at that time were limited in the prevention measures 

but not much on the mechanism. A stunning discovery was made by Thenard (1819) where he 

suggested that corrosion is an electrochemical phenomenon [3]. One of the most significant essays 
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was made by Michael Faraday (1791–1867) who discovered a quantitative relationship between 

chemical action and electric current. It is through Faraday’s first and second laws that the basic 

calculation of the deterioration rates of metals was established [6, 9].  A modern understating of 

the causes and control of corrosion was later proposed by U.R. Evans in 1923 through his classical 

electrochemical theory [6]. Till to date, many scientific discoveries on the understanding of 

corrosion mechanisms have been published and have tremendously improved the field of 

corrosion. 

1.2 JUSTIFICATION/SIGNIFICANCE OF THE STUDY 

There are three main concerns of corrosion and reasons to undertake the study of corrosion, which 

are: (i) the cost of corrosion, (ii) human life and safety, and (iii) conservation of materials. The 

economies of nations have taken a massive toll due to this unwanted destruction of metals and 

these losses are encountered domestically and industrially. Domestic losses include the 

replacement of rusting automobile parts, water pipes, zinc roofing, etc. [10]. Losses encountered 

by industries and by governments amount to many billions of dollars annually due to the fact that 

vast industrial pieces of equipment are largely made from metals [7, 10]. The corrosion of those 

pieces of equipment may result in losses which may have the following consequences: [1, 6, 7, 10, 

15] 

• Contamination of product: A huge loss may result when products such as chemicals, 

food, pharmaceuticals, etc. need to be replaced because of being tempered by corrosion 

product (rust) and this will require a lot of money. 

• Loss of product: Corroded pipe systems, oil transportation lines, and fuel tanks cause a 

massive loss of product and at times may enter cause an explosion and severe injuries 

which may cause even additional loss. Leakage of containers may go a very long time 

unnoticed and during that time there is a huge loss of product.  

• Shutdown: The failure of equipment due to corrosion may lead to contamination and loss 

of product which can result in unplanned shutdowns of power plants and manufacturing 

plants and consequently loss of profit.  

• Loss of efficiency: e.g., overdesign and corrosion products decrease the heat-transfer rate 

in heat exchangers. 
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• Overdesign: Equipment is often designed with additional thickness or many times heavier 

than normal make condition. This is done in most cases when the corrosion effect of the 

system is known, and it requires extra costs.   

 

In addition to the economic corrosion cost mentioned above, according to The Worldwide 

Corrosion Authority, corrosion has an annual cost approximated to 2.5 trillion US dollars, which 

is about 3.4% of the global GDP [16]. In South Africa, research conducted by the council for 

mineral technology (MINTEK) group has found that the economy directly succumbs at about 

R130-billion per annum. A similar study in 2005 was conducted by the University of the 

Witwatersrand estimated about R154-billion is directly lost due to corrosion per year, which is 

even high than MINTEK’s figure [7, 17, 18]. If these corrosion concerns are not attended for an 

extended period, the estimated figures above can double up or even more badly. Therefore, this 

implies that more intensive research in measures of preventing and controlling corrosion is needed. 

1.3 PROBLEM STATEMENT 

In one way or the other, metals play a huge part in human’s daily lives. They pose various 

properties such as being lustrous, sonorous, reactivity, malleability, and high melting point which 

allows them to be used at a very wide range that also contribute enormously to the world’s 

economy. With the recent advanced technology, the use of metals has even broadened greatly. 

Besides metals being the major component in the construction industry, they also have some 

important roles and some of them are listed below;  

• Metals are used in human bodies as artificial organ replacements. 

• Mobile cellphones and computers used in our daily lives are made of metals and it is 

already difficult to imagine the modern life without them. 

• Most of the kitchen utensils such as spoons, forks, etc., are made from metals. 

• Almost all kinds of transport used daily are made entirely from metals. 

•  Metals also find their uses in the military where they are used to manufacture weapons 

and ammunition. 

The list is endless; however, the problem is that all these metals and their end products when they 

react with various surrounding, they behave in a way that allows them to return to their more stable 

oxidized state, and that is, they undergo gradual deterioration. With ample knowledge of corrosion 
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more effective strategies to protect and prolong their lifespan can be established. Therefore, this 

motivates a need to accumulate scientific knowledge in understanding corrosion mechanisms and 

their application to corrosion protection. The economy of South Africa suffers 5.2% of the GDP 

from the direct cost of corrosion [7], hence, it is clear in a foregoing that if a study of this area is 

done the government can then channel some needed fund from corrosion cost to combat the high 

rate of poverty in South Africa [19]. 

 

1.4 AIM AND OBJECTIVES OF THE STUDY 

The aim of the study is to investigate the inhibition potential of some quinoxaline derivatives 

namely: quinoxalone-6-carboxylic acid (Q6CA), 3-hydroxy-2-quinoxaline carboxylic acid 

(H2QCA), and Methyl quinoxaline-6-carboxylate (MQ6CA) on aluminum, mild steel, and zinc in 

sulphuric and hydrochloric acids as corrosive media.  

The specific objectives of this study are to: 

• evaluate the inhibition efficiency of Q6CA, H2QCA, MQ6CA on mild steel and zinc in 

sulphuric and hydrochloric acids by weight loss analysis at varying temperatures 303K, 

313K, 323K and 333K, 

•  propose the type of adsorption mechanism and adsorption isotherm for corrosion 

inhibition,  

• evaluate the interaction of the inhibitor with the aluminum, mild steel and zinc surfaces by 

electrochemical techniques such as electrochemical impedance spectroscopy (EIS) and 

potentiodynamic polarization (PDP), 

• utilize Fourier Transform Infrared spectrometry (FTIR) to determine the mode of 

interfacial reactions and the functional groups which interacted between the quinoxaline 

derivatives and the mild steel and zinc surface, 

• utilize atomic absorption spectroscopy (AAS) to determine the concentration of mild steel 

and zinc for the uninhibited and inhibited processes, and 

• utilize quantum chemical/theoretical techniques e.g. density functional theory (DFT) in 

order to estimate molecular properties of the inhibitor as well as the binding energies 

between the inhibitor and the metal surface. 
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CHAPTER 2: 

   LITERATURE   REVIEW 
 

This Chapter consist of general aspect review of corrosion, its classification and types, its 

prevention, and factors that affect the rate of corrosion. The chapter also unpacks ways in which 

corrosion can be measured. It also provides details on the impact and consequences that corrosion 

imposes to human life. A brief review on the corrosion of mild steel, zinc, and aluminium and the 

use of organic compounds as corrosion inhibitors. The types, mechanism and the use of 

quinoxalines as corrosion inhibitors. It also gives a brief review on some the of available 

computational methods, their advantages and disadvantages. 
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2.1 DEFINITION OF CORROSION 

Corrosion appears in various forms; however, they all share one formation mechanism. For 

instance, when a car or a metal coin is left exposed to moist weather for a longer period, a corrosion 

product, or what is often referred to as rust spot is observed. This corrosion product is formed 

because of the interaction between the metal and the environment it is exposed to. Moreover, the 

rate at which the corrosion product will be observed will differ from the car and the metal coin, 

but usually, for both, it will be slow [5]. Rust is not always the resultant product of corrosion. 

Sometimes cracks on the metal surface can be observed. The cracks are formed as a result of the 

metal reacting with its environment. These environments can be aqueous in nature or sustained 

tensile stress [5, 6]. Another good example are the tiny holes or pits that are observed on carbon 

(figure 2.1). In figure 2.1 below, pits are observed on the carbon surfaces instead of rust. The pits 

have developed because the metal has reacted with its environment [7]. 

                                

Figure 2.1: Pits resulted from corrosion of carbon metal [7]. 

The common feature among the three examples above is that for corrosion to occur the metal has 

to react with the particular environment it is exposed to. Thus, generally, corrosion can be defined 

as the gradual attack of materials, usually metals, by its reaction with the environment [23]. 

However, a more comprehensive definition of corrosion is that it is the chemical or electrochemical 

destruction of metals by interaction with their surrounding [1–27]. Fontana also described 

corrosion as the extractive metallurgy in reverse [5,24], which makes good sense since metals are 

less stable in their temporary existence in metallic form than in their compound forms as minerals 

and ores [3]. 



8 | P a g e  
 

2.1.1 THE ELECTROCHEMICAL ORIGIN OF CORROSION 

Generally, chemical reactions are those in which elements are added or removed from a chemical 

species but no species in the reaction undergo a change in valence and electrochemical reactions 

are those which involve changes in the number of electrons in at least one species involved in the 

reaction when elements are added or removed from a chemical species [27]. By far, it has been 

established that often used metals (including alloys) are not stable against exposure to 

environments, like the atmosphere, hence they tend to revert to their original state which they were 

originally taken from the earth's crust as ores and minerals before being refined to useful material. 

Figure 2.2 illustrate the processes involved in metallurgy. 

 

 

Figure 2.2: Illustration of the processes involved in metallurgy [28]. 

These changes illustrated in figure 2.2 above are electrochemical reaction that follow 

thermodynamics laws [27–31]. The process of corrosion occurs through the behavior of coupled 

electrochemical half-cell reactions [1]. These processes require a formation of a corrosion cell 

which is made up of four components and they are key to corrosion control. It is also important to 

note that if any of these factors to successful corrosion process is altered, the process will not 

occur. These components are as following: an anode, a cathode, electrolyte, and metallic pathway 

[5, 32–34]. These are briefly discussed below. 
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2.1.1.1 Anodic reaction 

 In most corrosion processes, the oxidation and reduction take place at separate sites on the metal’s 

surface. The anode is the site of the electrode or metal where the degradation takes place. In the 

anodic site a given species undergoes oxidation, that is, it loses electrons in the process. A typical 

example of an anodic reaction is the dissolution of iron as shown in figure 2.3 below [33]. 

 

 

Figure 2.3: Schematic representation of an anodic reaction [1]. 

 

The half reaction at the iron electrode is as follows: 

Fe(s) → Fe+2(aq) +2e-                                                                                                      (1) 

From figure 2.3 and equation (1), it is clear that the metal iron has been converted to iron ion and 

it has lost or given away two electrons which will then be received by a species in the reduction 

reaction. Thus, the metal has lost its uniformity [7, 35]. 

2.1.1.2 Cathodic reaction 

The cathode is the site of the electrode or metal where reduction takes place. The electrons that are 

liberated by the anodic reaction are then consumed at the cathodic site on the surface of the metal. 

An example of a cathodic reaction is illustrated in figure 2.4 below. From the example, two 
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hydrogen ions at the metal surface were reduced to form one molecule of hydrogen gas. Thus, the 

cathodic half-reaction being: 

2H+(aq) + 2e− → H2(g)                                                                                                   (2) 

                    

Figure 2.4: Schematic representation of a cathodic reaction [1]. 

 

Cathodic reactions are not so easy to foretell but can be classified into one of five different types 

of reduction reactions listed below: 

Hydrogen evolution  

      2H+ + 2e− → H2↑                                                                                       (3) 

Oxygen reduction in acids 

       O2 + 4H+ + 2e− → 2H2O                          (4) 

Metal ion reduction  

         Μ2+ + 2e− → Μ                           (5) 

Metal deposition 

       Μ3+ + e− → M2+                            (6) 

Oxygen reduction-neutral solutions 
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O2 + 2H2O + 4e− → 4OH−                           (7) 

 

2.1.1.3 An electrolyte 

During the process of corrosion, electrons move from the anodic to the cathodic site on the surface 

of the metal and this movement is made possible by an electrolyte. Thus, an electrolyte is an 

electrically conductive solution which has dissolved ions and capable of conducting a current. This 

current is usually referred to as the corrosion current, icorr [1, 36].  

2.1.1.4 Metallic path 

The anodic and cathodic electrodes are externally connected by a metallic conductor which enables 

the flow conventional current which is in an opposite direction is a passage for electron movement. 

During the overall corrosion process, the anodic and catholic reactions occur simultaneously and 

in a coupled manner at different sites on the metal surface [1, 7]. This simultaneity occurrence of 

the anodic and cathodic reaction is attributed to the heterogeneous nature of a metal surface (see 

figure 2.5) [3, 36-37]. For a successful corrosion process of iron metal in an acidic aqueous 

environment, the reactions illustrated by figures 2.3 and 2.4 should occur at the same time and 

equivalent rate. 
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Figure 2.5: Heterogeneous surface of metal crystal showing different types of imperfections [38]. 

 

It is important to note that throughout the corrosion process, more than one reduction and one 

reaction may occur [5]. In the reaction in figure 2.6, the two electrons given away from the anodic 

site of the metal surface are instantly consumed at the cathodic site and two hydrogen ions are 

reduced to one H2 molecule. Thus, the overall corrosion process is simplified in figure (2.6) and 

equation (8). 

 

Fe(s) + 2H+ →Fe+2 + H2(g)              (8) 

 

 

Figure 2.6: Schematic representation of the overall corrosion process of iron metal cathodic 

reaction in an acidic aqueous environment [1]. 
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2.1.2 CLASSIFICATION OF CORROSION 

Metallic corrosion has been classified in many ways, as low and high-temperature corrosion, 

electrochemical corrosion, direct oxidation, flow-assisted corrosion (FAC), chemical corrosion, 

bio-corrosion, etc. However, from wide perspective corrosion, can be classified based on the nature 

of the corrosive environment involved [7]. Thus, there are two typical categories corrosion can be 

based on. These are dry or wet corrosion which are briefly discussed below [7, 38–39] 

2.1.2.1 Dry corrosion 

Dry or chemical corrosion occurs in the surroundings that do not have any liquid phase or above 

the dew point of the environment. This type of corrosion involves direct attack of corrosive media, 

like atmospheric gases, vapor, etc. on the surface of a metal. It is classified as less prevalent and 

often linked with high temperature oxidation of metals [40]. 

 

2.1.2.2 Wet corrosion 

Wet or electrochemical corrosion is the kind of corrosion that requires the presence of electrolyte 

solution or aqueous phase as the medium to occur. Unlike dry corrosion, wet corrosion is 

considered to be more prevalent, or it is a rapid process [40]. The classification processes are 

shown below in figure 2.7. 
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Figure 2.7: A general scheme for the classification of corrosion [40]. 
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2.1.3 CORROSIVE ENVIRONMENT 

It is almost impossible to understand the principles of the corrosion process without taking into 

account the nature of the environment a metal is exposed to and the type of reaction that occurs at 

the metal-environment interface. For instance, copper does not corrode in diluted sulfuric acid but 

corrodes in the presence of oxygen. Lead deteriorates very slowly in hydrochloric acid, but very 

fast when exposed to nitric acid. Iron corrodes very fast in oxygenated water, however, if all 

oxygen is removed it corrode extremely slowly [37, 41]. These examples evince that the 

understating of the specific environmental conditions and the corrosion behavior of metal can 

never be separated. Most literature suggests that to some greater or lesser extent, all the 

environment a metal is exposed to it is prone to corrode [6, 7, 42]. The most typical corrosive 

environments are discussed in the subsequent sub-sections. 

 

2.1.3.1 Atmospheric corrosion 

In this environment, metals corrode due to exposure to air, unlike being immersed in liquid. Studies 

show that all of the general types of corrosion processes occur in this environment [3, 43]. 

However, in the absence of moisture in the atmosphere to serve as an electrolyte, metals corrode 

at a very negligible rate. Moreover, rusting is insufficient in a climate below the freezing point of 

water because ice is a poor electrolytic conductor [10, 44–47]. A typical example is parts of metal 

left exposed in the desert air will remain rust-free for a long period [42, 45]. The weathering factors 

that are linked with atmospheric corrosion attack of metals does include only rainfall, temperature 

variations, wind velocity, etc. [44], but also the gaseous impurities that support condensation of 

moisture on the metal surface like SO2, which forms H2SO4 with water [48, 49]. It is important to 

also note that metals can resist corrosion in one atmosphere, say point A, but elsewhere (point B) 

lack the resistance imposed on point A; hence, the atmospheric corrosion behavior of metals varies 

with location. Thus, the diverse nature of atmospheric corrosion makes it complex and difficult to 

predict. The atmospheric corrosive environments are categorized as urban, rural, marine, and 

industrial [50–52]. 
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2.1.3.1.1 Rural 

The aggressiveness of rural environments is generally less towards metals and does not contain 

chemical contaminants, however, it does have inorganic and organic matters. In essence, rural 

atmospheres consist of corrosives of a little amount of sulfur oxides, carbon dioxide from different 

combustion products, and ammonia that results from the decomposition of farm fertilizers [53, 

54]. 

2.1.3.1.2 Urban 

The urban atmosphere is almost the same as the rural atmosphere, that is, in both there are activities 

(industrial) taking place. A significant difference is that the urban atmosphere has much denser 

pollution from a few motor vehicles, domestic combustion, dew, etc. which then result in a high 

increase in the amount of sulphuric acid, carbon dioxide, sulphur dioxide, and chloride that are 

aggressive to exposed metal surfaces [54]. 

2.1.3.1.3 Industrial 

The industrial atmosphere is caused vigorously by sulfur dioxide from burning coal, nitrogen 

oxides that result from the combustion of automotive and fossil fuels in power stations. These 

contaminants settle in the atmosphere as microscopic droplets and they fall as acid rain which 

produces highly corrosive wet, acid film on exposed metal surfaces[52, 54].   

2.1.3.2 Soil corrosion 

Soil is a mixture of minerals, organic matter, water, and gases that is paramount to life on earth. It 

has been found that metal left under wet soil undergo more severe corrosion as compared to metal 

left under dry soil. However, soils are often wet because of rain, and in many cases lead to 

catastrophic damage and failure of metallic structures buried under soil [3]. Soil corrosion is of 

major concern globally. Across the United States (US) alone, there are more than 3.7 million 

kilometers of pipelines buried under soil moving different types of gases, water, and other 

hazardous liquids from and to different locations [10, 42, 56]. These metallic structures (pipelines) 

are prone to corrosion. The factors that influence the rate of corrosion in soil include aeration 

(porosity), electrical conductivity, pH value, microbiological activity, dissolved salts content, and 

moisture [3, 10].  
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2.1.3.3 Water corrosion 

Undoubtedly water has tremendous importance in all the living things on earth, it covers a huge 

(three of four equal parts) surface of our planet earth, and it institutes about 60 to 70 percent of the 

living world [3]. However, there are some environmental concerns accompanying water corrosion 

due to distribution piping that contains zinc, lead, cadmium and copper in drinking water [3, 10, 

20, 57]. In the concept of “water corrosion”, water is classified as fresh water and seawater. These 

two types of water are discussed below.  

 

2.1.3.3.1 Freshwater 

Surface water and groundwater are the two most sources of freshwater. The term freshwater refers 

to any natural occurring water that is sourced from rivers, lakes, glaciers, reservoirs, ponds, 

waterfalls, springs, wells, and even groundwater [20, 58]. Despite the importance of freshwater to 

life, it is limited to an extent that it only constitutes three percent of all the water on earth and only 

a fraction in that three percent is directly usable [20]. All water is considered to have a content of 

some impurities or constituents. The environmental conditions and the constituents/impurities of 

freshwater are what influence the aggressiveness of water towards metals they are exposed to [59–

61]. The environmental conditions include temperature, water flow rate, and pH level, the 

constituents: dissolved gases (oxygen, nitrogen, carbon dioxide, ammonia), mineral components 

(salts), microorganisms (bacteria), and organic substances.  

 

2.1.3.3.2 Seawater 

The seawater environment is very complex in the concept of corrosion because almost all the 

elements that are found on earth are present in seawater [3, 62]. The vast amount and miscellany 

of dissolved gases, dissolved solids, and various species of biological matter (bacteria) make the 

mechanism by which metals corrode in this environment even more difficult to understand [63]. 

Nevertheless, from a corrosion point-of-view, some of the parameters that influence the rate of 

corrosion in seawater such as; salinity, dissolved oxygen concentration, pH value, and temperature 

have been thorough-studied for over many decades [3, 20, 61, 64]. In seawater constituents, 

chloride ions contribute the highest in the severity of corrosion [3]. Figure 2.8 below shows the 

major constituents of sea water. 
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Figure 2.8: Major constituents of sea water [65]. 

 

In 1902, Forch [66] et. al. defined salinity as “the total amount of solid material in grams contained 

in one kilogram of seawater when all the carbonate has been converted to oxide, the bromine, and 

iodine replaced by chlorine, and all organic matter completely oxidized”, that in simple term is; 

the amount (grams) of dissolved inorganic matters per 1 kilogram of seawater [66, 67]. Seawater 

is typically a more aggressive environment towards metals than freshwater the high ability of 

chlorine ions to penetrate the metal surface and its higher conductivity [3, 20]. However, due to 

the dilution of fresh water and solar evaporation in some areas salinity may vary (incapacitated) 

as compared to others [3, 68]. 
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2.1.4 FORMS OF CORROSION 

Corrosion can manifest itself in many various ways and it can be classified accordingly. Generally, 

these classifications are made in visual observation of the corroded metal but at times amplification 

is required to correctly tell the type of corrosion [24, 69]. The most common forms of corrosion 

are:  

• Uniform corrosion 

• Pitting corrosion 

• Galvanic corrosion 

• Crevice corrosion 

• Erosion corrosion 

• Selective corrosion 

• Fretting corrosion  

• Stress corrosion cracking 

The forms of corrosion above are listed in no particular importance and are further discussed below 

according to their characteristic and mechanisms. 

2.1.4.1 Uniform corrosion 

Uniform corrosion which is also known as general corrosion is assumed to be the most common 

type of corrosion [24]. This form of corrosion occurs when the metal surface is attacked at an even 

rate all over the entire exposed metal surface [70].  However, general corrosion is considered to 

be less dangerous because it is rather easy to predict. Most of the other forms of corrosion are 

insidious in nature and difficult to predict but uniform corrosion does not penetrate deep inside the 

metal, which makes it even easy to deal with at an acceptable level. Various mitigations can be 

employed in reducing uniform corrosion, and some of them include:  the use of inhibitors and 

cathodic protection, these prevention measures will be well-discussed in subsequent chapters   [24, 

69, 70]. A commonly known example of general corrosion is rusting of steel in open-air shown in 

figure 2.9. 
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Figure 2.9: An example of uniform corrosion [71]. 

 

2.1.4.2 Pitting corrosion 

Pitting corrosion is characterized by narrow pits or holes in the surface of the metal that has a 

radius equal to or less than the depth but generally relatively small [24]. They are sometimes 

separated or very close to each other that they appear as rough surface. Pitting is also regarded as 

an insidious and destructive localized attack; in that, the attack is limited to specific sites of metal 

and pits are very tiny and often covered with corrosion product, consequently, they cause 

undetected or unpredicted failures on metal structures [15, 24]. In addition, sometimes pits take 

months or even years to appear on the surface of the metal but the period depends on the metal and 

corrosive media involved. Moreover, once the attack has a pit pierces a metal at a non-stopping 

rate [24]. According to Philip A. Schweitzer [15], electrical contact between dissimilar metals is 

the major cause or accelerator of pitting. Carbon steels are reported to be more resistant than 

stainless steels, aluminum, and their alloys [15, 24, 72–74]. Pitting corrosion can result in various 

shapes which can only be pinpointed through metallography in the laboratory where pitted sample 

in cross-sectioned and examined [73]. Some of the shapes associated with pitting corrosion are 

illustrated in figure 2.10.  
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Figure 2.10: Shapes associated with pitting corrosion [73]. 

 

2.1.4.3 Galvanic corrosion 

Galvanic corrosion which also known as two-metal corrosion and is sometimes referred to as 

dissimilar metal corrosion and occurs in the presence of an electrolyte when two different metals 

are electrically connected and there is a potential difference that supplies a driving force for the 

corrosion of the more electrically negative metal [15, 24, 72]. It is electrochemical corrosion [71–

74]. In galvanic corrosion, corrosion of the more resistant (cathodic) metal is usually decreased 

and attack on the less resistant (anodic) metal is increased as compared to when they are not in 

contact [24]. Table 2.1 shows the galvanic series of metals and their alloys in seawater which 

distinguished nobility of some metals and alloys in seawater. In essence, the more noble metal 

becomes the cathode and the less noble becomes the anode [75]. 
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Table 2.1: Galvanic series of some commercial metal and alloys in seawater [15].  

 

 

The position of the metal in the galvanic series is one of the major factors that affect galvanic 

corrosion. This is attributed by the fact that, the further apart the metals in the galvanic series, the 

severer the corrosion effect [15, 75]. A typical example of galvanic corrosion is when aluminum 

and copper are attached and submerged in seawater, the attack is expected to be quicker on 

aluminum, whilst copper is protected on the cathodic site. Figure 2.11 shows an example of 

galvanic corrosion. 
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Figure 2.11: Galvanic corrosion in seawater [75]. 

 

2.1.4.4 Stress Corrosion Cracking (SCC) 

Cicek. V [72] described Stress Corrosion Cracking as the formation of cracks on metals and alloys 

when they are simultaneously exposed to certain aggressive environments and in the presence of 

static tensile stress which may have resulted from centrifugal forces, external load, or temperature 

changes. In the absence of tensile stress, corrosive alone is not enough to cause SCC, there is 

minimum stress below which SCC occurs and it is referred to as threshold stress [15]. Generally, 

all metals are prone to SCC [76, 77]. A suitable environment is also necessary for SCC to occur 

[15]. This form of corrosion is alloy/environment-specific, that is, it results from a specific 

chemical species in the environment. The environments that cause SCC are usually aqueous [24, 

78]. For example, the SCC of aluminum alloys is due to the bromine ions in the environment, 

whereas copper alloys undergo SCC in environments containing chloride [77, 78], in principle, an 

environment causing SCC to one alloy may not cause another. Table 2.2 shows the 

alloy/environment system causing SCC.  Figure 2.12 shows an example of SCC. 
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Table 2.2: Alloy/environment system causing SCC [21].  

 

 

 

Figure 2.12: An example of SCC [77]. 
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2.1.4.5 Crevice corrosion 

Crevice corrosion is sometimes referred to as deposit or gasket corrosion, it is an intensive 

localized type of corrosion that occurs within or adjoining to narrow gaps or crevices formed by 

two surfaces (two metal or nonmetal-metal) that are exposed to corrosives [15, 24, 79]. This type 

of corrosion may occur on any metal, in any corrosive environment [24]. It is not necessary only 

a metallic material that is responsible for causing crevice corrosion, some other materials such as 

wood, rubber, wax, concrete, living organisms, and glass have been reported to have caused this 

attack [15, 24, 79]. It has also been reported that this attack may be a result of the concentration 

gradient of oxygen or ions in crevices, and it is more aggressive in chloride environments [80]. 

Figure 2.13 shows an example of crevices corrosion that resulted from small volumes of stagnant 

liquids trapped in crevices under the metallic bolt. 

 

Figure 2.13: Representation of crevice corrosion [81]. 
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2.1.4.6 Erosion corrosion 

Erosion or abrasion corrosion is a form of metallic attack that occurs when there a relative 

movement between an aqueous or gaseous corrodent and a metal surface submerged in it [15, 72, 

82]. This type of corrosion is usually associated with systems where there is a high-speed 

movement of corrosive fluids. Some of these systems which are most commonly affected include 

piping systems and heat exchangers [15]. However, all equipment subjected to flowing fluids is 

prone to erosion-corrosion [24, 82]. Moreover, a variety of types of corrosives (e.g., organic 

systems, gases, aqueous solution, etc.) have the potential of causing erosion-corrosion [24]. Figure 

2.14 shows an example of failure at a pipe elbow due to erosion-corrosion. 

 

 

Figure 2.14: The failure at a pipe elbow due to erosion-corrosion [82]. 
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2.1.4.7 Fretting corrosion 

Fretting corrosion is also referred to as friction oxidation, it is defined as the deterioration of metals 

that occurs when two metal surfaces are in contact and are subjected to slight vibration or slip [24]. 

The vibration may vary in amplitude from less than a nanometer to about micrometers [76]. This 

form of metallic attacks is mostly expected in tight-fitting parts (e.g. bolted joints, automotive 

parts, fits, etc.) that are not manufactured to slip other, but in the presence of vibration then slip 

each other. Fretting corrosion very detrimental because it occurs to heavy loaded metallic surfaces 

that have a slight movement but frequently against each other in an atmospheric environment 

rather than in aqueous conditions [24]. Figure 2.15 show an example of fretting corrosion. 

 

Figure 2.15: An example of fretting corrosion [25]. 
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2.1.4.8 Selective corrosion  

Selective corrosion is sometimes referred to as “selective leaching” occurs when one component 

of an alloy that is less noble than the other is removed and as a result, the alloy or material turns 

to be porous, with very low strength and stability [83]. “Graphite corrosion” is the term that is used 

for the leaching of iron from cast iron [81, 83] and “dezincification” is the term describing the 

leaching of zinc from brass [81]. Table 1.2 shows other combinations of alloys and corrosive 

environment at which they are susceptible to selective leaching. High temperatures and stagnant 

solutions (acidic) are some of the conditions that stimulate this form of metallic attack [15]. 

Moreover, it is difficult to discover or notice “selective corrosion” because sometimes the sites 

that are selectively attacked are covered with corrosive products [72]. Figure 2.16 shows the 

leaching of zinc from brass on a plumbing pipe.   

 

 

Figure 2.16: An example of selective corrosion. 
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Table 2.3: Combinations of alloys and corrosive environment selective leaching [24]. 
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2.1.5 CORROSION THERMODYNAMICS 

Thermodynamics is the science that deals with the changes in energy and properties related to 

work and heat [24]. When evaluating metal’s susceptibility to corrosion attack, thermodynamic 

parameters such as galvanic series, which include the reduction electrode potentials list and 

electromotive forces of common metals listed in standard emf are commonly mentioned or looked 

at [72]. It is important to note that these parameters (potentials) can be useful in determining the 

spontaneity of corrosion reaction, but not the rate at which corrosion occurs [7, 72]. One of the 

important thermodynamic state functions is that it provides information about the spontaneity of a 

corrosion reaction is Gibbs free energy (∆G) and will be further discussed in subsequent sub-

sections. 

2.1.5.1 Gibbs free energy (∆G) 

Fontana [24], defined Gibbs free energy as “a direct measure of the work capacity or maximum 

electric energy available from a system. In the corrosion concept, “a system” refers to the 

deterioration of metal with its environment. A negative value of Gibbs free energy indicates that a 

corrosion reaction proceeds in a spontaneous direction and there is a loss in free energy [7, 10, 24, 

42]. In principle, this means that, if there are no external forces acting on the system, the system 

will have a tendency to transform to its lowest energy state [24]. Moreover, a positive value of 

Gibbs free energy indicates that the reaction has no tendency to go or proceed at all [10]. It should 

be noted that the tendency of a metal/alloy to corrode does not foretell any information about the 

reaction rate. However, a positive value of Gibbs free energy indicates with certainty that the 

reaction has no tendency to go or proceed at all under given conditions unless interfered externally 

[10]. The value of the Gibbs free energy change for an electrochemical reaction that has all 

reactants and products are in their standard conditions is calculated by equation (9). 

  ∆G˚ = -nFE˚                                                                                                (9) 

where ∆G˚ is the Gibbs free energy, n is the number of electrons involved in the entire 

electrochemical reaction, F is the Faraday constant  and E˚ is the emf when all the reactants and 

product are in their standard conditions, with all the reactants and the product at unity activity. 

Equation (9) can be related to the equilibrium constant (Keq) by equation (10) below [3]: 

RTlnKeq= ∆G˚ = -nFE˚                                (10)        
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2.1.5.2 Standard electrode potentials 

As shown previously (sub-section 2.1.1.3), the potential difference across an electrochemical 

(corrosion) cell is the potential difference measured between two electronic conductors connected 

to an anode and cathode electrodes. It is this potential difference between the two electrodes that 

causes the flow of electrons. Additionally, the movement of the electrons will be from the anodic 

to the cathodic site and by convention, the corrosion current will flow from cathodic to the anodic. 

It can also be said that in the external circuit the electrons can move from the least positive 

electrode to the more positive electrode. This can be attributed to the fact that the electrode 

potential can either be negative or positive [3]. The potential difference across the electrochemical 

cell can be measured using a voltmeter, however, the voltmeter cannot measure the potential 

difference directly for one electrode [1, 3]. Although the process is not simple, it is possible, 

however, to measure the potential of an electrode and electrolyte. The absolute value of the 

potential that will result from such a situation will depend on the temperature, pressure, and on the 

concentration of the electrolyte solution, and this measurement lacks precision [2]. The most 

classical method to correct or remove these inconsistencies was to choose a relative standard 

reference electrode to compare all the electrode potentials with, which will be all done under the 

same conditions.  

 

The electrode that is normally used as a reference for electrode potential measurements is the 

standard hydrogen electrode (SHE). This electrode consists of a platinum electrode immersed in a 

solution of known concentration of hydrogen ions, aqueous-arsenic free hydrochloric acid, and 

saturated with free oxygen and carbon monoxide hydrogen gas that is bubbled to the platinum 

surface. For this reference electrode to be usable in comparison to other electrodes, its potential 

value is taken to be zero at any temperature [3, 5, 84]. Figure 2.17 displays a simplified 

representation of the standard hydrogen electrode. 
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Figure 2.17: schematic diagram of the SHE [20]. 

 

The absolute potential values of various metal surfaces are not known. However, by coupling 

various metal’s half-cells with the SHE at standard conditions, their electric potentials were 

measured and compared relative to the potential of SHE which was taken as zero [20, 84, 85]. This 

way series of potentials for electrodes were determined and represented by Table 1.4. This series 

is called the Electromotive (emf) series or electrochemical series.  The emf series ranks metals 

relative to their tendency to corrode, with metals with the most positive potential values are placed 

at the top of the series and decreased through the potential of the SHE to potentials of the largest 

negative values. The metals with more positive values are also called nobles metals and possess 

resistance to corrosion, and the inverse is true [85]. For instance, according to the emf series zinc 

electrode has a potential value of ­0,763 volts has a greater tendency to corrode as compared to 

iron with a value of -0.440 volts. Gold and platinum are among the metals with greater positive 

potential values; hence they are called noble metals [3, 20, 85]. 

In 1888, German chemist W. Nernst established a very useful relation that predicts the exact emf 

involved in the corrosion process of metal in terms of activities of reactants and products of a 

corrosion cell. This relation is given by equation (11), and it is called the Nernst equation [3, 6, 

85].   

E = E˚ - 
RT

nF
 ln K                                                                                      (11) 
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Table 2.4: Standard reduction half-cell potentials [85]. 
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2.1.5.3 Potential-pH diagram 

Potential-pH diagrams, also called Pourbaix diagrams are one of the useful concepts in interpreting 

thermodynamic data of the stability of any metal as a function of the potential and concentration 

of hydrogen ions of the aqueous solution [86]. Pourbaix diagrams are not constructed based on 

conducting corrosion tests experimentally, but they are generated from calculations based on the 

Nernst equation, equilibrium constants, and the solubility data [6, 15, 85]. Such diagrams are 

applicable in (a) predicting the tendency of any metal to corrode, (b) estimating the corrosion 

product formed , and (c) predicting any change in the environment (hydrogen ions and potential 

adjusting) which may reduce the corrosion attack [3, 15, 85]. A typical example of such diagrams 

is the E-pH diagram (Figure 2.18) for iron at 398 K which describes the general corrosion behavior 

of iron in the presence of water.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.18: Pourbaix diagram for the Fe–H2O system at 398 K showing (a) indicating three 

different corrosion regions (b) considering Fe, Fe3O4 , and Fe2O3 as the only solid substances [85]. 
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Figure 2.18 (a) indicate the simplified potential-pH diagrams for the iron-water system with the 

region of immunity, corrosion, and passivity which are briefly discussed described [6, 15, 85, 86]:  

• Immunity zone: this is the region at the bottom of the diagram, and it represents conditions 

of potential and pH, Fe is thermodynamically stable. Any potential-pH combinations in 

this zone, Fe is resistant to corrosion and remains in metallic form. 

• Corrosion zone: thermodynamic calculations show that the potential-pH combinations in 

this region, Fe is stable and soluble species (Fe2+ or Fe3+ or HFeO2
–), and therefore it is 

prone to corrode. 

• Passive zone: under these conditions of potential and pH, iron reacts to form a 

protective layer [Fe(OH)3] which blocks the corrosion of Fe from further occurring. 

 

2.1.6 CORROSION KINETICS 

As seen previously, thermodynamic calculations allow the prediction of the tendency of any metal 

to corrode and, the conditions under which a metal is at a stable state or resistant to corrosion. 

Moreover, thermodynamics does not, however, convey any information about the rate at which 

corrosion may occur [85]. A thorough understanding of the mechanism of a corrosion reaction is 

necessary, hence, it is useful in foretelling if corrosion will occur and also determining the rate of 

corrosion reaction [20]. Thus, kinetic data is required in making such predictions. Some of the 

common electrochemical kinetic concepts include but are not limited to polarization and the 

Arrhenius equation. Polarization raises when the electrochemical equilibrium potential (Ecorr) is 

altered due to the flow of current through the corrosion cell and it is expressed in terms of the 

resultant potential (E), and overpotential (η) [3, 87], given by equation (12).  

 

                η = E − Ecorr                                                                                                (12) 
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There are three different types of polarization and these independent overpotential contributors 

are[3, 87, 88]:  

• Activation overpotential (ηact): is the difference in potential from the equilibrium for a 

given corrosion reaction that results if the concentration of the reactants and products at 

the given electrode surface are the same in the bulk solution. It is the main polarization 

component and always present at small currents. 

• Concentration overpotential (ηconc): describe voltage losses in the corrosion cell result 

from to the limitation or hindrance of movement of chemical species to/from the electrodes 

due to mass transfer resistance between the electrode surface and the bulk electrolyte.  

• Ohmic drop (iR): also referred to as iR ohmic potential reduction, it stems from the 

resistance along the current path in the corrosion cell.  

It is therefore essential to know the type of polarization occurring in the corrosion reaction, since 

they play a tremendous role in studying the characteristic of a corrosion system of interest. For 

instance, The Butler-Volmer equation, equation (13), can be utilized to empress the relationship 

for a reaction in which the rate is limited by activation overvoltage in terms of current density i, 

and potential E. 

 

i = = 𝑖𝑐𝑜𝑟𝑟exp[
𝛼𝑛𝐹𝜂0

𝑅𝑇
]           (13) 

 

where α is the unitless charge transfer coefficient, with the value usually close to 0.5, but must lie 

between 0 and 1. n is the charge on the ion in equivalents/mol. i is the measured current density 

and icorr is corrosion current.  

 

Rearranging equation (13), one get the anodic and cathodic Tafel equations expressed in equation 

14 and 15 respectively [87, 89, 90].         

 

𝜂𝑎 = 𝑏𝑎 log (
𝑖

𝑖𝑐𝑜𝑟𝑟
)                                 (14) 

 

𝜂𝑐 = 𝑏𝑐 log (
𝑖

𝑖𝑐𝑜𝑟𝑟
)                                        (15)                   
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where ba and bc are called anodic and cathodic Tafel constants, respectively, and 𝜂𝑎  and 𝜂𝑐 are 

anodic and cathodic overpotentials, respectively. These parameters can be obtained 

experimentally.  

The Tafel equations can be used in constructing plots, called Evans diagram, which can be further 

interprets corrosion kinetic data. These equations predict what is often called, Tafel slopes for the 

variation of logarithm of current density against potential [87].  An example of such diagram is 

shown in the figure 2.19. 

 

 

 

Figure 2.19: Schematic Evans diagram for the corrosion of metal by an acid [91].  

 

Further information on corrosion rate can also be estimated from the Arrhenius equation. The 

Arrhenius equation relates the effect of activation energy and temperature change with the rate at 

which a corrosion reaction may occur, and it is expressed by the following equation [89]: 

 

𝐶𝑅= A exp(−
𝐸𝑎

𝑅𝑇
)                        (16) 

 

where CR is the corrosion rate, A is the Arrhenius pre-exponential factor, Ea is the activation energy 

(J mol-1), R is the universal gas constant (8.314 J mol-1 K), and T is the absolute temperature (K). 
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2.1.7 RATE OF CORROSION 

A corrosion reaction of a metal/alloy result in the slow or fast degrading or dissolution of metal 

and consequently resulting in loss of efficiency and weight. Corrosion rate, is, therefore, the 

quantification of how fast the degradation of a metal/alloy may occur in a particular environment 

they are exposed to. The measurement of the rate of corrosion can be expressed in many different 

units, and the most common are [1, 15]:  

 

• corrosion current density (mA/cm2), this method involves the quantification of the rate of 

corrosion using electrochemical techniques such as potentiodynamic polarization (PDP), 

linear polarization resistance (LPR), and electrochemical impedance spectroscopy (EIS). 

• weight loss per unit area per unit time, usually expressed in units: milligrams per square 

decimeter per day (mmd) or (mg/dm2 day). This method is widely used, and it is regarded 

as the simplest. 

• increase in corrosion depth per unit of time also known as control penetration rate (CPR), 

this method measures the thickness of the metal specimen as it gets thinner per unit time. 

It has the units, inch penetration/year (ipy), and mils penetration/year (mpy).  

 

 Some other common corrosion rate units and their interconversions are shown below in Table 1.5 

and 1.6, respectively. 
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Table 2.5: Some units commonly used to express corrosion rates [1]. 

 

Weight loss  Penetration Corrosion current density 

g/cm2 h 

g/cm2 day 

g/m2 h 

g/m2 day 

mg/m2 s 

mdd (mg/dm2 day) 

ipy (inches per year) A/cm2 

Ma/cm2 

A/cm2 

A/m2 

mpy (mils per year)a 

Mm/year 

m/year 

 

Table 2.6: Interconversion of corrosion units [1]. 

 mAcm-2 mmpy mpy gm-2day-1 

mA cm-2 

mmpy 

mpy 

gm-2day-1 

1 

0.306 nd/M 

0.0077 nd/M 

0.112 n/M 

3.28 M/nd 

1 

0.0254 

0.365/d 

129 M/nd 

3.94 

1 

14.4/d 

8.95 M/n 

2.74 d 

0.0694 d 

1 

 

 

2.1.7.1 Factors affecting rate of corrosion 

The corrosion rate is influenced by several factors. Some of these factors are briefly discussed 

below [91, 92]: 

 

2.1.7.1.1 Temperature 

Generally, the rate of corrosion is highly influenced by temperature variations. In most chemical 

or electrochemical reactions, the increase in temperature goes along with the increase in the 

reaction rate due to the increase in kinetic energy [93– 95]. The dependence of corrosion rate on 

temperature can be experimentally linked with the rate constant through equation (16), the 
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Arrhenius equation [89, 93–99]. From the expression of the Arrhenius, it can be immediately seen 

that in a chemical reaction, the rate at which corrosion occurs exponentially rises with the increase 

in the temperature of the medium or surrounding.  

 

In some corrosion reactions, water and oxygen are the two most reactants which sensitive to 

temperature variations [97]. Thus, corrosion reactions are also influenced by the diffusion of 

oxygen, that at a given concentration of oxygen the rate of corrosion is doubled for every 

temperature increase of 303 K [10, 97]. However, for an open corrosion system, as the temperature 

rises above 353 K towards the boiling point, the rate of reaction decreases drastically [10, 100–

102]. This is attributed to the significant decrease of the oxygen in water which results in a marked 

decrease in the concentration of water and oxygen, hence the rate decreases. On a contrary, for a 

closed corrosion system, the rate will proceed to increase with the increase in temperature. These 

can be observed in figure 2.20. 

 

 

Figure 2.20: Effect of temperature on open and closed corrosion system iron in water containing 

dissolved oxygen [102]. 
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2.1.7.1.2 Nature of the corrosion product 

The rate at which corrosion occurs on a metal surfaced is sometimes largely influenced by the 

nature of the oxide that is formed. The oxides may form as stable and impermeable, or they may 

form as unstable and permeable on the metal surface. If it is stable, the oxide acts as protective 

later on the metal surface which prevents corrosion from further occurring. Meanwhile, if it is 

unstable and permeable, it further allows oxygen easy access on the exposed metal surface, thus, 

enhancing the corrosion process at a constant rate. The layer that is formed on the metal surface is 

generally known as either film or a scale, with the term film refers to layers that are very thin (10–

3 mm or less) and scale to very thin films. Examples of some of the metals in corrosion processes 

form oxides as protective films are aluminum, chromium, titanium, tin, lead, etc., meanwhile, 

metals such as zinc, iron, and magnesium, when exposed to some corrosive media are highly prone 

to continuous corrosion since they do not form any protective later that act as a barrier between 

their surfaces and the corrosive medium [103–105]. 

 

 2.1.7.1.3 pH of the corrosive environment 

The rate of corrosion is generally higher in environments with lower pH value (acidic solutions) 

than in neutral (pH = 7) or alkaline (pH > 7) [3, 20] environment. However, the effect of pH on 

corrosion rate differs with metals. For instance, in the case of iron, chromium, and manganese, the 

rate of corrosion is very high at corrosive solutions of pH < 4, and in solutions of pH > 13.5 at 

temperatures above 353,15 K. Moreover, they are resistant to corrosion at solutions of pH = 9 to 

13. Aluminum is known to be resistant at pH = 4.5 to 8.3, meanwhile, zinc is resistance at pH = 

6.5 to 12 [20]. Figure 2.21 shows the pH effect on the corrosion rate of aluminum and iron. 
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Figure 2.21: The effect of pH on the measure corrosion rate of aluminum and iron [105]. 

 

2.1.7.1.4 Humidity 

Humidity has more influence on atmospheric corrosion than in dry air. For atmospheric corrosion 

to occur, there should be a presence of moisture on the metal surface which acts as a solvent for 

the oxygen in the air to supply the electrolyte that is needed for the formation of the corrosion cell. 

Thus, the rate of corrosion, generally, increases with increasing humidity. Moreover, below a 

certain value of relative humidity, the moisture film on the metal surface is so thin that the 

corrosion process occurring on that particular metal is considered negligible [20, 105–106]. For 

instance, as shown in figure 2.22, the rate of corrosion of iron significantly increases at relative 

humidity 60% to 80%, but below 60% the rate is rapidly declined [10, 20, 70, 107]. 
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Figure 2.22: The effect of relative humidity on the corrosion rate of iron [107]. 

2.1.7.1.5 Purity of metal 

The presence of impurities in a metal results in the creation of heterogeneity which leads to the 

formation of a local galvanic cell. The cell is formed in a way that the metal acts as an anodic site 

and the impurity as a cathodic site, thus, results in the corrosion of the metal. For different metals, 

there is a tolerance limit of the concentration of the impurity by which the corrosion rate can be 

triggered. That is, when the concentration of the impurity is higher than the tolerance limit, the 

corrosion rate will likely increase exponentially, whereas the corrosion rate will low or negligible 

below this tolerance limit [20, 108–110]. Generally, the tolerance limits of most metals are affected 

by the presence of other elements/metals [110]. For instance, impurities such as lead and iron in 

zinc result in the creation of tiny galvanic cells, hence there is a noticeable increase in the rate of 

corrosion of zinc around the impurities [20, 110]. In most cases, metal with a high percentage of 

impurities is prone to corrode and pure metals and homogenous alloys are resistant to corrosion 

[10, 20]. 
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2.1.7.1.6 Effect of velocity 

The protective film that formed on the metal surface during the corrosion process plays a 

tremendous role in minimizing the rate of corrosion of metals to some extent [111]. If this 

protective film is altered by and mechanical disturbances such as turbulence, abrasion, or 

impingent, the film can be removed, and this can lead to more attack on the underlying metal [111–

115]. In essence, liquids that flow at relatively high velocity and liquid turbulence remove 

protective films formed by corrosion products, and consequently, increasing the rate of corrosion 

for exposed metals to specific corrosives. Figure 2.23 represents the different states of an oxide-

surface film behavior as liquid velocity or surface shear stresses are increased. 

 

Figure 2.23:  Different states of an oxide-surface film behavior as liquid velocity or surface shear 

stresses are increased [116].  

 

1.2.7.1.7 Nature of the Metal 

Metals that have higher electrode potentials (noble metals) such as gold, platinum, and silver do 

not corrode, whereas metals like zinc, aluminum, magnesium, iron, etc., with lower electrode 

potential, are prone to corrosion. Thus, when two dissimilar metals are in contact with a relatively 

large difference electrode potential, the metal with lower electrode potential will act as an anode 

and hence undergo an attack. The rate of corrosion increases with the increase in electrode potential 

of two dissimilar metals in contact [20]. 
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2.1.8 EFFECTS OF CORROSION 

The effect of corrosion in our daily lives are many and they can be direct or indirect. Moreover, 

these effects come with different severity from one to another. Some of these consequences of 

corrosion that have a negative impact on our lives are briefly discussed in the subsequent sub-

sections below: 

2.1.8.1 Economic effects 

Corrosion has major economic consequences to the world’s economy as it sometimes results in 

premature failure of industrial structures and components, which cause significant economic 

losses. This is a global economic crisis, even advanced-developed countries cannot escape these 

economic losses and the real cost of corrosion remain unmeasured [117–119]. The estimation of 

the economic cost for South Africa has been discussed in section 1.2. The corrosion economic 

costs subject has previously attracted many researchers in attempting to find methods for data and 

economic analysis to mitigate the extent of the severity of these losses [120]. In 1964, Uhlig [121], 

led a study that estimated that in the United States corrosion cost about $5.5 billion or 2.1% of the 

country’s GDP annually.  His estimated cost value was the sum of both direct and indirect costs, 

and these costs are shown in Table 2.7. In 1970 [122], another report was issued by the United 

Kingdom (UK) committee led by Hoar. In their report, they estimated that in the UK corrosion 

cost about £1365 million or 3.5% of the nation’s GDP in 1970, annually. Their report summarized 

the cost of corrosion in the industry sector, and the cost are shown in Table 1.8.  
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Table 2.7: Direct and indirect corrosion cost in US [121]. 

 Item Cost ($ million) % of Total 

cost 

Direct costs Paint 

Metallic coatings and electroplate 

Corrosion-resistant metals 

Boiler and other water treatment 

Underground pipe maintenance and 

replacement 

2000 

472 

852 

66 

600 

36 

9 

15 

1 

11 

Indirect costs Domestic water heater replacement 

Auto engine repairs 

Auto muffler replacement 

225 

1030 

66 

4 

19 

1 

 

Table 2.8: National corrosion costs in UK [122]. 

Industrial Sector Estimated Corrosion Costs 

£ x million % 

Building and construction 

Food 

General engineering 

Government departments 

Marine 

Metal refining and semifrabrication 

Oil and chemicals 

power 

Transport 

Water 

total 

250 

40 

110 

55 

280 

15 

180 

62 

350 

25 

£1365 

18 

3 

8 

4 

21 

1 

13 

4 

26 

2 

100 
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Following Uhlig’s and Hoar’s study, many reports of the economic corrosion costs were published. 

Such reports include but are not limited to; the Japan report in 1977 [123],  The Battelle-NBS 

report (United States) in 1978 [124], and the Kuwait report in 1995 [120].  

2.1.8.2 Human life and health 

Some of these consequences of corrosion are of a serious concern than just loss of mass of metal 

as they result in injuries and loss of life. Metals have been used in a vast application in the 

healthcare environment. They are used as human body parts such as hip bones [1], knee [125–

127], and tooth [128] replacements [figure 2.24 (a) and (b)]. The selection of these metals requires 

thorough research and the highest durability and strength for the corrosion of these metals in the 

human body may lead to serious health issues or sometimes death may result.   

 

 

 

 

 

 

 

 

 

 

Figure 2.24: Illustration of (a) a dental implant and (b) a knee implant using metals [125–128]. 

There are also recorded catastrophic corrosion-related incidents that resulted in serious injuries 

and death. A few of these incidents are;  

• The “Silver Bridge” collapsed in West Virginia, December 1967, due to stress corrosion. 

The incident claimed 46 lives [129].  

• The chemical plant explosion (figure 2.25) in Bhopal, India in 1984, killed over 8000 

people. It is reported that the explosion resulted from corroded steel pipes which leaked 

water into tanks containing methylisocyanate and the iron corrosion enhanced the reaction, 

(a)                              (b)  
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hence the plant blew apart and other dangerous gases escaped. Moreover, it is also 

estimated that since then, 500,000 others are suffering from gas-related disorders as a result 

of that explosion [130, 131]. 

 

 

Figure 2.25: 1984 India chemical plant after exploding [132]. 

• The most recent reported corrosion-related incident which leads to loss of life was 

the sinking of the ship “Princess Ashika’’ sinking accident in 2009 (figure 2.26). 

August 5th, 2009, the cargo ferry Princess Ashika sank just after taking on water 

and as a result, 74 people were declared dead. It is also reported that the marine 

engineer who was assigned to inspect the ship declared it unfit just before sailing 

as he presented his findings (pictures) showing the doors unable to close properly 

due to corrosion, but his warnings were ignored [130, 132]. 
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Figure 2.26: A picture of ferry “Princess Ashika” under the sea [131].  

2.2 CORROSION CONTROL MEASURES 

There are various measures of controlling corrosion just as there are various types and causes (e.g., 

temperature, pH, humidity, etc.) of corrosion. These measures are aimed to eliminate or reduce 

these causes and they are all important in one way or the other since there is none of them which 

has been reported to have been effective enough for all types of corrosion [72]. Some of the most 

common measures of preventing corrosion are discussed below;  

2.2.1 Material selection 

This method involves controlling corrosion by selecting property material that does not corrode 

easily or a combination of materials that are favorable in minimizing the magnitude of corrosion. 

For instance, for a given corrosive environment, a combination of metals with a significantly small 

potential difference will not readily corrode as compared to a combination of metals with a big 

potential difference [133]. Choosing a proper material requires enough knowledge on aspects like; 

practical environmental conditions that can affect the material, economic considerations, and 

design of their end products, which must be taken to account in the final selection. However, 

sticking with materials that have been successfully utilized for that similar purpose before is the 

simplest way [133–135].  
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2.2.2 Proper design 

This technique works together with material selection. It involves the selection of special metallic 

equipment for a proper design that can protect metal to some extent from corrosion when exposed 

to the prevailing environment. It is important that corrosion expect to be an integral part of the 

designing process to convey sufficient knowledge which might be useful not only in the design 

itself but can predict other potential corrosion-related challenges that may arise in the long run of 

that equipment. In many cases, equipment failures are due to the fact that more attention is paid 

on the selection a good corrosion-resistant material for specific environments than the design and 

this leads to major unnecessarily cost, which could have been easily avoided if corrosion were 

incorporated with design at the very early stage of manufacturing [133–135]. 

 

2.2.3 Protective coating  

Protecting metal/alloys from corrosion by coatings is the most used method. The coatings applied 

to a metal surface to reduce the extent of corrosion attack are classified as; metallic coatings, 

inorganic coatings (e.g., anodizing, conversion coatings, glasses, cement, etc.), and organic 

coatings (e.g., chlorinated rubber, paints, plastics, varnishes, etc.). The coating and lining applied 

on a surface for protection may work through one or the combination of the three basic mechanisms 

briefly discussed below: [70, 135–137] 

• Chemical inhibition: this protection is achieved when chemical inhibitive substances are 

incorporated into paint formulations, and they form a coating from one to several molecular 

layers which then acts as a barrier between the metal/alloy surface and the prevailing 

environment.  

 

• Barrier effect: this protection is achieved when coating totally prevents any contact 

between the metal/alloy surface and the prevailing environment.   

  

• Sacrificial protection: this protection is achieved by coating a surface with a more reactive 

metal (more active metal), this results in the coated surface acting as a cathode and the 

coating material being a sacrificial anode. Figure 1.27 shows an example of sacrificial 
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protection offered by zinc coating to a steel surface. This method is also known as cathodic 

protection.  

 

 

Figure 1.27: Sacrificial protection offered by zinc coating to steel surface [70]. 

 

2.2.4 Cathodic protection  

The cathodic protection (CP) method has been used for over decades in protecting metals and 

other materials against corrosion. The main principle of this method is to modify an 

electrochemical cell of metal by forcing the potential difference of the metal into the immunity 

region, as shown in Figure 2.18, and described in subs-section 2.1.5.3 [15, 70, 85, 135–137]. CP 

can be further be expressed into two systems, which are the sacrificial anode and the impressed-

current systems. These systems are briefly described below; 

 

• Sacrificial anode: in this system a more active metal than that the one used in the structure 

is coupled so the structure could act as a cathode during the corrosion process. The more 

active metal (noble) is then being used as the protection of the structure. Hence, it is called 

a sacrificial anode. Some common metals used as sacrificial anodes in the protection of 

steel include, amongst others, zinc, aluminum, and magnesium. Sacrificial anodes are 

usually preferred to be sufficiently bigger in size so that they can be useable for a longer 

period of time. In addition, this system is typically used when current requirements are 

relatively low.  
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• Impressed-current: this system is used to provide protection for large structures such as 

underground storage tanks, ships, pipelines, etc., which galvanic anodes cannot provide 

sufficient current to provide protection. It uses anodes that are non-consumable and are not 

naturally cathodic to steel which is connected to a local power utility that involves a dc 

rectifier (figure 2.28). Unlike sacrificial anodes, this system involves large, complicated, 

and costly installation, and the anode must be corrosion resistant since in most cases it is 

buried under the soil or immersed under the ocean along the structure to be protected. 

However, once properly installed, the systems rectifier provides an easily verifiable 

monitoring point which reduces operating costs. Impressed-current cathodic protection 

systems are typically utilized for high current requirement systems. 

 

 

 

Figure 2.28: An example of impress-current cathodic protection system setup [138]. 
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2.2.5 Corrosion inhibitors 

The velocity of metallic corrosion can also be retarded by the addition of certain chemicals in an 

aggressive environment. These chemicals interact with the corrosive environment or/and a metallic 

surface to offer some protection to the metal surface. They are referred to as corrosion inhibitors 

[7, 139]. The use of corrosion inhibitors as a way to minimize the extent of metallic corrosion has 

gained extensive attention in the field of corrosion science in the past few years and it has been the 

most utilized method [7, 139–147]. This present study focuses only on the investigation of the use 

of quinoxaline derivatives as corrosion inhibitors of some selected metals in various aggressive 

environments. Hence more information on corrosion inhibitors is provided in detail in the 

following section. 

 

2.3 CORROSION INHIBITOR AND INHIBITION MECHANISM 

2.3.1 Definition of corrosion inhibitors 

A corrosion inhibitor can be defined as a chemical substance or combination of substances that 

retard corrosion when introduced in minute concentrations to a corrosive environment [139–149]. 

It can also be regarded, as it were, as a negative catalyst. A large volume of these substances has 

been developed for various systems including, amongst others, cooling systems, steam generators, 

different refinery units, gas and oil reproduction, etc. [70]. However, none of them have been 

reported to be efficient for all the corrosive environments/systems, metallic surfaces, or types of 

corrosion. Thus, suggests that choosing an inhibiting substance for a particular system depends on 

a variety of factor which must be taken into consideration. This is because a substance can 

efficiently inhibit attack for a metal in a particular environment, and the same substance enhances 

attack for a different metal in the same environment [150]. The choice inhibitors can then be made 

upon organic or inorganic compounds. The recent existing data show that organic compounds are 

commonly used as inhibitors, and they provide efficient protection. These are compounds 

containing heteroatoms such as oxygen, sulphur, nitrogen, and phosphorus, π-electrons contain 

functional groups, electronegative functional groups, and aromatic rings in their structures [7, 17, 

68, 150–155]. Furthermore, the selection of an inhibitor also depends on: 
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• Environmental friendliness 

• Cost and availability 

• Toxicity  

• Stability over a lengthy period in non-stable temperature and pH environments  

• Compatibility with the aggressive system 

 

The efficiency of a corrosion inhibitor can be quantized by the following equation: 

 

%IE =
𝐶𝑅𝑢𝑛𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑒𝑑−𝐶𝑅𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑒𝑑

𝐶𝑅𝑢𝑛ℎ𝑖𝑏𝑖𝑡𝑒𝑑
                                                                                               (17) 

 

where %IE is the inhibition percentage, CRunihibited is the corrosion rate of the uninhibited system 

and CRinhibited is the corrosion rate of the inhibited system [148]. 

2.3.2 Classification of corrosion inhibitors  

Inhibitors are classified in various ways by different authors. Some, for example, prefer to classify 

them according to their chemical functionalities, some according to their mechanism and seldom, 

some authors group them depending on the corrosion environment and the nature of the metallic 

surface of interest. Putilova [140] et. al. group corrosion inhibitors in three classifications, which 

are, (i) class A, forms a protective film which acts as a shield on the metal surface, (ii) class B, 

suppresses the extent of aggressiveness of the corrosion environment, and (iii) class AB, inhibitors 

that form a protective film and suppresses the extent of aggressiveness of the corrosion 

environment. Some of the groups of inhibitors are briefly discussed below: 

2.3.2.1 Acid inhibitors 

This type of inhibitors can further be divided into: 

2.3.2.1.1 Organic inhibitors 

Organic inhibitors are often used in aqueous media, and they are anodic, cathodic, or sometimes 

both anodic and cathodic effects but, as a principle, they protect a metal from an aggressive media 

through a process of adsorption. They are also referred to as “film-forming” inhibitors because 

they possess the ability to form hydrophobic films on the surface of the metal. Organic inhibitors 

include amongst them compounds such as carboxylic acids, alcohols, amines, extract of natural 
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substances, etc. and these are often oxygen, nitrogen, sulphur, and aromatic containing compound 

have vastly reported as good organic inhibitors [150–155]. The effectiveness of these compounds 

has been attributed to factors like their molecular weight, molecular structures, electron density, 

dipole moment, carbon-chain length, and electronegativity [7, 68]. 

2.3.2.1.1 Inorganic inhibitors 

Inorganic inhibitors are commonly used in neutral to alkaline environments and they usually react 

with the metallic ions formed on the anodic reaction to produce an insoluble film on the metal 

surface. Despite inorganic inhibitors not being used as much as organic inhibitors, 

several researchers have reported on the use of these compounds [156–178]. According to 

Antonijevic [178] et. al., the use of inorganic inhibitors as an alternative to organic compounds is 

based on the possibility of degradation of organic compounds with time and temperature. Sodium 

nitrite (NaNO2) has been found to be an active inhibitor in closed cooling water systems and two-

phased gasoline-water systems [20]. Compounds like HNO3, CrO3, KIO4, MnSO4, and SnSO4 have 

also been reported to retard the corrosion rate of copper in sulphuric acid [179]. 

2.3.2.2 Alkaline and neutral inhibitors 

This type of inhibitors can further be divided into: 

2.3.2.2.1 Anodic inhibitors 

Anodic inhibitors also referred to as, passivation inhibitors, are compounds that impede only the 

anodic reaction in a corrosion process, that is, they block, lower the anodic reaction, and promote 

the natural reaction of passivation of metal surface, consequently causing a large anodic shift on 

the corrosion potential to a positive direction. These compounds include, amongst others, 

hydroxides, nitrites, chromates, carbonates, silicates, phosphates, molybdates, borates, and 

benzoates. Anodic inhibitors are not entirely safe. Below a certain threshold concentration, these 

compounds become dangerous, and they can cause even more damage (pitting corrosion) or 

accelerate the corrosion process to a metal surface than when an inhibitor was not introduced. This 

is because when the concentration of the inhibitor is not high enough in the solution the metal is 

likely not to be covered completely which will leave some sites of metal exposed and followed by 

the rapid reduction at the anodic site relative to the cathodic site. Therefore, in cases of corrosion 
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rate, anodic inhibitors are only safe to use when the entire reaction is governed by an anodic 

reaction [2]. 

2.3.2.2.1 Cathodic inhibitors 

In contrast to anodic inhibitors, cathodic inhibitors are compounds that achieve the protection of a 

metal surface by either impeding the cathodic reaction in a corrosion process or by selective 

precipitation on cathodic sites [20]. These compounds form a film of insoluble and visible covering 

precipitates on the metal surface which protects it from attack. They are also regarded as safe than 

anodic inhibitors since they do not depend on the amount of concentration. Bockris and Conway 

[180] proposed that cathodic inhibitors function through a mechanism of hydrogen increase over 

the voltage rather than adsorption on the metal surface. Cathodic inhibitors often work by three 

different mechanisms as [7, 70, 180]: 

• Cathodic poisons: these substances retard the overall rate of corrosion by suppressing the 

rate of hydrogen reduction. They are also referred to as hydrogen evolution poison. Arsenic 

antimony, and bismuth derivatives are behaving as cathodic poisons. These inhibitors have 

disadvantage that they cause hydrogen embrittlement due to some hydrogen that get 

adsorbed into the metal surface during the process of cathodic charging. 

• Oxygen scavenger: these substances retard the rate of corrosion by reaction with dissolved 

oxygen, that is, they remove oxygen in the solution. Hydrazine and sodium sulfite are 

examples of oxygen scavengers. 

• Cathodic precipitations: these substances retard the rate of corrosion by forming bulky 

precipitates on the entire metal surface, thereby forming a protective film that indirectly 

blocks both anodic and cathodic sites. Examples of cathodic precipitates are calcium and 

magnesium carbonates. 

2.3.2.3 Mixed inhibitors 

Mixed inhibitors are compounds that show both traits of cathodic and anodic inhibitors in slowing 

down the rate of corrosion. They provide protection by simultaneously indirectly suppressing the 

cathodic and anodic reactions in the corrosion process, thus forming precipitates that act as a 

protective film. Unlike anodic inhibitors, mixed inhibitors are safe to use because they do not lead 
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to any shift in corrosion potential and there are potential dangers of pitting corrosion occurring or 

corrosion being enhanced. Examples of these compounds are silicates and phosphates [187–189]. 

2.3.2.4 Volatile corrosion inhibitors (VCI) 

VCIs also referred to as vapor phase inhibitors (VPIs) are compounds with a low vapour pressure 

of approximately 2 ×10-4 to 0.4 mm Hg. These compounds provide most protection by volatilizing 

and condensing on the metal surface, in environments with less ventilation [7, 70, 181–184]. They 

do so by either first dissociating and then vaporize or just vaporizing in molecular form. However, 

either way, these compounds adsorb in a metal surface through a chemical or physical mechanism. 

Some compounds the show traits of VPIs include, amongst others, ammonium benzoate, 

dicyclohexyl ammonium nitrite, cyclohexylamine carbonate, hydrazine carbonate, and 

benzotriazole [183–186]. The drawback of VPIs is that they must be used with caution because 

they can offer protection for one metal and accelerate corrosion for the other, for the same 

environment. 

 

 

2.3.2.5 Ohmic inhibitor 

Ohmic inhibitors, also referred to as “film forming inhibitors” are compounds that lowers the rate 

of corrosion by lowering the movement of ions between the anodic and the cathodic site on the 

corroding metallic surface [70, 120]. Thus, causes the ionic conductivity to decrease, hence the 

decrease in the corrosion rate. Examples of Ohmic inhibitors include, amongst others, amines and 

sulfonates [120]. 

2.3.3 The synergistic effects 

Inhibition compounds do not always perform as expected even though they have most of the 

desired properties. However, most researchers have found that reinforcing such compounds with 

a second or more inhibitor in small addition can improve their performance. Thus, even if the 

added inhibitor is less effective on its own, it can improve the inhibition effect of the other. This 

phenomenon is referred to as synergisms. According to Shaju et. al. [190], the synergistic effects 

of organic inhibitor systems can be improved by the addition of halide ions in very small 

concentrations to the solution. Foley [191] investigated the inhibition effects of tetraisoamyl 
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ammonium sulphate on iron in the presence of 4N Sulphuric acid, and he found out that the 

dissolution of iron was not retarded to a satisfying extent. However, when 0.005N KI was added 

to the inhibition solution, the dissolution of iron decreased drastically. These halides have been 

reported to be effective in the increasing order of Cl− <Br− < I− [192–194]. 

 

2.3.4 Inhibition mechanism 

Universally, it has been accepted that corrosion inhibitors in an aggressive corrosive medium act 

through a mechanism of adsorption on a metal surface. This adsorption process is categorized into 

two principal types which are physical and chemical adsorption. These types of adsorptions are 

briefly discussed below: 

2.3.4.1 Physical adsorption 

These metal/inhibitor types of interactions are also referred to as physisorption or electrostatic 

adsorption. Physisorption results from the electrostatic attraction between the inhibitor molecule 

and the metal surface. These interactions requires that activation energy should be less than 80 

kJ/mol [195]. 

2.3.4.2 Chemical adsorption 

These metal/inhibitor types of interactions are also referred to as chemisorption and they result 

from strong chemical bonds between the inhibiting molecule and the metal surface [196]. This 

involves metal/inhibitor charge sharing from the presence of lone pair electrons, and π-electrons 

that form strong co-ordinate bonds. The strength of these interaction often increases with rise in 

temperature of a given system and it requires that activation energy should be at least above 80 

kJ/mol [195, 196]. Further distinctions between physisorption and chemisorption are presented in 

Table 2.9 below.  
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Table 2.9: Distinctions between physisorption and chemisorption [15]. 

Physisorption Chemisorption 

It results due to van der Waals force. It results due to the formation of chemical 

bond. 

No new compounds are form in the process. New compounds are formed at the surface of 

the metal. 

favorable at low temperatures and decreases 

with rise in temperature. 

Occurs at high temperature and increase with 

rise in temperature. 

Multimolecular layers are formed. Unimolecular layers are formed. 

The enthalpy of adsorption is low. The value is 

in the range of 20–40 kJ/mol.  

The enthalpy of adsorption is high. The value 

is in the range of 40–400 kJ/mol. 

Processes are reversible in nature. Processes are irreversible. 

It is an instantaneous process. It occurs very slow. 

 

 

2.3.5 Adsorption isotherm 

An adsorption isotherm is a mathematical equation or a graphical representation that relates the 

amount of the adsorbing species (inhibitor) to its surface coverage at a constant temperature [197]. 

Hence, it is called an iso-therm. These isotherms advocate the understanding of the mechanism by 

interpreting the adsorption behavior of a certain inhibitor on the metal surface, that is, more 

information on the type of adsorption process can be obtained from exploring different adsorption 

isotherms. Various adsorption isotherms have been exploited over years and some are briefly 

discussed, and more are shown in Table 2.10 [197–201]. The adsorption isotherms that were found 

to fit most of the organic inhibitors were Langmuir’s or Temkins’s adsorption isotherm [199–201].  

 

2.3.5.1 Langmuir isotherm 

In 1918, Irving Langmuir achieved the first scientifically based derivatives of an adsorption 

isotherm, and it was then referred to as Langmuir isotherm. Since from the development of this 

isotherm, many modified–classical models were developed, however the Langmuir isotherm 

remained the most popular and utilized isotherm [197–209]. This isotherm was modeled based on 

the following assumption: 
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• Adsorption of the solute molecule occurs only at selected sites on the surface. 

• Each site on the surface holds an adsorbate. 

• There is no interaction between neighboring adsorbed atoms or molecules. 

• The enthalpy of adsorption is the same to all sites. 

The Langmuir isotherm can be written in terms of the fraction (θ) of the adsorption sites to which 

the inhibiting molecule is adsorbed on the surface and fraction of the surface with unattached site 

(1-θ). The expression is therefore given by the following equation: 

 

 

K=
𝜃

𝐶(1−𝜃)
                                                                                                                (18) 

 

Rearranging equation (18), one gets: 

 

θ = 
𝐾𝐶

1+𝐾𝐶
                                    (19) 

 

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

concentration of the solute species. 

 

2.3.5.1 Freundlich isotherm 

The Freundlich isotherm is an adsorption isotherm that relates the concentration of solute present 

in the surface of an adsorbent, to the gas or liquid is in contact with. This isotherm was derived by 

Herbert Freundlich in 1909. He provided an empirical expression accounting for the isothermal 

variation of adsorption of a quantity of a gas or liquid adsorbed onto a solid surface [210]. This 

isotherm can be expressed as: 

 

θ = KC1/n                                         (20) 

 

where θ is the degree of  surface coverage, K and n are positive constants for the system at a given 

temperature.  
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2.3.5.1 Temkin isotherm 

This adsorption isotherm is also referred to as Slygin-Frumkin isotherm. It assumes that the more 

the surface of the absorbent is covered, the heat of adsorption of all the molecules in that given 

layer will linearly [211]. It also takes into consideration the possibility of interactions between the 

adsorbent and adsorbate [211, 212]. The expression for Temkin isotherm is given by the following 

equation:   

 

θ = 
1

𝑓
ln 𝐾𝐶                         (21) 

 

where θ is the degree of  surface coverage, K is the constants for the system at a given temperature 

and f is the corrosion inhibitor interaction parameters. 

 

 

Table 2.10: Adsorption isotherms to characterize the adsorption of inhibitors on the metal surface. 

 

Name Isotherm Verification plot 

Langmuir θ = 
𝐾𝐶

1+𝐾𝐶
 

𝜃

1−𝜃
 vs log C 

Temkin θ = 
1

𝑓
ln 𝐾𝐶 θ vs log C 

Freundlich θ = KC1/n       log θ vs log C 

Frumkin (
𝜃

1−𝜃
 ) 𝑒𝑓𝜃= KC θ vs C 

BET isotherm  1

𝑣(
𝑃0
𝑃

−1)
= 

𝐶−1

𝑉𝑚𝐶
(

𝑃

𝑃0
)+

1

𝑉𝑚𝐶
 log 

1

𝑣(
𝑃0
𝑃

−1)
 vs log 

𝑃

𝑃0
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Kinetic thermodynamic model log 
𝜃

1−𝜃
 = log xK + Ylog C log 

𝜃

1−𝜃
 vs log C 

Flory-Huggins adsorption isotherm log 
𝜃

𝐶
 = log Xk + xlog (1-θ) log 

𝜃

𝐶
 vs log (1-θ) 

 

where θ is the degree of surface coverage, C is the concentration of the solute species, K, Y, n are 

positive constants for the system at a given temperature, f is the corrosion inhibitor interaction 

parameters, x  is the number of active sites occupied by one molecule of inhibitor molecule, P and 

P0 are equilibrium and saturation pressure. 

 

2.4 CORROSION OF METALS 

2.4.1 Aluminum (Al) 

Aluminum is the second most distributed element in the earth’s crust and is the most extensively 

used metal in modern life. It first became an industrial metal after the 19th century and the lack of 

industrial usage before that time is attributed to the fact that it was not easy to extract it from its 

ore because it has always been found mixed with other elements [213–215]. Overs the years, 

aluminum and its alloys have been involved in vast industrial applications which involves among 

them the manufacturing of aerospace, cooking gadgets, mirror frames, automotive, serving trays, 

and electrical transmission [213]. The most striking characteristics of aluminum and its alloys that 

attributes to its industrial wide variety usage are briefly discussed below: 

 

• Al is a lightweight metal with density of 2.71 g/cm3, that is, approximately one third less 

than of steel (7.83 g/cm3) and zinc (7.14 cm3).  

• Al has high electrical conductivity, good enough to be used as an electric conductor. 

• Al possesses nontoxic characteristics which allow it to be used as cooking gadgets without 

any harm to humans and to be in direct contact with food products without contaminating 

them.  

• When Al is exposed to the atmosphere, it forms a thin, invisible, passive oxide film. This 

Al self-protecting characteristic makes it resistant to corrosion attack, even in harsh 

industrial conditions that usually corrodes other metals. Moreover, this Al oxide film is 
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only stable in conditions of pH ranging from 4–9, below (acidic) and above (alkalic) the 

film dissolve and Al metal surface remain exposed to further oxidation ( Section 2.1.7.1.3). 

Figure 2.29 show the schematic diagram of an invisible,  passive oxide film that forms on 

the Al surface.  

 

 

Figure 1.29: A schematic representation of the Al metal with the oxide film formed on the surface 

[213]. 

Despite Al having these all-above-mentioned characteristics which attribute for its importance and 

wide application in the industrial sector, it is also known to surrender to corrosion attacks when 

exposed to some conditions. These conditions include amongst them; diluted or concentrated HCl, 

H2SO4, seawater, mercury and mercury salts, etc. Chlorinated and Fluorinated solvents were also 

found to have abilities to destroy the oxide film, consequently exposing the Al to pitting corrosion 

[214–220]. The basic chemical reactions that are involved in corrosion of Al in aqueous medium 

are described below: 

Initially, metallic Al, in oxidation state 0 is oxidized to Al3+ ion (loses three electrons) 

                             2 𝐴𝑙 (𝑠) → 2𝐴𝑙3+(𝑎𝑞) + 6𝑒−                                                   (22) 

This process is followed by  Al3+ ion reacting with water, thus, Al3+ ions are released from the 

anode through an oxidation process and oxygen undergoes reduction at the cathode to form 

aluminum hydroxide Al(OH)3.                  

𝐴𝑙3+(𝑎𝑞) + 3𝐻2𝑂(𝑙) → 𝐴𝑙(𝑂𝐻)3 (𝑠) + 3𝐻+(𝑎𝑞)                                  (23)                               
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the reduction of oxygen is shown by equation (24).  

                            32𝑂2  (𝑔) + 2𝐻2𝑂  (𝑙) + 6𝑒− → 6𝑂𝐻−(𝑎𝑞)                                                        (24) 

 

Finally, the overall reaction for the corrosion of Al is given by equation (25) and these processes 

are further elaborated by Figure 2.30 below.  

2𝐴𝑙 (s) + 2𝐻2𝑂(l) +32𝑂2→2𝐴𝑙(𝑂𝐻)3(s)                                           (25) 

 

 

Figure 1.30: Schematic representation of Al corrosion mechanism in aqueous medium [218]. 

2.4.2 Zinc (Zn) 

Before zinc was identified in metallic form, its ore was used for healing injured people and for 

making brass. The first production of zinc oxide and zinc in a metallic form was first identified in 

India around the 11th to the 14th century and these were followed by the production in China in 

the 17th century [221]. However, in 1746, the German chemist Andreas Marggraf managed to 

isolate the element to pure zinc, and to date, he is honored by the credit of discovering metallic 

zinc [221–223]. Zn currently ranks the fourth most produced and used metal worldwide after, iron, 

aluminum, and copper. It owes most of its application from its favorable anticorrosive properties 

and its relatively low price. Zinc also seen extensive use in galvanizing, thus, adding a thin layer 

to protect other metals such as iron and copper [223–226]. Some of the application and primary 

requirements of zinc and its alloys as protective coating are shown in figure 2.31.  
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Figure 1.31: List of various applications of zinc and its alloys employed as protective coating 

[227]. 

 

 The widespread usage of zinc coatings for the corrosion protection of iron is attributed to 

properties possessed by zinc such as bring highly sacrificial in nature, that is, it has electrochemical 

potential less than that of iron. Thus, in the case of galvanic corrosion, iron becomes the cathode 

and does not corrode at a rate at with zinc which acts as anode does. Like aluminum, when exposed 

to atmospheric, aqueous, and other environments, zinc also has the ability to form a dense, 

protective oxide of zinc carbonate which suppresses the corrosion rate [225]. In addition , the 

protective oxide produced by zinc is not constant with depth, it depends on the time of exposure 

and also with the environment it is exposed to. In general, corrosion is dependent upon the 

environment upon the metal is exposed to, and the corrosion or the formation and maintenance of 

the oxide on zinc surface is influenced mainly by the pH of the environment. It has been reported 

the corrosion of zinc is severe in corrosive environment of pH below 6 and above 12.5. whereas, 

within the pH range of 6 –12.5 the corrosion rate of zinc it is relatively low [226–228].  
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When zinc surface comes into contact with chloride ions, it encounters pitting corrosion, and the 

process is explained by the half reactions below [7] and the processes are further elaborated by 

figure 2.32. 

Initially, metallic Zn, in oxidation state 0 is oxidized to Zn2+ ion (loses two electrons). 

                      𝑍𝑛(𝑠) → 𝑍𝑛2+(𝑎𝑞) +  2𝑒−                                                                                        (25) 

 

This is followed by the reduction of hydrogen ion to hydrogen gas by taking up the two electrons 

of the oxidized zinc.  

                              2𝐻+(𝑎𝑞) +  2𝑒− →  𝐻2(𝑔)                                                                                (26)                                              

The two reactions can be combined to form the final reaction as indicated in reaction equation 

(27). 

              𝑍𝑛 (𝑠) + 2𝐻𝐶𝑙(𝑙) →  𝑍𝑛𝐶𝑙(𝑠) + 𝐻2(𝑔)                                                                  (27) 

 

 

Figure 2.32: Schematic representation of Zn corrosion mechanism in the solution of HCl [7]. 
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2.4.3 Mild steel (MS) 

Mild steel (MS) is an alloy generated from iron and carbon, and also containing small quantities 

of other elements such as silicon, copper, Al, and manganese in providing the necessary 

mechanical properties. It is not all the cases MS will have the same composition, it varies with its 

application, however, the maximum limit of carbon content is known to be around/at about 0.29% 

and silicon, manganese content greater than that of carbon, having 0.6%, 1.65%, and 0.6%, 

respectively [229]. Like Al and Zn, iron is a naturally occurring metal found in form of oxides, 

which then the ore of these are refined to produce MS. Because of the special and unique properties 

like, good strength, hardness, and easy availability that MS chiefly possess, it has found a wide 

range of industrial application which amongst others include boilers, petrochemical industry, oil 

and gas industry, marine applications automobiles, electrical appliances, cooking gadgets, etc. 

When MS end products are exposed to aggressive environment , they tend to revert back to the to 

the oxide and forming what is commonly known as rust, which is a work usual used to describe 

the formed-reddish oxide on MS surface [230].  

The corrosion mechanism of iron in the presence of an environment that has water content 

described in section 2.1.1 in this work is similar to the process of  dissolution of MS. In a dry, 

clean atmosphere like in the rural area, MS is corroded by oxygen to form a thin oxide layer, and 

thickness of about 20 – 50 nm. This process occurs by reaction equation (28). 

 

 4Fe (s) + 3𝑂2(g) → 𝐹𝑒2𝑂3(𝑠)                                                                                                (28) 

 

The layer (Fe2O3) acts as protection to the underlying metal against further corrosion attacks. 

However, the protection layer tends to breakdown and expose the metal under protection when it 

is introduced to an electrolyte [80]. 
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2.5 QUINOXALINES 

Quinoxaline and its derivatives are a paramount class of nitrogen-containing heterocyclic 

compounds, and they constitute a wide range of biological properties which are of great interest in 

the pharmaceutical industry [231]. They are said to have pharmacological activities like 

antibacterial, anticancer, antitumor, antifungal, anti-HIV, antitubercular, anti-inflammatory, 

antineoplastic, amongst others [231–262]. In addition, quinoxaline derivatives also find use in 

agriculture fields as insecticides, herbicides, and fungicides [244, 251–259]. The molecular 

structure of quinoxaline is shown in figure 2.33. 

 

             

Figure 2.33: Molecular structure of quinoxaline. 

As shown in figure 2.33, the unsubstituted quinoxaline is a bicyclic hetero-aromatic compound 

consisting of a benzene ring and a pyrazine fused together, hence, this is a reason a quinoxaline is 

also referred to as benzopyrazine, 1,4-benzodiazine, phenopiazine, and  benzoparadiazine [263]. 

Quinazoline, phthalazine and cinnoline are amongst the compounds that are isomeric to 

quinoxaline (figure 2.34). 

 

               

        Figure 2.34: Structures isomeric with quinoxaline. 
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2.5.1 Some properties of quinoxalines 

The unsubstituted quinoxaline compound (figure 2.33) has a molecular formular of C8H6N2 and 

molecular weight of 130.15 g/mol. At standard conditions, it is a colorless crystalline powder, and 

it is soluble in water with melting point of 302–304 K, boiling point 493–496, and density of 1.124 

g/mL [231, 264–265]. Quinoxaline is acidic with a pKa of 0.6 (much less acidic than pyrazine with 

pKa of 0.4 ) [265]. It undergoes significant di-protonation in the presence of strong acidic medium, 

this can be attributed to its second pKa of -5.52 [264, 265]. Under stringent conditions like 

undiluted HCl, at the temperature of about 363 K, quinoxaline undergo nitration to form the 

mixture of 5-nitroquinoxaline and 5,7-dinitroquinoxaline [264].  

 

2.5.2 Development and synthesis of quinoxalines 

In the year 1884, two German chemists, Daniel Hinsberg and Gottfried Körner independently 

discovered quinoxalines through the reaction of spontaneous condensation of 1,2-diaminobenzene 

with 1,2-dicarbonyl compounds [266, 267]. The general schematic reaction of the synthesis of 

quinoxalines is given in the Scheme 1. 

 

 

 

Scheme 1: General schematic reaction of the synthesis of quinoxalines. 

 

After the Hinsberg and Körner work in 1884, other synthetic ways of producing a variety of 

quinoxalines where developed and some of these methods are shown in Scheme 2. Some of the 

catalysts that have been successfully utilized in the synthesis of quinoxalines are also indicated in 

Scheme 2. 

 



70 | P a g e  
 

 
 

Scheme 2: Some available methods utilized in the synthesis of quinoxalines. 

 

where: i = aq. HF, rt (98%) 

ii = PS/AlCl3 (10 mol%), EtOH, reflux (95%) 

iii = nano-TiO2, rt (88%) 

iv = Au/CeO2 (cat), diglime (91%) 

v = CsOH. H2O, MS,393 K , 23 h, O2 atmosphere (81%) 

vi = EtOH, rt, 30 min (95%) 

vii = FeCl3.6H2O, Na2S.nH2O, 453 K, 24 h (67%) 

viii = DMAC, toluene, K2CO3, 438 K (5%) 

ix = 600 oC, 0.01 Torr (35%) 

x = 873 K, 0.007 mbar, 35 min (78%) 

xi = p-TsOH, 423-443 K, 4 h (87%) 

DMAC = N,N–Dimethlacetamide 

PS/AlCl3 = Polysterene-supported aluminium chloride 
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2.5.3 Quinoxalines used as corrosion inhibitors 

 

Several authors have reported quinoxaline and its derivatives as active anticorrosive compounds. 

Saranya et al. [268] studied corrosion inhibition potential of (3E)-3-(phenylimino)-3,4-

dihydroquinoxalin-2(1H)-one , (3E)-3-[(2-methylphenyl)imino]-3,4-dihydroquinoxalin-2(1H)-

one  and (3E)-3-[(2-methoxy-phenyl)imino]-3,4-dihydroquinoxalin-2(1H)-One on mild steel in 

1.0 M H2SO4 using gravimetric and electrochemical techniques and a maximum % IE of 98.69 

was obtained. using both experimental and computational techniques, Olasunkanmi and Ebenso 

[269] investigated 1-[3-(3-methoxyphenyl)-5-(quinoxalin-6-yl)-4,5-dihydropyrazol-1-yl]propan-

1-one and 1-(3-(4-chlorophenyl)-5-(quinoxalin-6-yl)-4,5-dihydro-1H-pyrazol-1-yl)propan-1-one 

as inhibitors of mild steel in 1.0 M HCl. They found that both compounds exhibited mixed-type 

inhibitive action and showing an increase of inhibition efficiency with an increase in concentration.  

 

In another study, Chitra et al. [270] investigated the inhibition efficiency of 3-methyl-2-phenyl 

quinoxaline, 2,3-diphenyl quinoxaline, 3-methyl-2(2‟hydroxyphenyl)quinoxaline, 3-phenyl-

2(2‟hydroxyphenyl)quinoxaline for mild steel in 1.0 M H2SO4 using weight loss , gasometry and 

electrochemical techniques. Using a Tafel polarization it was evident that the compounds were 

mixed type inhibitors but slightly cathodic in nature and they obeyed Langmuir adsorption 

isotherm with the inhibition efficiency increasing with an increase in inhibitor concentration. 

 

 Rbaa et al. [271] synthesized 1,4-bis-((8-hydroxyquinolin-5-yl)-methyl)-6-methylquinoxalin-2,3-

(1H,4H)-dione and 1,4-bis-((8-hydroxyquinolin-5-yl)-methyl)-quinoxalin-2,3-(1H,4H)-dione and 

investigated the inhibitory performance against the corrosion of mild steel in 1.0 M HCl using 

weight loss, Tafel polarization and electrochemical impedance spectroscopy (EIS) methods. 

Results obtained showed a good agreement on the inhibition efficiency values from the EIS and 

polarization measurements, and the compounds acted as a mixed type inhibitors but mostly anodic 

and adsorption of the inhibitors on the mild steel surface obeyed the Langmuir adsorption isotherm.  

 

The corrosion inhibition potentials of 7-chloro-3-(4-methoxystyryl)quinoxalin-2(1H)-one  and 7-

chloro-2-(4-methoxyphenyl)thieno(3.2-b)quinoxaline was investigated in two different studies 

carried out by Adardour et al. [272, 273] respectively, using weight loss measurements, PDP 

curves and EIS techniques in 1.0 M HCl. Results from PDP studies revealed that these inhibitors 
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acted fundamentally as cathodic-type inhibitors and the thermodynamic studies showing that at 

higher temperatures the compounds maintain and increase their protective effect with spontaneous 

adsorption process suggested by negative values of free enthalpy. Furthermore, the study by 

Adardour et al. [274] compared inhibition efficiencies of 3-methylquinoxalin-2(1H)-one and 3-

methylquinoxalin-2(1H)-thione at 1.0 M H2SO4 using weight loss, PDP, and EIS measurements. 

Higher corrosion inhibition efficiency of more than 99 % at 10-3 M was obtained. The present 

study therefore, is centered on the investigation of some quinoxaline derivatives which have not 

been discussed anywhere in the corrosion-inhibition field of study.  

 

2.6 MOLECULAR SIMULATIONS TECHNIQUES 

2.6.1 Introduction 

In surface chemistry, computational methods provide important insights into molecular bonding, 

electronic and reactivity properties between the metal and the inhibitor molecule. Computational 

chemistry is a branch of chemistry that makes use of theoretical methods in-cooperated within 

computational software programs to determine the physical and chemical properties of molecules. 

There are various computation methods are employed in studying various molecular properties; 

the different methods can be categorized into two main types, namely; molecular and quantum 

mechanics approaches. These methods are briefly discussed in the subsections that follows. 

 

2.6.1.1  Molecular mechanics (MM) approaches 

Molecular mechanics techniques utilize classical physics concepts which state that a molecule 

consists of atoms that are connected by springs rather than the stable arrangement of nuclei and 

electrons [7, 269]. According to these classical physics concepts, each individual spring has its 

own force constant that are utilized in calculating the potential energy of the molecule. The set of 

the force constants related to all the springs is termed force field. Examples of force field include 

the Merck molecular force field (MMFF) which perform well for a wide range of organic 

molecules, and the universal force field (UFF) which works well in all the system containing 

inorganic elements, particularly transition elements. The potential energy of a molecule can be 

estimated using equation (29). 

𝐸𝐹𝐹 = 𝐸𝑠𝑡𝑟 + 𝐸𝑏𝑒𝑛𝑑 + 𝐸𝑡𝑜𝑟 + 𝐸𝑣𝑑𝑤 + 𝐸𝑒𝑙 + 𝐸𝑐𝑟𝑜𝑠𝑠             (29) 
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where 𝐸𝑠𝑡𝑟 is the stretch energy, 𝐸𝑏𝑒𝑛𝑑 is the bending energy, 𝐸𝑡𝑜𝑟 is the torsion energy, 𝐸𝑣𝑑𝑤 is 

the van der Waals energy, 𝐸𝑒𝑙 is the electrostatic energy, and  𝐸𝑐𝑟𝑜𝑠𝑠 is the inversion term coupling 

between the first three terms. 

The MM approach is associated with some advantages and disadvantages. The advantages include 

that it is [270]; 

• applicable to molecules from as small as the H2O molecule to large molecules such as 

protein. 

• conceptually easy to understand. 

• faster and more economic. 

The disadvantages include that [270]; 

• it does not explicitly take electronic interaction into consideration. Therefore, it is not 

suited to describe all molecular phenomenon that involved electronic process. 

• it cannot readily be employed to systems that involve bond formation or breaking. 

• the quality of calculations solely depends on the existing experimental data. 

 

2.6.1.2 QUANTUM MECHANICS APPROACHES 

This approach is different from the molecular mechanic approach in that it considers a molecule 

as a stable arranged electrons and nuclei, hence it assumes that the chemistry of a molecule can be 

completely described by the electronic interaction within the molecule. Quantum mechanics 

methods obtain the knowledge of a given system through solving the Schrödinger equation [269]. 

2.6.2 The Schrödinger equation 

In quantum chemistry, all properties of a system of interest (e.g., a molecule) can be determined 

by simply solving the Schrödinger equation. For instance, a system of mass m, moving along the 

x-axis, the Schrödinger equation can be written as;  

 

 - 
ℏ2

2𝑚

𝑑2𝜓(𝓍)

𝑑𝑥2  +V(𝓍)𝜓(𝓍) =𝐸𝜓(𝓍)                                                                             (30) 
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where ℏ=
ℎ

2𝜋
 is a modified Planck’s constant h and it equals to 1.055 x 10-34 Js, m is the mass of 

the system, 𝜓 is a wave function, V(x) is the potential energy of the particle at the point x and E is 

the total energy of the system.  

 

In three-dimension system, equation (30) can be expressed as shown by equation (31) below; 

 

−ℏ2

2𝑚
 ∇2 𝜓 + V(𝓍) 𝜓 = E 𝜓                                                                                        (31) 

 

where ∇2 is the Laplacian operator and can be expressed as below; 

 

   ∇2 = (
𝜕

𝜕𝓍2  +
𝜕

𝜕𝑦2  +
𝜕

𝜕𝑧2 )                                                                                       (32) 

 

The solutions that are obtainable from solving the Schrödinger equation provides the information 

such as the wave function and corresponding energy values of the system that depends entirely on 

the coordinates of all the particles that makes up a molecule. Other properties of the molecule such 

as the electric properties and magnetic properties are obtained from the energy and the geometry 

of the system of interest. Moreover, the most often acceptable wave function (i.e., the geometry of 

the molecule) and presumably the best one to utilize in computing properties of a particular system 

is the one with the lowest energy [271, 272]. It is worth to also mention that due to the lack of 

mathematical procedures, the Schrödinger equation has only been solved exact for one electron 

system. Therefore, it is this reason researchers opted for approximation approaches to solve the 

equation or to predict the behavior of any multiple electron system in a completely satisfying 

manner [273, 274]. The quantum mechanics methods can be subdivided into two classes; namely, 

semiempirical and ab initio methods. 

2.6.2.1 Semiempirical approaches. 

These methods attempt to address the problem of computational costs by neglecting some electron-

electron integrals arising from the interactions between electrons in a molecule when solving the 

Schrödinger equation [274, 275]. Usually, it considers only the valence electrons of the molecule, 

and only minimal basis sets are used in the calculations [276]. A basis set is the mathematical 
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description of the orbitals within a system used to perform computations. A minimal basis set 

contains the minimum number of basic functions needed for each atom in the molecule of interest.  

Semiempirical methods also rely on parameterization in order to correct the errors resulting from 

the exclusion of some part of a molecule and to produce various results [7]. The advantage of these 

methods is that they are faster than methods that do not introduce approximation of the integrals 

during calculations and do not resort to parametrization (.e., ab initio methods), and therefore, are 

cost-effective, especially for the study of large corrosion inhibitors molecules. However, if the 

molecule under study is not similar to the molecules in the database utilized to parameterize the 

method, the accuracy of the results can be very poor and unreliable [7, 276]. The most commonly 

used semiempirical methods include modified neglect of differential overlap (MNDO), Austin 

model 1 (AM1), Parameterized model number 3 (PM3). These semiempirical methods are briefly 

discussed below. 

 

a) MNDO: this method is the modified version of Neglect of Diatomic Differential Overlap 

(NDDO). In this method, the two-electron integrals are evaluated using multipole-multipole 

interactions approach from classical electrostatics [277]. The older version MNDO only used the 

s and p orbital basis sets while the more recent version (MNDO/d) added d-orbital basis sets to 

allow the description of the transition metals. There are some setbacks that are associated with this 

method. These include its inability to describe the hydrogen bond due to a strong intermolecular 

repulsion and it is generally not reliable in predicting some properties such as heats of formation 

[276].  

 

b) AM1: this method solves the two-electron integral but taking a similar approach as MNDO, 

however, it utilizes a modified expression for nuclear-nuclear repulsions that result in non-physical  

attractive forces that imitate the van der Waals interactions. Unlike MNDO, AM1 is known to be 

good in predicting hydrogen bonds and reliable in predicting properties such as heat of formation. 

There are some setbacks that are associated with this method. These include inaccuracy geometries 

involving phosphorus, it tends to poorly predict nitrogen pyramidalization, and it tends to produce 

O-Si-O bonds that are not sufficiently bent [276]. 
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c) PM3: this method makes use of the equations that are very similar to AM1, however, with a 

modified set of parameters [276]. The modification of parameters on this method is based on 

reproducing a large number of molecular properties [278]. PM3 is more thermochemical accurate 

than MNDO or AM1. There are some setbacks that are associated with this method. These include 

that this method tends to predict sp3 nitrogen as always being pyramidal and it is less good in 

predicting hydrogen bonds energies as compared to AM1 [276]. 

 

2.6.2.2 Ab initio approaches 

The Ab initio methods solve the Schrödinger equation from pure theoretical principles without any 

experimental data or any parameter additions. These are approximate quantum calculations that 

are purely based on mathematical procedures. Ab initio methods provide high accurate 

computations than semi empirical methods since their results does not depend on the available 

database. However, one of the disadvantages associated with these methods is that they are usually 

computationally expensive. This is due to the fact that Ab initio methods take into consideration 

all the terms and integrals when computing [279]. Some of the methods that can be classified as  

• Ab initio methods include Hartree-Fock (HF) method,  

• Moller-Plesset perturbation (MP2) method,  

• Coupled cluster (CC),  

• quantum monte carlo method, and  

• Density Functional Theory (DFT) [274].  

In this present study, the DFT method was utilized for the study because of the fact that in terms 

of computational cost and accuracy it lies between HF and MP2 methods. It is also a preferred 

method when describing properties related to metal surfaces. 

 

2.6.3 DENSITY FUNCTIONAL THEORY (DFT) 

 

The principle behind the DFT method is that the energy, in particular, the ground-state energy of 

a molecule can be obtained by solving the Schrödinger equation in terms of the electron probability 

density parameters rather than the wave function (𝜓) [280], which is the case with wavefunction 

based methods such as HF and MP2.  DFT method determines the ground-state properties of a 

many-electron system using functionals. A functional is a function of a function. In other words, 

every ground-state property is a functional of the electron density. However, the exact density 
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functional is unknown. DFT takes into account the electron correlation effects, which are not 

largely considered in the HF method. This results in faster and a bit more computations than that 

of HF methods [281]. However, the exact density functionals (correlation interactions) are 

unknown. Although the MP2 method is known to provide more accurate results than DFT, it is 

also more computationally demanding than DFT. Furthermore, the DFT methods have been found 

by various researchers to be providing results that are very close to those obtained when using 

highly expensive computational methods such as the CC methods [276, 282]. Therefore, DFT 

methods are growingly finding application in the study of the many-electron system, such as 

organic corrosion inhibitors [283–290]. 

 

DFT methods are based on the mathematical proof of the first Hohenberg-Kohn theorem that stated 

the ground-state electronic energy of a molecule can be expressed as the function of electron 

density (ρ): 

𝐸[ρ] = 𝐸𝑁𝑒[𝜌] + T [ρ] + 𝐸𝑒𝑒[ρ],        (33) 

 

where the first term 𝐸𝑁𝑒[𝜌] = ∫ 𝜌(𝒓)𝑉(𝒓)𝑑𝒓 is external potential energy due to nuclei-electron 

attraction, the second term T [ρ] is the kinetic energy of the electron, and the last term 𝐸𝑒𝑒(𝜌) is 

the energy electron-electron repulsion term. Moreover, the electron density is also a function of 

position 𝐫, and denoted as ρ(𝐫). Thus, equation (33) can further be expressed in the form; 

 

𝐸[ρ] = ∫ 𝜌(𝒓)𝑉(𝒓)𝑑𝒓 + T [ρ] + 𝐸𝑒𝑒[ρ],                             (34) 

 

The electron density is built from the occupied orbitals according to the relation in equation (35) 

below [7]. 

 

           𝜌(𝑟) = ∑ |𝜓𝑖(𝑟)|2𝑛
𝑖=1  ,            (35) 

 

where n is the number of electrons, and it is expressed in the form; 

 

𝑛(𝑟) =  ∫ 𝜌(𝑟)𝑑𝑟              (36) 
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The external potential energy due to nuclei-electron attraction term V(r) in equation (33) it is the 

coulomb potential, and it can be expressed in the form;  

 

𝑉(𝒓) = -∑
𝑧𝛼

𝑟𝑖𝛼
𝛼   in atomic units,                      (37) 

 

where 𝑧𝛼  is the atomic charges for nuclei, and 𝑟𝑖𝛼  is the separation between the nucleus and 

electron distances. 

The energy electron-electron repulsion term, 𝑁𝑒𝑒(𝜌), in equation (34) is given as; 

 

𝑁𝑒𝑒[𝜌(𝑟)] = 
1

2
∫

𝜌 (𝑟1)𝜌(𝑟2)

|𝑟1− 𝑟2|
 𝑑𝑟1𝑑𝑟2 + 𝐸𝑋𝐶 [𝜌(r)],                                           (38) 

 

The first term in equation (38) arises from the electron-electron interaction and the second term is 

the non-classical exchange-correlation energy arising from the exchange and correlation non-

classical interactions. Therefore, replacing equation (39) into equation (35) the total energy 

function can be expressed as; 

 

𝐸[ρ(r)] = ∫ 𝜌(𝒓)𝑉(𝒓)𝑑𝒓 + T [ρ(r)] + 
1

2
∫

𝜌 (𝑟1)𝜌(𝑟2)

|𝑟1− 𝑟2|
 𝑑𝑟1𝑑𝑟2 + 𝐸𝑋𝐶[𝜌(𝑟)]               (39) 

 

Here [equation (39)] we have introduced the exchange-correlation functional 𝐸𝑋𝐶(𝜌) that takes in 

consideration the remainder of the electron-electron interaction, which itself is divided into 

separate correlation and exchange components. The 𝐸𝑋𝐶(𝜌) functional has the mathematical form 

of; 

 

𝐸𝑋𝐶(𝜌) = 𝐸𝑋(𝜌) + 𝐸𝐶(𝜌)                                  (40) 

 

where EX is the exchange energy functional, and EC is the correlation energy functional terms. 

Moreover, the speed and accuracy of  DFT calculations depends on the type of functional and the 

basis set employed. Thus, the exact expressions for the exchange-correlation part of the total-

energy functional remain unknown and must be approximated [275]. To address this problem, a 

variety of functional have been developed to date. Some of these density functionals are Slater and 
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Xα. These functionals do not involve correlation but only electron exchange. Meanwhile, other 

functionals provide the simplest approximation to the complete problem, that is, are based only on 

the electron density. Among such functions include the local density approximation (LDA) or local 

spin density approximation (LSDA) for high-spin systems [274]. The accuracy of LDA in 

predicting structural properties such as covalent bonds, metallic bonds, and ionic bonds is 

remarkably well when compared to HF methods [276, 277]. However, their performance is poor 

in molecular calculations. A typical example is that they predict binding energies that are 

significantly larger than experimental values [269, 276–278]. Moreover, LDA treats systems as 

homogenous. However, real systems are inhomogeneous.  

 

To account for the downfalls of the LDA, a number of more complex sets of functionals that 

involve both the electron density and its gradient were developed. These functionals are referred 

to as gradient-corrected functionals or generalized gradient approximation (GGA). Such 

functionals include Becke correlation functional with Lee, Yang, Parr exchange (BLYP), Perdew-

Burke-Enzerhof (PBE) [279]. In contrast with the LDA functionals, the GGA functionals treat the 

systems as a real system with inhomogeneous electron density. GGA provides an improved 

description of biding energies and accurate calculation for d-metal complexes [269, 280–282].  

There are also hybrid functionals that combine functionals from other methods with pieces of HF 

calculation, usually the exchange integrals. The functionals include Becke 3-parameter exchange 

with Lee, Yang, Parr correlation (B3LYP), Becke 3-parameter exchange with Perdew correlation 

(B3P86), Becke 3-parameter exchange with Perdew and Wang correlation [271, 276, 283]. 

 

2.6.4 SOFTWARE PROGRAM SELECTED FOR PERFORMING CALCULATIONS: 

MATERIAL STUDIO 

BIOVIA material studio [284], is a computational program that is widely utilized by researchers 

in the field of materials science and computational chemistry to predict and understand the 

behaviors and properties of molecular structures.  The use of BIOVIA Materials Studio is not only 

limited to the above-mentioned fields, researchers in various fields such as pharmaceuticals,  

metals and alloys, polymers and composites, fuel cells, and more are making use of the program 

to produce better-performing materials. The advantages of this software include, but not limited to 

its easiness to operate, production of accurate results in shortest period of time, provides 
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capabilities to build, manipulate and view models of crystalline materials and molecules and it also 

full range of simulations and visualize outputs through graphs, tables charts, images, and 

animations [285].  

The quantum modules that are supported by BIOVIA material studio include but not limited to; 

• BIOVIA Materials Studio CAmbridge Serial Total Energy Package (CASTEP) 

• BIOVIA Materials Studio Cantera 

• BIOVIA Materials Studio Density Functional-based Tight Binding (DFTB+) 

• BIOVIA Materials Studio NMR CASTEP 

• BIOVIA Materials Studio VAMP 

• BIOVIA Materials Studio Order-N Electronic Total Energy Package (ONETEP) 

• BIOVIA Materials Studio QMERA 

• BIOVIA Materials Studio DMol3 

 

In this present study, the DMol3 was utilized in all the computation calculations. This module can 

be utilized to model the properties of organic and inorganic molecules (such as, energies), metallic 

solids, molecular crystals and electronic structures using DFT. There are several tasks that can be 

found within this module. These tasks are geometry optimization, transition-state optimization, 

and molecular dynamic among other [285]. 
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CHAPTER 3: 

EXPERIMENTAL       

DETAILS 

 

This chapter provides details of the materials and methods that are utilized in this research. The 

techniques employed in this study are gravimetric analysis, potentiodynamic polarization and 

electrochemical impedance spectroscopy, atomic absorption spectroscopy (AAS), Fourier 

Transform Infrared Spectroscopy (FTIR), and computational analysis.  
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3.1 METAL SPECIMENS 

All experimental procedures involving zinc were conducted using zinc specimens of 99.90 (wt %). 

All the experimental procedures involving aluminum sheets were conducted using aluminum 

specimens of approximately 99.00 (wt %). The mild steel utilized for all the experimental 

procedures has the elemental composition (wt %) of silicon (0.30), carbon (0.21), sulphur (0.03), 

phosphorus (0.02), molybdenum (0.01), nickel (0.039), manganese (0.37), and iron (99.32). Zinc 

and mild steel were utilized for all the experimental procedures and aluminum was utilized for the 

electrochemical procedures only.  The metals used in the gravimetric test were having a surface 

area of 12 cm2, with zinc metals weighing approximately 2.50 g and mild steel metals weighing 

approximately 3.30 g, both metals containing a small hole of about 2 mm diameter in the middle. 

All the metals specimens utilized for the electrochemical tests were cut to a size of 1 cm2 surface, 

then were mechanically abraded on Struers Labosystem instrument (shown in figure 3.4) with 

emery papers (from 100, 600 and 1200) grit sizes. All the metals utilized in this study are versatile 

metals and they are employed tremendously in industries and in all spheres of life. Hence, their 

corrosion inhibition is investigated in this present study. 

 

3.2 PREPARATION OF SOLUTIONS 

The corrosive media utilized for this work were hydrochloric (32 % assay) and sulphuric acids (98 

% assay) supplied by Sigma-Aldrich, South Africa. For all experiments involving zinc and mild 

steel, approximately 1.0 M HCl and 1.0 M H2SO4 corrosive solution were carefully prepared by 

diluting the appropriate amount of both acids (separately) with doubly distilled water. For all the 

experiments involving aluminum, approximately 0.5 M HCl corrosive solution were carefully 

prepared by diluting the appropriate amount of the acid with doubly distilled water. Stock solution 

of about 1010-3 M for the inhibitors was prepared by weighing appropriate amounts of the 

inhibitors and diluting with appropriate amount of doubly distilled water to the mark of 500 ml 

volumetric flasks. To ensure that the inhibitors completely dissolved in the doubly distilled water, 

the mixture was warmed up using a hot plate and stirred with a magnetic stirrer for 2–5 minutes. 

From the stock solution, a series of concentrations as indicated elsewhere were prepared through 

dilution of appropriate amounts of doubly distilled water. 
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3.3 OTHER EQUIPMENT/ INSTRUMENTS AND APPARATUS UTILIZED 

• Volumetric flasks (100 ml, 250 ml, 500 ml, 1000 ml, and 2000 ml) 

• Thermometers: They are made of glass to measure temperature up to 373,15 K 

• Desiccator 

• Glass rod and hooks 

• Plastic funnel 

• Spatula made from stainless steel  

• Pipettes 

• Adam Equipment PW184 Analytical Balance, 180g x 0.0001g, 115 V was for weight loss 

determination and preparation of the inhibitor solutions 

• Memmert thermostat water bath 

• FMH magnetic stirrer, Hotplate up to 693.15 K, and powerful horseshoe magnet 

• Suez Laboratory water purifier ECO  

• Potassium iodide  

• Paper towel 

 

3.4 INHIBIRORS USED 

Three quinoxaline derivatives were utilized as corrosion inhibitors. The properties, anticorrosion, 

and non-toxicity of the inhibitors chosen for this study is discussed is section 2.6 of this 

dissertation. All the quinoxaline derivatives investigated in this study were procured commercially 

(at Sigma-Aldrich). Their structures, molecular formulas, IUPAC names, and molecular masses 

are given in Table 3.1. The studied inhibitors were chosen based on the on the constituent of 

heteroatoms such as nitrogen and oxygen as well as aromatic rings in their structure that have 

reported as major adsorption centers because they have high electron density and the inhibition 

potential and properties of these compounds have not been investigated or reported anywhere in 

literature. Furthermore, quinoxalines have been vastly reported in literature as nontoxic organic 

molecules. 
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Table 3.1: Molecular structures, formulae, name and masses of the quinoxalines used as corrosion 

inhibitors in this study. 

Molecular structure with atom 

numbering 

Molecular formula IUPAC Name Molecular mass 

 

 

 

C9H6N2O2 

 

 

quinoxalone-6-

carboxylic acid  

 

Adopted acronym: 

Q6CA 

 

 

 

174.16 g/mol 

 

C10H8N2O2 

 

 

 

 

 

 

 

 

 

 

 

 

methyl quinoxaline-

6-carboxylate  

 

Adopted acronym: 

MQ6CA 

 

188.19 g/mol 

 

 

 

 

C9H6N2O3 

 

 

3-hydroxy-2-

quinoxaline 

carboxylic acid  

 

Adopted acronym: 

H2QCA 

 

 

190.04 g/mol 
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3.4 Gravimetric Analysis 

Gravimetric analysis is preferable mostly because it is more accurate and reliable. This technique 

is less expensive and gives high precision outcomes. Its recommendation is mainly based on its 

easiness for conduction [284–287]. The weight loss measurements were carried out by totally 

immersing each weighed metal specimens (zinc and mild steel) in the corrosive solution 1.0 M of 

HCl and H2SO4 in the absence and presence of various concentrations of all studied corrosion 

inhibitors at temperatures of 303K, 313K, 323K and 333K, respectively, that was maintained using 

the thermostat water baths. After 7 hours of exposure to the corrosion environment, the metal 

specimens were washed by tap water then brushed by smooth brush under running tap water to 

remove non-adherent corrosion products. The metals were dried with clean paper towel and 

reweighed to obtain the weight loss. Each run was repeated three times and for each an average 

weight loss values was calculated. All the weight loss data was tabulated, recorded and used to 

calculate the corrosion rate (ρ), surface coverage (θ) ,percentage inhibition efficiency (%IE) and 

using the equations (40), (41) and (42), respectively [284]. The system utilized for the gravimetric 

analysis is shown in figure 3.1. 

 

The inhibition efficiency (% IE) was calculated from the values of corrosion rate as follows:  

 

𝜌 = (
△𝑤

𝑆𝑡
)                                                                                                                                                                        (41)  

where: ρ = the corrosion rate 

w = the average weight loss of the material 

S = is the total surface area of the of the metal specimen  

 t = is the immersion time 

 

The degree of surface coverage is given by the following equation:  

 

      θ = (1- 
𝑤1

𝑤2
 )                                                                                                         (42)                                                                                                                                                           

 where: θ = the degree of surface coverage 

             w₁ = the weight loss of metal in the presence of inhibitor           

             w₂ = the weight of metal in the absence of inhibitor      
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The inhibition efficiency (% IE) is given by the following equation: 

 

%IE = (1- 
𝑤1

𝑤2
 ) × 100                                                                                                (43) 

where: IE = inhibition efficiency  

            𝑤1 = the weight loss of metal in the presence of inhibitor           

            𝑤2 = the weight loss of metal in the absence of inhibitor          

 

 

 

Figure 3.1: System used for the gravimetric analysis. 

 

3.5 Electrochemical Analysis 

As discussed in sub-section 2.1.1, corrosion is an electrochemical process. Hence a pool of 

electrochemical techniques for corrosion monitoring have been developed and studied. The two 

electrochemical techniques which are mostly studied for the corrosion process of zinc, aluminum,  

and mild steel are the  Potentiodynamic Polarization (PDP) and the Electrochemical Impedance 

Spectroscopy (EIS) [283–287], hence are also adopted in this study. The system and procedure are 

discussed in the sub-section below. The electrochemical studies were carried out using a 

conventional three-electrode cell SP-150 Biologic potentiostat instrument. All the electrochemical 

experiments were performed at room temperature. 
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3.5.1 Host Computer 

The SP-150 Biologic potentiostat instrument was connected to an external computer (Dell type) 

via USB 2.0 type A male to type B male cable. The potentiostat was operated from computer 

software, BioLogic EC-Lab software. The software allowed remote access to an instrument, thus, 

abled data processing and the recording of data. 

 

3.5.2 Corrosion Cell 

A suitable titration vessel cell made of glass with 150 ml capacity, with sufficient cover openings 

to insert the electrode was utilized in this study, as shown in figure 3.2. The cell consisted with 

three electrodes, namely; the working electrode (WE) which was the metal specimens of under 

investigation, a saturated calomel with Ag/AgCl as a reference electrode (RE), and the counter 

electrode which its purpose was to provide an electron source for the working electrode. The 

working electrode attached to a cable was embedded in epoxy resin as shown in figure 3.3. 

 

 

 

Figure 3.2: Typical electrochemical experiment set-up showing the electrochemical glass cell and 

electrodes. 
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Figure 3.3: The picture of a typical a metal specimen (WE) used for the experiments in this study. 

 

 

Figure 3.4: The Struers Labosystem instrument used for pre-cleaning metal specimens. 
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3.5.3 Potentiodynamic Polarization (PDP) 

Polarization studies was carried out for all the metals under investigation in the presence and 

absence of inhibitors. Polarization measurements was performed to evaluate the corrosion current 

(icorr), Tafel slope (
𝑎

 and 
𝑐
), corrosion potential (𝐸𝑐𝑜𝑟𝑟) and corrosion density. 

The percentage inhibition efficiency in PDP will be calculated by using equation (44):   

 

%𝐼𝐸𝑃𝐷𝑃 = (
𝑖0𝑐𝑜𝑟𝑟−𝑖𝑖𝑐𝑜𝑟𝑟

𝑖0𝑐𝑜𝑟𝑟
) × 100                                                                                 (44) 

 

where: i°corr and ii
corr are the values of corrosion current density in the absence and presence of 

inhibitor, respectively 

 

3.5.4 Electrochemical Impedance Spectroscopy (EIS) 

EIS was also instrumental in studying the corrosion for all the metals under investigation in the 

presence and absence of inhibitors. The electrochemical parameters such as the resistance of 

charge transfer, capacity of double layer, the phase element constant and exponents were obtained 

and used to calculate the inhibition efficiency from the equation (45). 

 

%𝐼𝐸𝐸𝐼𝑆 = (1 −
𝑅0𝑐𝑡

𝑅𝑐𝑡
) × 100                                                                                              (45) 

 

where: R°ct is the charge transfer resistance in the absence of the inhibitor and Rct is the charge 

transfer resistance in the presence of the inhibitor. 
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Figure 3.5: SP-150 Biologic potentiostat for the electrochemical experiments. 

 

For both the PDP and EIS  measurements, the metal specimens were allowed to corrode for an 

hour in Open Circuit Potential (OCP) until a steady corrosion potential (Ecorr) for all the working 

electrodes was established. This was done so because the accuracy of  PDP adepend on the stability 

between the metal specimen and corrosive solution. The SP-150 Biologic potentiostat for the 

electrochemical experiments is shown in figure 3.5. 

 

3.6 Atomic Absorption Spectrometry (AAS) 

 AAS is an analytical technique that measures the concentration of an element by measuring the 

absorbed radiation by free atoms of the element of interest. It detects elements in either liquid or 

solid samples through the application of characteristic wavelengths of electromagnetic radiation 

from a light source. The wavelength at the light is absorbed is specific for each element. For an 

example, in a sample containing iron together with other elements such as sulphur and chromium, 

when such sample exposed to the light at a wavelength for iron, only the iron atoms will absorb 

that light [288]. AAS is an easy, high-throughput, and less expensive technology used primarily to 

analyze compounds in solution, and it can measure down to parts per billion of  grams. In this 
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study, AAS was utilized in determining the concentration of zinc and mild steel for the uninhibited 

and inhibited processes. After gravimetric studies, the solutions of the inhibited and uninhibited 

runs were preserved for concentration measurements. Figure 3.6 shows the atomic absorption 

utilized in this study.  

 

 

Figure 3.6: Atomic absorption spectrometer utilized in this study. 

 

3.7 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectroscopy is an established technique for quality control when evaluating industrially 

manufactured material and can often serve as the first step in the material analysis process. This 

technique is useful for analyzing the chemical composition of smaller particles, typically 10 – 50 

microns, as well as larger areas on the surface [289]. FTIR spectroscopy was useful in determining 

the adsorption characteristics of the inhibitors for zinc and mild steel. After completion of the 

gravimetric measurements of the acidic solutions with and without the optimal concentration of 

the inhibitors at 303 K , zinc and mild steel specimens were rinsed with water, and dried. The layer 

formed on the metal surface was carefully scratched with a knife and it was subjected to FTIR 

studies. The pure inhibitor powder was also analyzed (FTIR). The FTIR spectra of the stretched 
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layer that formed on the metal surface and the pure inhibitor were compared. Perkin-Elmer FTIR 

spectrophotometer shown in figure 3.7 was utilized for the FTIR analysis. 

 

 

 
 
Figure 3.7: Fourier transform infrared spectrometer utilized in this study.  

 
3.8 Computational analysis 

The properties of molecules under investigation were determined by optimizing the structures of 

the individual molecule using the density functional theory (DFT). The binding energy between 

the metal surface and the inhibitor molecule was estimated using a computational software, 

Accelrys Materials Studio [290]. The Material studio software was utilized to obtain a metal crystal 

structure of interest. A metal crystal structure (i.e., crystallographic information file) was imported 

and a unit-cell was built. A super-cell was created and subsequently, a slab of desired phase was 

cleaved to provide a large surface area for the interaction of the inhibitor molecule and the surface 

of the metal. A vacuum simulation box of certain wall thickness consisting of periodic boundary 

conditions for the simulation process was built. In the vacuum of the super-cell, the molecule was 

inserted. All the calculations in this work were calculated under the Dmol3 module with semi-core 

pseudopotentials and double numeric plus polarization (3DNP) basis set [291]. To describe the 

interactions, the generalized gradient approximation (GGA), using the functional form of Perdew-
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Burke-Enzerhof (PBE) were utilized [292]. The SCF tolerance was set to 1.0 × 10-6 Hatrees. 

Considering the computational cost and boundary affects, all calculations were conducted on a 3-

layer slab of  pure Al (111) and Zn (110) (4×4 supercell) surface model, containing 64 atoms, 

respectively, and separated by 20 Å of vacuum along the c-axis direction. The adsorbates and the 

upper surface layer were relaxed, only the bottom two layers were fixed. The binding energy was 

estimated by subtracting the sum of the energy of the isolated metal surface and the inhibitor 

molecule from the energy of the complexed metal···inhibitor system [see equation (46) below].  

 

𝐸𝑎𝑑𝑠 = 𝐸𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒+𝑠𝑢𝑟𝑓𝑎𝑐𝑒 - 𝐸𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 -𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒                                                    (46) 

 

where 𝐸𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒+𝑠𝑢𝑟𝑓𝑎𝑐𝑒 is the total energy of the interacting molecule of interest and the 

surface of interest [Al (111) and Zn (110)], 𝐸𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 is the energy of the isolated molecule and   

𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒  is the energy of the isolated surface of interest.  
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CHAPTER 4 

RESULTS AND      

DISCUSSION 

 

   

This chapter is portioned into four sections. The first section provides the results of the corrosion 

of mild steel and zinc in acidic media in the absence of corrosion inhibitors. The second section 

deals with all the experimental findings of mild steel corrosion in the absence and presence of  

corrosion inhibitors. The third and fourth sections unpack the experimental results for zinc and 

aluminum, respectively. 
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4.1 BLANK TESTS 

4.1.1 Weight loss in the absence of corrosion inhibitors 

The weight loss technique was performed by first weighing each metal specimen of zinc and mild 

steel, and after the metal specimens were completely immersed in the acidic solution of different 

concentrations at various temperatures of 303 – 333 K. After 8 hours of immersion, each metal 

specimen was removed from the acidic solution and re-weighed to obtain a new mass. These tests 

are referred to as blank tests or control tests. The weight-loss method was performed again but this 

time in the presence of inhibitors and a controlled 1.0 M HCl and H2SO4 solutions at various 

temperatures as those of the controlled tests. Generally, the rate of corrosion of metals is highly 

influenced by temperature variation, that is, the rate of reaction is directly proportional to the 

increase in temperature [94, 293]. The results obtained from the blank tests are graphically 

presented in figures 4.1 – 4.4  and in Tables 4.1 –  4.4. 
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Figure 4.1: The plot of weight loss of zinc as a function of the concentration of HCl in the absence 

of a corrosion inhibitor. 
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Figure 4.2: The plot of weight loss of mild steel as a function of the concentration of HCl in the 

absence of a corrosion inhibitor. 

0.2 0.4 0.6 0.8 1

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

W
ei

g
h
t 

lo
ss

 (
g
)

Concentration (M)

 303 K

 313 K

 323 K

 333 K

 

Figure 4.3: The plot of weight loss of zinc as a function of the concentration of H2SO4 in the 

absence of a corrosion inhibitor. 
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Figure 4.4: The plot of weight loss of mild steel as a function of the concentration of H2SO4 in the 

absence of a corrosion inhibitor. 
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Table 4.1: Weight loss measurements and corrosion rate of zinc in various concentrations of 

HCl, in the absence of the corrosion inhibitors. 

Corrosive 

medium 

Temperature 

(K) 

Concentration 

(M) 

Weight loss 

(g) 

Corrosion rate 

(g.cm-2.h-1) 

 

 

 

 

 

 

 

 

 

 

 

 

HCl 

 

 

303 

0.2 0.1337 0.0031833 

0.4 0.1817 0.0043261 

0.6 0.1877 0.0044690 

0.8 0.2460 0.0058571 

1.0 0.2558 0.0060904 

    

 

 

313 

0.2 0.1406 0.0033476 

0.4 0.2947 0.0070166 

0.6 0.3170 0.0075476 

0.8 0.3729 0.0008878 

1.0 0.3823 0.0091238 

    

 

 

323 

0.2 0.2811 0.0066928 

0.4 0.6043 0.0138809 

0.6 0.7021 0.0167166 

0.8 0.7555 0.0179880 

1.0 0.6913 0.0164590 

    

 

 

333 

 

0.2 0.3127 0.0074452 

0.4 0.6088 0.0144952 

0.6 0.7607 0.0181119 

0.8 0.9063 0.0215785 

1.0 1.1077 0.0263780 
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Table 4.2: Weight loss measurements and corrosion rate of mild steel in various concentrations of 

HC in the absence of the corrosion inhibitors. 

Corrosive 

medium 

Temperature 

(K) 

Concentration 

(M) 

Weight loss 

(g) 

Corrosion rate 

(g.cm-2.h-1) 

 

 

 

 

 

 

 

 

 

 

 

 

HCl 

 

 

303 

0.2 0.0626 0.0014904 

0.4 0.0542 0.0012904 

0.6 0.0764 0.0018190 

0.8 0.1022 0.0024333 

1.0 0.1332 0.0031714 

    

 

 

313 

0.2 0.1775 0.0042261 

0.4 0.2471 0.0058833 

0.6 0.2544 0.0060571 

0.8 0.2911 0.0069309 

1.0 0.4118 0.0098047 

    

 

 

323 

0.2 0.2244 0.0053428 

0.4 0.3684 0.0087714 

0.6 0.4788 0.0114000 

0.8 0.5348 0.0127333 

1.0 0.5630 0.0134047 

    

 

 

333 

 

0.2 0.2786 0.0066333 

0.4 0.5905 0.0140595 

0.6 0.7488 0.0178285 

0.8 0.8232 0.0196000 

1.0 0.9851 0.0234547 
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Table 4.3: Weight loss measurements and corrosion rate of zinc in various concentrations of 

H2SO4 in the absence of the corrosion inhibitors. 

Corrosive 

medium 

Temperature 

(K) 

Concentration 

(M) 

Weight loss 

(g) 

Corrosion rate 

(g.cm-2.h-1) 

 

 

 

 

 

 

 

 

 

 

 

 

H2SO4 

 

 

303 

0.2 0.1827 0.0043500 

0.4 0.2821 0.0067166 

0.6 0.2636 0.0062761 

0.8 0.3241 0.0077166 

1.0 0.4022 0.0095761 

    

 

 

313 

0.2 0.2597 0.0061833 

0.4 0.4434 0.0105571 

0.6 0.5267 0.0125404 

0.8 0.6459 0.0153785 

1.0 0.7123 0.0169595 

    

 

 

323 

0.2 0.4734 0.0112714 

0.4 0.8863 0.0211023 

0.6 1.1693 0.0278404 

0.8 1.4523 0.0345578 

1.0 1.3779 0.0328071 

    

 

 

333 

 

0.2 0.4926 0.0117885 

0.4 0.9863 0.0234833 

0.6 1.2961 0.0308595 

0.8 1.5257 0.0363261 

1.0 1.8276 0.0435142 
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Table 4.4: Weight loss measurements and corrosion rate of mild steel in various concentration of 

H2SO4 in the absence of the corrosion inhibitors. 

Corrosive 

medium 

Temperature 

(K) 

Concentration 

(M) 

Weight loss 

(g) 

Corrosion rate 

(g.cm-2.h-1) 

 

 

 

 

 

 

 

 

 

 

 

 

H2SO4 

 

 

303 

0.2 0.1507 0.0035880 

0.4 0.2378 0.0056619 

0.6 0.3040 0.0072380 

0.8 0.3625 0.0086309 

1.0 0.4082 0.0097190 

    

 

 

313 

0.2 0.3099 0.0073785 

0.4 0.4525 0.0107738 

0.6 0.5430 0.0129285 

0.8 0.6014 0.0143190 

1.0 0.8618 0.0205191 

    

 

 

323 

0.2 0.4860 0.0115714 

0.4 0.8856 0.0210857 

0.6 1.1832 0.0281714 

0.8 1.4050 0.0334523 

1.0 1.4667 0.0349214 

    

 

 

333 

 

0.2 0.5811 0.0138357 

0.4 0.9410 0.2240476 

0.6 1.2488 0.0297333 

0.8 1.6170 0.0385000 

1.0 1.7801 0.0423833 

 

The variation of temperature and concentration of the corrosive medium with immersion period 

can be understood by assessing Tables 4.1– 4.4. In all the tables, there is a general increase in 

weight loss with the increase of temperature and an increase in the concentration of the corrosive 

medium. Moreover, from Tables 4.1 – 4.4, it can be observed that the most aggressive acid was 

H2SO4 with the weight loss of 1.828 g and 1.780 g in comparison to HCl with the weight loss of 

1.107 g and 0.9851 g for zinc and mild steel, respectively, at a maximum concentration of 1.0 M 

and temperature of 333 K [294]. The tables also show that the corrosion rate increased with the 

concentration of  HCl and H2SO4, and with the increase in the temperature. These can be attributed 

to the fact that the rate of corrosion is highly influenced by temperature variations, that is, due to 
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the kinetic energy of the atoms or/and molecules, the rate of corrosion increases along with the 

increases in temperature [93–95]. Similar trend was observed for both the acids and metals 

understudy. The following sections contains results obtained when the corrosion inhibitors were 

introduced in the corrosive medium for each metal under study. 

4.2 MILD STEEL  

4.2.1 Weight loss in the absence and presence of corrosion inhibitors 

The weight loss of mild steel in the absence and presence of various concentrations of MQ6CA, 

Q6CA, and H2QCA with and without KI in 1.0 M HCl and 1.0 M H2SO4 at various temperatures 

of 303 – 333 K were studied. The data obtained are graphically presented in figures 4.5 – 4.12  and  

in Tables 4.5 –  4.6.  MQ6CA and Q6CA were investigated at various concentrations of  0.510-

3, 1.010-3, 2.010-3, 3.010-3, and 4.010-3  M for both acids. H2QCA was investigated at various 

concentration of 5.010-3, 6.010-3, 7.010-3, 8.010-3, and 9.010-3 M with synergistic effect, that 

is, addition of potassium iodide (0.005 M) in the solution. 

 

 

Figure 4.5: Weight loss measurements of mild steel in the absence and presence of  MQ6CA in 

1.0 M HCl at different temperature. 
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Figure 4.6: Weight loss measurements of mild steel in the absence and presence of  Q6CA in 1.0 

M HCl at different temperature. 
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Figure 4.7: Weight loss measurements of mild steel in the absence and presence of  H2QCA 

without KI in 1.0 M HCl at different temperature. 
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Figure 4.8: Weight loss measurements of mild steel in the absence and presence of  H2QCA with 

KI in 1.0 M HCl at different temperature. 
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Table 4.5: Weight loss measurements of mild steel in the absence and presence of MQ6CA, Q6CA 

and H2QCA in 1.0 M HCl obtained at different temperature. 

 

 

Inhibitor 

 

 

 

 

Concentration 

(10-3 M) 

Weight loss 

(g) 

303 K 313 K 323 K 333 K 

0.000 1.332 0.4118 0.5630 0.9851 

     

 

 

MQ6CA 

0.5 0.0006 0.0028 0.0966 0.0210 

1.0 0.0004 0.0026 0.0056 0.0119 

2.0 0.0004 0.0018 0.0041 0.0132 

3.0 0.0004 0.0014 0.0033 0.0111 

4.0 0.0001 0.0002 0.0016 0.0030 

      

 

 

Q6CA 

0.5 0.0005 0.0014 0.0023 0.0172 

1.0 0.0018 0.0026 0.0008 0.0142 

2.0 0.0027 0.0043 0.0034 0.0128 

3.0 0.0025 0.0044 0.0037 0.0118 

4.0 0.0014 0.0030 0.0053 0.0109 

      

 

 

H2QCA without KI 

5.0 0.1170 0.3171 0.4757 0.9445 

6.0 0.0940 0.2841 0.4672 0.6362 

7.0 0.0650 0.2580 0.2702 0.7674 

8.0 0.0602 0.2462 0.3004 0.4020 

9.0 0.0545 0.2156 0.2680 0.7005 

      

 

 

H2QCA with KI 

5.0 0.0519 0.1861 0.2290 0.6009 

6.0 0.0240 0.0814 0.2077 0.4882 

7.0 0.0163 0.0671 0.1352 0.4435 

8.0 0.0145 0.0640 0.1176 0.3752 

9.0 0.0129 0.0531 0.0999 0.3854 
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Figure 4.9: Weight loss measurements of mild steel in the absence and presence of  MQ6CA in 

1.0 M H2SO4 at different temperature. 
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Figure 4.10: Weight loss measurements of mild steel in the absence and presence of  Q6CA in 1.0 

M H2SO4 at different temperature. 
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Figure 4.11: Weight loss measurements of mild steel in the absence and presence of  H2QCA 

without KI in 1.0 M H2SO4 at different temperature. 
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Figure 4.12: Weight loss measurements of mild steel in the absence and presence of  H2QCA with 

KI in 1.0 M H2SO4 at different temperature. 
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Table 4.6: Weight loss measurements of mild steel in the absence and presence of MQ6CA, Q6CA 

and H2QCA in 1.0 M H2SO4 obtained at different temperature. 

 

 

Inhibitor 

 

 

 

 

Concentration 

(10-3 M) 

Weight loss 

(g) 

303 K 313 K 323 K 333 K 

0.000 0.4082 0.8618 1.4050 1.7801 

     

 

 

MQ6CA 

0.5 0.2646 0.0764 0.2105 1.0018 

1.0 0.0209 0.0743 0.2078 0.8188 

2.0 0.0184 0.0630 0.2047 0.5062 

3.0 0.0180 0.0558 0.1810 0.4893 

4.0 0.0122 0.50539 0.1693 0.2594 

      

 

 

Q6CA 

0.5 0.0477 0.1163 0.6234 0.9978 

1.0 0.0264 0.1019 0.4740 0.9284 

2.0 0.0621 0.1471 0.3875 0.6924 

3.0 0.0498 0.1667 0.3099 0.5641 

4.0 0.0463 0.1194 0.2497 0.5247 

      

 

 

H2QCA without KI 

5.0 0.2722 0.7313 1.0255 1.2414 

6.0 0.2056 0.6604 0.8697 0.9885 

7.0 0.2399 0.4526 0.9093 1.2603 

8.0 0.2589 0.4189 0.8060 0.9967 

9.0 0.2337 0.5162 0.8000 0.8968 

      

 

 

H2QCA with KI 

5.0 0.1001 0.3842 0.6948 1.2260 

6.0 0.0681 0.1824 0.3482 0.7653 

7.0 0.0627 0.1723 0.3795 0.8886 

8.0 0.0568 0.1600 0.5210 0.9726 

9.0 0.0600 0.2068 0.5043 0.8158 
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From figures 4.5 – 4.12, it is evident that the weight loss of mild steel remarkedly decreased with 

the increase in the concentration of the inhibitors and increased with the increase in the temperature 

of the corrosive environment. Upon close inspection of the data, Tables 4.5 and 4.6 show that mild 

steel lost weight significantly in both acid media (blank) in comparison to when the inhibitors were 

introduced. For instance, in Table 4.6 the weight loss of mild steel for blank tests were obtained to 

be 0.1332 g, 0.4118 g, 0.5630 g, and 0.9851g at temperature of 303 K, 313 K, 323 K, and 333 K, 

respectively, in comparison to tests with an introduction of 0.510-3 M MQ6CA which the weight 

loss of mild steel was obtained to be 0.0006 g, 0.0028 g, 0.0966 g, and 0.0210 g at temperature of 

303 K, 313 K, 323 K, and 333 K, respectively. The table also shows that the lowest weight loss 

was obtained at the highest concentration of  MQ6CA (410-3 M) and temperature of 303 K.  

Similar trend was also observed in all the inhibitors. This observation has been reported by a 

number of authors [295–298]. Looking at H2QCA from both Table 4.5 and 4.6, both tables reveal 

that the introduction of KI in the solution tremendously reduced the weight loss of mild steel. For 

instance, in Table 4.5, at the concentration of 5.010-3 M H2QCA without KI,  the weight loss of 

mild steel was found to increase from 0.1170 g, 0.3171 g, 0.4757 g, and then 0.9445 g at 303 K, 

313 K, 323 K, and 333 K, respectively. However, in the presence of KI values enormously reduced 

to 0.0519 g, 0.1861 g, 0.2290 g, and  0.6009 g at temperature of 303 K, 313 K, 323 K, and 333 K, 

respectively. A similar trend was also observed in all the studied concentrations of H2QCA, and 

also in Table 4.6. These observations support the fact that weight loss decreases with the increases 

in inhibitor concentration, which consequently leads to a decrease in corrosion rate. Nkuna et al. 

also reported a similar observation [299]. Moreover, from the weight loss data of mild tabulated 

above, it is clear that H2SO4 was more corrosive than HCl. This may be due to the fact that H2SO4 

possesses a relatively higher concentration than HCl [294]. 
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4.2.2 Corrosion rate and inhibition efficiency 

The corrosion rate (CR), surface coverage (θ), and percentage inhibition efficiency (% IE) obtained  

from weight loss measurement of mild steel in 1.0 M HCl and 1.0 M H2SO4 in the absence and 

presence of various concertation of MQ6CA, Q6CA, and H2QCA with and without KI at 

temperature 303 – 333 K are presented in the Tables 4.7 – 4.12 and figures 4.13 – 4.20. It is evident 

from these tables that the corrosion rate in the absence of the inhibitors was relatively high at all 

the studied temperatures. However, with the introductory of the three quinoxalines in the corrosion 

medium, the corrosion rate decreased. These tables show that the lowest corrosion rate was found 

to be at the lowest temperature (303 K). For instance, looking at Table 4.7, the corrosion rate of 

mild steel at 303 K in the absence of MQ6CA was 0.003171 g.cm-2.h-1. Immediately the inhibitor 

was introduced a great decrease in corrosion rate (0.000014 g.cm-2.h-1 ) was observed. Other 

authors also documented the same observation [292–298].  
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Figure 4.13: The variation of percentage inhibition efficiency with various concentration of 

MQ6CA at various temperatures in 1.0 M HCl. 
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Figure 4.14: The variation of percentage inhibition efficiency with various concentration of Q6CA 

at various temperatures in 1.0 M HCl. 
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Figure 4.15: The variation of percentage inhibition efficiency with various concentration of 

H2QCA without KI at various temperatures in 1.0 M HCl. 
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Figure 4.16: The variation of percentage inhibition efficiency with various concentration of 

H2QCA with KI at various temperatures in 1.0 M HCl. 
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Table 4.7: The corrosion parameters for mild steel in 1.0 M HCl in the absence and presence of 

various concentrations of MQ6CA obtained from weight loss measurements at 303 – 333 K.  

Inhibitor Temperature 

(K) 

Inhibior 

concentration 

( 10-3 M) 

Corrosion 

rate 

(g.cm-2.h-1) 

Surface 

coverage 

(θ 

Inhibition 

efficiency 

(%) 

 

 

 

 

 

 

 

 

 

 

 

 

 

MQ6CA 

 

 

 

303 

- 0.0031713 - - 

0.5 0.0000143 0.9955 99.55 

1.0 0.0000095 0.9970 99.70 

2.0 0.0000095 0.9971 99.71 

3.0 0.0000095 0.9972 99.72 

4.0 0.0000024 0.9995 99.95 

     

 

 

 

313 

- 0.0098048 - - 

0.5 0.0000667 0.9923 99.23 

1.0 0.0000619 0.9937 99.37 

2.0 0.0000429 0.9957 99.57 

3.0 0.0000333 0.9966 99.66 

4.0 0.0000048 0.9994 99.94 

     

 

 

 

323 

- 0.0134078 - - 

0.5 0.0005000 0.9883 98.83 

1.0 0.0001333 0.9901 99.01 

2.0 0.0000978 0.9927 99.27 

3.0 0.0000785 0.9941 99.41 

4.0 0.0000381 0.9972 99.72 

     

 

 

 

333 

- 0.0234576 - - 

0.5 0.0023000 0.9787 97.87 

1.0 0.0002833 0.9879 98.79 

2.0 0.0003143 0.9866 98.66 

3.0 0.0002643 0.9887 98.87 

4.0 0.0007143 0.9970 99.70 
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Table 4.8: The corrosion parameters for mild steel in 1.0 M HCl in the absence and presence of 

various concentrations of Q6CA obtained from weight loss measurements at 303 – 333 K. 

Inhibitor Temperature 

(K) 

Inhibior 

concentration 

( 10-3 M) 

Corrosion 

rate 

(g.cm-2.h-1) 

Surface 

coverage 

(θ 

Inhibition 

efficiency 

(%) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Q6CA 

 

 

 

303 

- 0.0031714 - - 

0.5 0.0000119 0.9962 0.9962 

1.0 0.0000357 0.9863 0.9863 

2.0 0.0000642 0.9795 0.9795 

3.0 0.0005952 0.9810 0.9810 

4.0 0.0000333 0.9894 0.9894 

     

 

 

 

313 

- 0.0098048 - - 

0.5 0.0000333 0.9966 99.66 

1.0 0.0000548 0.9936 99.36 

2.0 0.0001024 0.9895 98.95 

3.0 0.0001047 0.9893 98.93 

4.0 0.0000714 0.9927 99.27 

     

 

 

 

323 

- 0.0134048 - - 

0.5 0.0000548 0.9959 99.59 

1.0 0.0000190 0.9985 99.85 

2.0 0.0000810 0.9939 99.32 

3.0 0.0000880 0.9934 99.34 

4.0 0.0000013 0.9905 99.05 

     

 

 

 

333 

- 0.0234760 - - 

0.5 0.0004090 0.9853 98.53 

1.0 0.0003381 0.9855 98.55 

2.0 0.0003048 0.9870 98.70 

3.0 0.0002810 0.9880 98.80 

4.0 0.0002595 0.9889 98.89 
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Table 4.9: The corrosion parameters for mild steel in 1.0 M HCl in the absence and presence of 

various concentrations of H2QCA with and without KI obtained from weight loss measurements 

at 303 – 333 K. 

Inhibitor Temperature 

(K) 

Inhibior 

concentration 

( 10-3 M) 

Corrosion 

rate 

(g.cm-2.h-1) 

Surface 

coverage 

(θ 

Inhibition 

efficiency 

(%) 

 

 

 

 

 

 

 

 

 

 

 

 

 

H2QCA 

without KI 

 

 

 

303 

- 0.0031741 - - 

5.0 0.0027857 0.1219 12.19 

6.0 0.0022381 0.2943 29.43 

7.0 0.0015476 0.5123 51.23 

8.0 0.0014333 0.5481 54.81 

9.0 0.0012976 0.5908 59.08 

     

 

 

 

313 

- 0.0098047   

5.0 0.0075500 0.2299 22.99 

6.0 0.0067429 0.3101 31.01 

7.0 0.0061429 0.3739 40.21 

8.0 0.0058619 0.4021 40.21 

9.0 0.0051333 0.4765 47.65 

     

 

 

 

323 

- 0.0134048 - - 

5.0 0.0113262 0.1551 15.51 

6.0 0.0111238 0.1701 17.01 

7.0 0.0064333 0.5200 52.00 

8.0 0.0071524 0.4665 46.65 

9.0 0.0063810 0.5241 52.41 

     

 

 

 

333 

- 0.0234760 - - 

5.0 0.0224881 0.0412 04.12 

6.0 0.0151479 0.3542 35.42 

7.0 0.0182714 0.2210 22.10 

8.0 0.0095714 0.1634 16.34 

9.0 0.0166786 0.2889 28.89 

      

 

 

 

 

 

 

 

 

 

 

 

 

303 

- 0.0031714 - - 

5.0 0.0012357 0.6101 61.01 

6.0 0.0005714 0.8195 81.95 

7.0 0.0003881 0.8772 87.72 

8.0 0.0003452 0.8909 89.09 

9.0 0.0003071 0.9032 90.32 

     

 

 

- 0.0098048 - - 

5.0 0.0044310 0.5481 54.81 
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H2QCA with 

KI 

 

313 

6.0 0.0019381 0.8023 80.23 

7.0 0.0019576 0.8370 83.70 

8.0 0.0015238 0.8444 84.44 

9.0 0.0012643 0.8709 87.09 

     

 

 

 

323 

- 0.0134048 - - 

5.0 0.0054524 0.5241 52.41 

6.0 0.0049452 0.6310 63.10 

7.0 0.0032190 0.7599 75.99 

8.0 0.0028000 0.7911 79.11 

9.0 0.0023786 0.8224 82.24 

     

 

 

 

333 

- 0.0234760 - - 

5.0 0.0143071 0.3900 39.00 

6.0 0.0116238 0.5044 50.44 

7.0 0.0105595 0.5498 54.98 

8.0 0.0089333 0.6091 60.91 

9.0 0.0091761 0.6097 60.97 
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Figure 4.17: The variation of percentage inhibition efficiency with various concentration of 

MQ6CA at various temperatures in 1.0 M H2SO4. 

 



117 | P a g e  
 

0.5 1 2 3 4

0

20

40

60

80

100

%
 I

E

Cinh (10-3 M)

 303 K

 313 K

 323 K

 333 K

 

Figure 4.18: The variation of percentage inhibition efficiency with various concentration of Q6CA 

at various temperatures in 1.0 M H2SO4. 
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Figure 4.19: The variation of percentage inhibition efficiency with various concentration of 

H2QCA without KI at various temperatures in 1.0 M H2SO4. 
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Figure 4.20: The variation of percentage inhibition efficiency with various concentration of 

H2QCA with KI at various temperatures in 1.0 M H2SO4. 
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Table 4.10: The corrosion parameters for mild steel in 1.0 M H2SO4 in the absence and presence 

of various concentrations of MQ6CA obtained from weight loss measurements at 303 – 333 K.  

Inhibitor Temperature 

(K) 

Inhibior 

concentration 

( 10-3 M) 

Corrosion 

rate 

(g.cm-2.h-1) 

Surface 

coverage 

(θ 

Inhibition 

efficiency 

(%) 

 

 

 

 

 

 

 

 

 

 

 

 

 

MQ6CA 

 

 

 

303 

- 0.0097191 - - 

0.5 0.0005857 0.9398 93.98 

1.0 0.0004976 0.9488 94.88 

2.0 0.0004381 0.9549 95.49 

3.0 0.0004286 0.9558 95.58 

4.0 0.0002905 0.9701 97.01 

     

 

 

 

313 

- 0.0205190 - - 

0.5 0.0018190 0.9113 91.13 

1.0 0.0017690 0.9138 91.38 

2.0 0.0015000 0.9262 92.53 

3.0 0.0013286 0.9353 93.53 

4.0 0.0012833 0.9375 93.75 

     

 

 

 

323 

- 0.0334524 - - 

0.5 0.0050119 0.8502 85.02 

1.0 0.0049476 0.8521 85.21 

2.0 0.0048738 0.8543 85.43 

3.0 0.0043095 0.8648 84.48 

4.0 0.0040309 0.8795 87.95 

     

 

 

 

333 

- 0.0423833 - - 

0.5 0.0238523 0.4279 42.79 

1.0 0.0194952 0.5400 54.00 

2.0 0.0120524 0.7156 71.56 

3.0 0.0116500 0.7251 72.51 

4.0 0.0061719 0.85433 85.43 
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Table 4.11: The corrosion parameters for mild steel in 1.0 M H2SO4 in the absence and presence 

of various concentrations of Q6CA obtained from weight loss measurements at 303 – 333 K. 

Inhibitor Temperature 

(K) 

Inhibior 

concentration 

( 10-3 M) 

Corrosion 

rate 

(g.cm-2.h-1) 

Surface 

coverage 

(θ 

Inhibition 

efficiency 

(%) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Q6CA 

 

 

 

303 

- 0.0097190 - - 

0.5 0.0011357 0.8831 88.31 

1.0 0.0015333 0.8422 84.22 

2.0 0.0014786 0.8478 84.78 

3.0 0.0011857 0.8780 87.80 

4.0 0.0011024 0.8865 88.65 

     

 

 

 

313 

- 0.0205191 - - 

0.5 0.0027690 0.8650 86.50 

1.0 0.0024262 0.8371 83.71 

2.0 0.0035023 0.8308 83.08 

3.0 0.0039023 0.8100 81.00 

4.0 0.0028425 0.8630 86.30 

     

 

 

 

323 

- 0.0334229 - - 

0.5 0.0148429 0.5573 55.73 

1.0 0.0112857 0.6634 66.34 

2.0 0.0092262 0.7241 72.41 

3.0 0.0073786 0.7790 77.90 

4.0 0.0059452 0.8226 82.26 

     

 

 

 

333 

- 0.0423833 - - 

0.5 0.0237571 0.4394 43.94 

1.0 0.0221048 0.4784 47.84 

2.0 0.0164857 0.6278 62.78 

3.0 0.0141729 0.6831 68.31 

4.0 0.0124987 0.7052 70.52 
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Table 4.12: The corrosion parameters for mild steel in 1.0 M H2SO4 in the absence and presence 

of various concentrations of H2QCA with and without KI obtained from weight loss measurements 

at 303 – 333 K. 

Inhibitor Temperature 

(K) 

Inhibior 

concentration 

( 10-3 M) 

Corrosion 

rate 

(g.cm-2.h-1) 

Surface 

coverage 

(θ 

Inhibition 

efficiency 

(%) 

 

 

 

 

 

 

 

 

 

 

 

 

 

H2QCA 

without KI 

 

 

 

303 

- 0.0097190 - - 

5.0 0.0064810 0.3332 33.32 

6.0 0.0049167 0.4941 49.41 

7.0 0.0057119 0.4124 41.24 

8.0 0.0061629 0.3658 36.58 

9.0 0.0055643 0.4274 42.74 

     

 

 

 

313 

- 0.0205190 - - 

5.0 0.0174119 0.1514 15.4 

6.0 0.0157238 0.2337 23.37 

7.0 0.0107762 0.4748 47.48 

8.0 0.0099738 0.5139 51.39 

9.0 0.0122905 0.4010 40.10 

     

 

 

 

323 

- 0.0334238 - - 

5.0 0.0244167 0.2701 27.01 

6.0 0.0207071 0.3810 38.10 

7.0 0.0216500 0.3528 35.28 

8.0 0.0191905 0.4263 42.63 

9.0 0.0190476 0.4306 43.06 

     

 

 

 

333 

- 0.0423833 - - 

5.0 0.0295557 0.3026 30.26 

6.0 0.0235357 0.4447 44.47 

7.0 0.0300071 0.2920 29.02 

8.0 0.0237310 0.4401 44.01 

9.0 0.0213524 0.4962 49.62 

      

 

 

 

 

 

 

 

 

 

 

 

 

303 

- 0.0097190 - - 

5.0 0.0023833 0.6010 60.10 

6.0 0.0016214 0.8332 83.32 

7.0 0.0014929 0.8465 84.65 

8.0 0.0013524 0.8609 86.09 

9.0 0.0014286 0.8530 85.30 

     

 

 

- 0.0205190 - - 

5.0 0.0091476 0.5541 55.41 
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H2QCA with 

KI 

 

313 

6.0 0.0043429 0.7883 78.83 

7.0 0.0041024 0.8001 80.01 

8.0 0.0038095 0.8143 81.43 

9.0 0.0049238 0.7600 76.60 

     

 

 

 

323 

- 0.0334238 - - 

5.0 0.0165429 0.5055 50.55 

6.0 0.0082905 0.7522 75.22 

7.0 0.0090357 0.7299 72.99 

8.0 0.0124048 0.6292 62.92 

9.0 0.0120071 0.6411 64.11 

     

 

 

 

333 

- 0.0423833 - - 

5.0 0.0291905 0.3113 31.13 

6.0 0.0182214 0.5701 57.01 

7.0 0.0211571 0.5008 50.08 

8.0 0.0231571 0.4536 45.36 

9.0 0.0194238 0.5417 54.17 

 

Data in Tables 4.7 and 4.10 show that percentage inhibition efficiency rises with  increase in 

concentration of MQ6CA at all temperature. However, the inhibition efficiency of this compound 

is observed to decrease with increase in temperature of the corrosive environment. Table 4.7 shows 

that the highest inhibition efficiency for this compound was attained at highest concentration, that 

is, 410-3 M. Similar trend was also observed in Table 4.10. This response can be attributed that 

as inhibitor concentration is increased, there is a great tendency of  preferential increased 

adsorption of the inhibitor molecules at the metal/solution interface with block the active site of 

mild steel from further acid attack. Furthermore, the inhibition efficiency of this compound in 1.0 

M HCl was found to range from 97.87 – 99.95 %, which even the lowest attained inhibition 

efficiency was greatly appreciable. looking at Table 4.10, it is clear for one to observe that H2SO4 

was more aggressive than HCl to mild steel, particularly at higher temperatures. At 333 K, the 

inhibition efficiency of MQ6CA in 1.0 M HCl was found to be 89.91, 90.07, 90.14, 90.73 and 

90.91 %  at 510-3, 1.010-3, 2.010-3, 3.010-3, and 4.010-3 M, respectively. In 1.0 M H2SO4 at 

the same temperature the inhibition efficiency of  MQ6CA was attained to be 42.79, 54.00, 71.56, 

72.51, and 85.43 % at 0.510-3, 1.010-3, 2.010-3, 3.010-3, and 4.010-3 M, respectively. similar 

findings have been observed by several researchers [300–302]. 
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Generally, it is anticipated that increase in concentration of corrosion inhibitor will result in 

reduction of corrosion rate, consequently a relative high percentage inhibition efficiency [300]. 

However, it can be observed from Tables 4.8 and 4.11 that there was no definitive trend in the 

values of  inhibition efficiency as the concentration of Q6CA and the temperature of the corrosive 

environment were increased. Although the tests were done in triplicates, no simple trend was 

observed. This observation can be attributed to the fact that corrosion is a highly complex process 

due to activities that lead to the alterations which includes the exchange of electrons and desorption 

of the inhibitor among others [301]. Several researchers also reported similar findings [302–304]. 

Nevertheless, the introduction of the inhibitor showed to have significantly retarded the rate of 

corrosion of mild steel in both acids. In 1.0 M HCl, the lowest inhibition efficiency was obtained 

to be 97.95 % at concentration of 210-3 M and temperature of 303 K. For the same corrosive 

medium, the highest inhibition efficiency was obtained to be 99.85 % at concentration of 110-3 

M and temperature of 323 K. The lowest and the highest percentage inhibition efficiencies of 

Q6CA in 1.0 M HCl solution show no significant difference and they were appreciable. Despite 

the fact that there was no regular trend observed in the values of inhibition efficiency of Q6CA, 

looking closely at Table 4.11, it can be observed that inhibition efficiency values decreased with 

increase in temperature. At concentration of 303 K for instance, the values were obtained to be 

88.31, 84.22, 84.78, 87.80, and 88.65 % at 0.510-3, 1.010-3, 2.010-3, 3.010-3, and 4.010-3 M, 

respectively. However, at 313 K, these values decreased to 86.50, 83.71, 83.08, 81.00, then 86.30 

% at 0.510-3, 1.010-3, 2.010-3, 3.010-3, and 4.010-3 M, respectively.   

Tables 4.9 and 4.12 elucidate the inhibition efficiency values of H2QCA with and without the 

addition of KI. From these tables it can be clearly observed that without the addition of KI in the 

solution of H2QCA, there was no regular trend in the inhibition efficiency values. However, after 

the addition of KI the inhibition efficiency values increased with increase concentration of the 

inhibitor and decreased with increase in temperature. A close inspection of these tables show that 

H2QCA without KI performed poorly in reducing the corrosion of mild steel in both acidic media. 

For instance, in table 4.9, at concentration of 5.010-3 M, the inhibition efficiency values were 

obtained to be 12.19, 22.99, 15.51, and 4.12 % at temperature 303, 313, 323, and 333 K, 

respectively. At the same concentration with the addition of KI in the inhibitor solution, the 

inhibition efficiency value improved to 61.01, 81.95, 87.72, 89.09, then 90.32 at temperature 303, 
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313, 323, and 333 K, respectively. Similar improvements in the inhibition  efficiency values were 

also observed in table 4.12. Thus, it is clear that the addition of KI  remarkably improved the 

percentage efficiency of H2QCA. The noticeable improve of the inhibition efficiency of H2QCA 

is due to the interaction the compound and the chemisorbed iodide [305–307].  Chitra at al. also 

reported similar observations [308]. The inhibition efficiency of the studied compound varied in 

the order: MQ6CA>Q6CA>H2QCA. As shown in the table and figures 4.13 – 4.20, all the studied 

quinoxalines on mild steel performed least at higher temperatures. This behaviour may be 

attributed to the spontaneous equilibrium that exists between the adsorption and desorption 

processes. At higher temperatures, the rate of desorption process tends to increase over the 

adsorption process until equilibrium is established again at a different value of equilibrium 

constants, that is, there a possible desorption of some adsorbed inhibitor molecules on mild steel 

surface. Thus, allows high number of H+ ions to attack the metal surface [309–311]. This effect is 

a result of  physical adsorption [312]. 

 

4.2.3 Impact of temperature and kinetic parameters 

As seen from section 4.2.1, temperature highly influence the corrosion of mild steel in acidic 

media. An increase in temperature of the corrosive environment was found to enhance the rate of 

corrosion of mild steel. With this regard, temperature variation can be utilized to further understand 

the mode of adsorption of the studied quinoxaline on mild steel surface.  The Arrhenius equation 

is often utilized to explain the reliance of the corrosion rate of metals on the temperature of the 

surrounding [313]. Equation (47) shows the type of Arrhenius equation to calculate activation 

energy (Ea) for mild steel corrosion [314, 315]. Activation energy is the minimum energy needed 

for corrosion of mild steel to take place. 

𝑙𝑜𝑔 𝐶𝑅 = 𝑙𝑜𝑔 𝐴 −
𝐸𝑎

2.303𝑅𝑇
                                                                           (47) 

where 𝐶𝑅  is the corrosion rate (g.cm-2.h-1), 𝐴 is the Arrhenius pre-exponential factor, 𝐸𝑎  is the 

corrosion activation energy, R is the gas constant (8.3145 J.K-1.mol-1), and T is the absolute 

temperature. The values of activation energy of mild steel corrosion in the absence and presence 

of various concentration of the studied quinoxalines were computed from the plot of  log CR against 

1/T (figures 4.21 – 4.26) and are presented in Tables 4.13 and 4.14. 
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Figure 4.21: Arrhenius plots for mild steel corrosion in 1.0 M HCl solution in the absence and 

presence of different concentrations of  MQ6CA. 
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Figure 4.22: Arrhenius plots for mild steel corrosion in 1.0 M HCl solution in the absence and 

presence of different concentrations of  Q6CA. 
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Figure 4.23: Arrhenius plots for mild steel corrosion in 1.0 M HCl solution in the absence and 

presence of different concentrations of  H2QCA with KI. 
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Figure 4.24: Arrhenius plots for mild steel corrosion in 1.0 M H2SO4 solution in the absence and 

presence of different concentrations of  MQ6CA. 
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Figure 4.25: Arrhenius plots for mild steel corrosion in 1.0 M H2SO4 solution in the absence and 

presence of different concentrations of  Q6CA. 
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Figure 4.26: Arrhenius plots for mild steel corrosion in 1.0 M H2SO4 solution in the absence and 

presence of different concentrations of  H2QCA with KI. 
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More information on the impact of temperature on the corrosion rate of mild steel in 1.0 M HCl 

and 1.0 M H2SO4 can be derived from thermodynamic parameters such as enthalpy of activation 

(ΔH*) and entropy of activation (ΔS*). The rate of corrosion and temperature are related to these 

parameters through the transition-state equation [314, 315]: 

 𝑙𝑜𝑔 (
𝐶𝑅

𝑇
) = [𝑙𝑜𝑔 (

𝑅

𝑁ℎ
) + (

∆𝑆∗

2.303𝑅
)] + (

−∆𝐻∗

2.303𝑅
) (

1

𝑇
)             (48)                                                                                                 

 

where h is Planck’s constant and N is the Avogadro number, 2.303 is a conversion factor from 

natural log to log10, and T is the absolute temperature. Figures 4.27 – 4.32 present the plot of 

log(CR/T) against (1/T) with the data best fitted having a slope (-∆H*/2.303R )and an intercept  

[log(R/Nh)+(∆S*/2.303R] which were utilized to compute the values of the standard enthalpy 

(ΔH*) and entropy of activation (ΔS*) in the absence and presence of various concentrations of 

the studied quinoxalines. Their values are presented in Tables 4.13 and 4.14  
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Figure 4.27: Transition state plots for mild steel corrosion in 1.0 M HCl solution in the absence 

and presence of different concentrations of  MQ6CA. 
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Figure 4.28: Transition state plots for mild steel corrosion in 1.0 M HCl solution in the absence 

and presence of different concentrations of  Q6CA. 
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Figure 4.29: Transition state plots for mild steel corrosion in 1.0 M HCl solution in the absence 

and presence of different concentrations of  H2QCA with KI. 
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Figure 4.30: Transition state plots for mild steel corrosion in 1.0 M H2SO4 solution in the absence 

and presence of different concentrations of  MQ6CA. 

 

Figure 4.31: Transition state plots for mild steel corrosion in 1.0 M H2SO4 solution in the absence 

and presence of different concentrations of  Q6CA. 
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Figure 4.32: Transition state plots for mild steel corrosion in 1.0 M H2SO4 solution in the absence 

and presence of different concentrations of  H2QCA with KI. 

 

On the report of Ojo and co-workers [316], the relationship between the temperature reliance of 

inhibition efficiency of an inhibitor and the activation energy  can be classified into three categories 

which are given below: 

• Inhibitors with inverse proportional relation in the inhibition efficiency and temperature of 

the surrounding. The activation energy value obtained is greater than that in the uninhibited 

solution.  

• Inhibitors with inhibition efficiency values that do not change with changes in temperature 

of the surrounding. The activation energy value obtained is equal to the one obtained in the 

presence or absence of inhibitors. That is, it does not change. 

• Inhibitors with direct relation to the inhibition efficiency and temperature of the 

surrounding. The activation energy value obtained in less than that in the uninhibited 

solution. 
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Furthermore, higher values of the activation energy of a process in the presence of an inhibitor 

compared to that of a process in the absence of an inhibitor are generally associated with physical 

adsorption, while the opposite are associated with chemical adsorption. It is clear from Tables 4.13 

and 4.14 the activation values in the presence of the studied quinoxalines were obtained to be 

higher than in the uninhibited solution. This can be attributed to the formation of a high energy 

barrier by inhibitor molecules which block the acid from further attacking the metal surface [317]. 

This indication can be interpreted as physical adsorption. However, looking at Table 4.13, it can 

be seen that from the concentration of 210-3 – 410-3 M, the activation energy values of Q6CA 

were found to be less than that of the uninhibited solution. This interesting observation shows that 

at lower concentrations there are electrostatic interactions between the inhibitor molecules and the 

charged mild steel surface. However, as the concentration is increased the interactions might be 

involving the sharing of electron pairs with the vacant d-orbitals of Fe in mild steel [317]. These 

findings suggest that Q6CA is a mixed-type inhibitor. Furthermore, according to Dubey and co-

workers [318], the values of activation energy found to be less than 80 kJ/mol and even lesser than 

5 kJ/mol are associated with physical adsorption. Assessing the activation values (with a range of  

36.72 – 144.72 kJ/mol ) presented in Tables 4.13 and 4.14, a conclusion can be drawn the studied 

quinoxaline are associated with a mixed-type of adsorption of mild steel adsorption.    
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Table 4.13: Arrhenius and transition parameters for mild steel in 1.0 M HCl in the absence and 

presence of various concentrations of the studied quinoxalines. 

 

Inhibitor 

Concentration of 

inhibitors 

( 10-3M) 

Ea 

(kJ.mol-1) 

∆H* 

(kJ.mol-1) 

∆S* 

(J.mol-1.K-1) 

- 53.27 50.63 -123.99 

     

 

 

MQ6CA 

0.5 144.72 142.09 130.68 

1.0 92.38 89.72 −42.22 

2.0 95.03 91.73 −34.26 

3.0 90.81 88.23 −49.47 

4.0 103.01 85.57 −64.08 

     

 

 

Q6CA 

0.5 92.63 89.95 −193.30 

1.0 58.71 58.79 −189.09 

2.0 36.72 34.06 −197.96 

3.0 37.26 34.61 −197.88 

4.0 52.31 54.57 −194.67 

     

 

H2QCA with KI 

 

5.0 63.51 62.69 −92.99 

6.0 83.83 81.18 −38.20 

7.0 89.09 86.45 −23.91 

8.0 87.12 84.48 −31.13 

9.0 90.80 88.08 −19.81 
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Table 4.14: Arrhenius and transition parameters for mild steel in 1.0 M H2SO4 in the absence and 

presence of various concentrations of the studied quinoxalines. 

 

Inhibitor 

Concentration of 

inhibitors 

( 10-3M) 

Ea 

(kJ.mol-1) 

∆H* 

(kJ.mol-1) 

∆S* 

(J.mol-1.K-1) 

- 41.41 38.75 154.34 

     

 

 

MQ6CA 

0.5 101.52 98.88 17.33 

1.0 100.85 98.21 15.42 

2.0 93.44 90.79 −9.09 

3.0 93.02 90.37 −11.01 

4.0 91.59 84.40 −32.07 

     

 

 

Q6CA 

0.5 90.76 88.12 −10.43 

1.0 79.88 77.24 −45.09 

2.0 68.91 66.27 −79.94 

3.0 67.92 65.25 −84.09 

4.0 67.36 64.72 −87.40 

     

 

H2QCA with KI 

 

5.0 68.41 65.74 −76.15 

6.0 66.39 63.74 −48.98 

7.0 73.40 70.75 −64.98 

8.0 81.56 78.91 −38.80 

9.0 73.53 70.88 −63.89 

 

A perusal of the literature reveals that one of the requirements to achieve corrosion inhibition, 

there should be molecular adsorption on the metal’s surface [320]. This adsorption process of mild 

steel and the studied quinoxaline can be categorized into either endothermic or exothermic. 

Moreover, an exothermic process releases energy in a form of heat and may suggest either physical 
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or chemical adsorption. An endothermic process requires an input of energy in a form of heat, and 

it suggests chemisorption entirely. From Tables 4.13 and 4.14, In both the uninhibited and 

inhibited solutions, the values of the enthalpy of activation were obtained to be positive. This 

positive enthalpy of activation values promotes about the endothermic nature of the dissolution of 

mild steel, which further implies that the dissolution of mild steel is slow in the presence of the 

studied quinoxalines. Hmamou et at. also reported a similar observation [321]. The increase in the 

values of enthalpy of activation of the inhibited process compared to the uninhibited process 

implies that adsorption took place between the surface mild steel and the studied quinoxalines. 

Literature has revealed that enthalpy of activation values lower than 40.86 kJ/mol indicate physical 

adsorption whereas enthalpy of activation values around 100.00 kJ/mol indicate chemical 

adsorption [322–324]. In the present study, the range of enthalpy of activation values (34.06 – 

142.09 kJ/mol) further confirms that the studied quinoxalines are associated with a mixed-type of 

adsorption of mild steel adsorption, with chemical adsorption dominant. It is also observed from 

Tables 4.13 and 4.14 that the values of activation energy and enthalpy of activation varied 

similarly, however, the enthalpy of activation values were a bit lower than those of the activation 

energy. This observation was also reported in the literature [325].   

The entropy of activation informs about the extent of disorder during the corrosion and inhibition 

process on a metal surface. Looking at Tables 4.13 and 4.14, at lower concentrations of MQ6CA, 

the values of entropy of activation were obtained to be positive. The positive values of entropy of 

activation attained can be attributed to the increase in the solvent entropy and to more positive 

water desorption enthalpy, that is, a driving force for an adsorption process of this inhibitor to the 

mild steel surface. A similar observation was reported by Kumar and co-workers [326]. An 

increase in the concentration of the studied quinoxalines resulted in negative values of entropy of 

activation. This indicated that there is a formation of an activated complex in the rate-determining 

step which represents association rather than dissolution of mild steel, meaning that there is more 

disorder in the presence of the studied quinoxalines, which may be attributed to the desorption of 

the molecules from mild steel surface leading to chaos. A similar observation was reported in the 

literature [308]. 

 

 



136 | P a g e  
 

4.2.4 Adsorption isotherms and thermodynamic parameters 

It is commonly accepted that for corrosion inhibition to occur, the inhibitor should adsorb on the 

metal surface. The mechanism of the inhibitor molecules adsorbing on a mild steel surface can be 

explained by understanding the process at the metal/solution interface. This adsorption mechanism 

can be explained through adsorption isotherm [327, 328]. Generally, adsorption of organic 

molecules at the metal/solution interface can occur as a result of replacement of water molecules 

and adsorbed organic molecules in the aqueous solution according to the hypothetical equation 

(49) [329]. 

 𝑄𝑁𝑋  (𝑠𝑜𝑙) + 𝑥𝐻2𝑂  (𝑎𝑑𝑠) → 𝑄𝑁𝑋  (𝑎𝑑𝑠) + 𝑥𝐻2𝑂  (𝑠𝑜𝑙)                       (49)                                               

 

where 𝑄𝑁𝑋  (𝑠𝑜𝑙) is the quinoxaline corrosion inhibitor in the aqueous solution, 𝑥 is the size ratio 

of the number of molecules replaced by adsorbed molecules, and 𝑄𝑁𝑋  (𝑎𝑑𝑠) is the quinoxaline 

corrosion inhibitor adsorbed on a mild steel surface. It is imperative to determine the suitable 

adsorption isotherm that can give insight into the mode of adsorption of the studied quinoxalines 

on mild steel surfaces. The inhibition of mild steel in the presence of various concentrations of the 

studies quinoxalines has been attributed to their adsorption on mild steel surface. From the weight 

loss measurements, the values of surface coverage (θ) were obtained at various concentrations of 

the inhibitors. Trials were made to fit the data to different adsorption isotherms namely Langmuir, 

Frumkin, Freundlich, and Temkin. The plots of these adsorption isotherms are shown with 

descriptions in figures 4.33 – 4.56. Among all the fitted isotherms for mild steel 1.0 M HCl and 

1.0 M H2SO4 in the absence and presence of the studied quinoxaline, the Langmuir isotherm was 

obtained to the description of the adsorption behavior of the investigated compounds. This 

judgment was based on the regression coefficient values (R2) that were found to be at/and near the 

unity. The regression coefficient values obtained in all the tested isotherms for mild steel in this 

present study are presented in Tables 4.15 and 4.16. From this table, it is clear that the other 

isotherms except for Langmuir isotherm are deviating from unity. 
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Figure 4.33: Langmuir adsorption isotherm plot for the adsorption of various concentrations  of 

MQ6CA on the surface of mild steel in 1.0 M HCl at various temperatures. 
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Figure 4.34: Langmuir adsorption isotherm plot for the adsorption of various concentrations  of 

Q6CA on the surface of mild steel in 1.0 M HCl at various temperatures. 
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Figure 4.35: Langmuir adsorption isotherm plot for the adsorption of various concentrations  of 

H2QCA with KI on the surface of mild steel in 1.0 M HCl at various temperatures. 
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Figure 4.36: Frumkin adsorption isotherm plot for the adsorption of various concentrations  of 

MQ6CA on the surface of mild steel in 1.0 M HCl at various temperatures. 
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Figure 4.37: Frumkin adsorption isotherm plot for the adsorption of various concentrations  of 

Q6CA on the surface of mild steel in 1.0 M HCl at various temperatures. 
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Figure 4.38: Frumkin adsorption isotherm plot for the adsorption of various concentrations  of 

H2QCA with KI on the surface of mild steel in 1.0 M HCl at various temperatures. 
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Figure 4.39: Freundlich adsorption isotherm plot for the adsorption of various concentrations  of 

MQ6CA on the surface of mild steel in 1.0 M HCl at various temperatures. 
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Figure 4.40: Freundlich adsorption isotherm plot for the adsorption of various concentrations  of 

Q6CA on the surface of mild steel in 1.0 M HCl at various temperatures. 
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Figure 4.41: Freundlich adsorption isotherm plot for the adsorption of various concentrations  of 

H2QCA with KI on the surface of mild steel in 1.0 M HCl at various temperatures. 
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Figure 4.42: Temkin adsorption isotherm plot for the adsorption of various concentrations  of 

MQ6CA on the surface of mild steel in 1.0 M HCl at various temperatures. 
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Figure 4.43: Temkin adsorption isotherm plot for the adsorption of various concentrations  of 

Q6CA on the surface of mild steel in 1.0 M HCl at various temperatures. 

 

-2.30 -2.25 -2.20 -2.15 -2.10 -2.05

0.4

0.5

0.6

0.7

0.8

0.9

q

log Cinh

 303 K

 313 K

 323 K

 333 K

 

Figure 4.44: Temkin adsorption isotherm plot for the adsorption of various concentrations  of 

H2QCA with KI on the surface of mild steel in 1.0 M HCl at various temperatures. 
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Table 4.15: The regression coefficient values obtained from different adsorption isotherms for 

mild steel in 1.0 M HCl at various temperatures for the studied quinoxaline. 

 

 

Inhibitor 

 

Temperature 

(K) 

 

Correlation coefficient 

(R2) 

Langmuir Frumkin Freundlich Temkin 

 
 
 

MQ6CA 

303 1.0000 0.8920 0.8572 0.8570 

313 1.0000 0.9567 0.9455 0.9210 

323 1.0000 0.9925 0.9703 0.9708 

333 0.9999 0.8809 0.8760 0.8756 

Q6CA 303 0.9999 0.1322 0.3525 0.3537 

313 0.9999 0.3261 0.5674 0.5678 

323 0.9998 0.7903 0.6308 0.6299 

333 0.9999 0.9881 0.9217 0.9216 

 

 

H2QCA with 

KI 

303 0.9922 0.7295 0.7717 0.7993 

313 0.9984 0.6763 0.7176 0.7461 

323 0.9895 0.9155 0.9389 0.9554 

333 0.9956 0.8814 0.9056 0.9171 
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Figure 4.45: Langmuir adsorption isotherm plot for the adsorption of various concentrations  of 

MQ6CA on the surface of mild steel in 1.0 M H2SO4 at various temperatures. 

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

0.000

0.001

0.002

0.003

0.004

0.005

0.006

C
in

h
/q

 (
M

)

Cinh (10-3 M)

 303 K

 313 K

 323 K

 333 K

 

Figure 4.46: Langmuir adsorption isotherm plot for the adsorption of various concentrations  of 

Q6CA on the surface of mild steel in 1.0 M H2SO4 at various temperatures. 
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Figure 4.47: Langmuir adsorption isotherm plot for the adsorption of various concentrations  of 

H2QCA with KI on the surface of mild steel in 1.0 M H2SO4 at various temperatures. 
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Figure 4.48: Frumkin adsorption isotherm plot for the adsorption of various concentrations  of 

MQ6CA on the surface of mild steel in 1.0 M H2SO4 at various temperatures. 
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Figure 4.49: Frumkin adsorption isotherm plot for the adsorption of various concentrations  of 

Q6CA on the surface of mild steel in 1.0 M H2SO4 at various temperatures. 
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Figure 4.50: Frumkin adsorption isotherm plot for the adsorption of various concentrations  of 

H2QCA with KI on the surface of mild steel in 1.0 M H2SO4 at various temperatures. 
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Figure 4.51: Freundlich adsorption isotherm plot for the adsorption of various concentrations  of 

MQ6CA on the surface of mild steel in 1.0 M H2SO4 at various temperatures. 
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Figure 4.52: Freundlich adsorption isotherm plot for the adsorption of various concentrations  of 

Q6CA on the surface of mild steel in 1.0 M H2SO4 at various temperatures. 
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Figure 4.53: Freundlich adsorption isotherm plot for the adsorption of various concentrations  of 

H2QCA with KI on the surface of mild steel in 1.0 M H2SO4 at various temperatures. 
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Figure 4.54: Temkin adsorption isotherm plot for the adsorption of various concentrations  of 

MQ6CA on the surface of mild steel in 1.0 M H2SO4 at various temperatures. 
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Figure 4.55: Temkin adsorption isotherm plot for the adsorption of various concentrations  of 

Q6CA on the surface of mild steel in 1.0 M H2SO4 at various temperatures. 
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Figure 4.56: Temkin adsorption isotherm plot for the adsorption of various concentrations  of 

H2QCA with KI on the surface of mild steel in 1.0 M H2SO4 at various temperatures. 
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Table 4.16: The regression coefficient values obtained from different adsorption isotherms for 

mild steel in 1.0 M H2SO4 at various temperatures for the studied quinoxaline. 

 

 

Inhibitor 

 

Temperature 

(K) 

 

Correlation coefficient 

(R2) 

Langmuir Frumkin Freundlich Temkin 

 
 
 

MQ6CA 

303 0.9999 0.9093 0.8783 0.8758 

313 0.9999 0.9532 0.9445 0.9438 

323 0.9999 0.9026 0.7134 0.7105 

333 0.9999 0.9236 0.9721 0.9674 

Q6CA 303 0.9992 0.1777 0.0361 0.0359 

313 0.9883 0.1687 0.2582 0.0388 

323 0.9978 0.9195 0.9851 0.9911 

333 0.9958 0.9160 0.9370 0.9616 

 

 

H2QCA with 

KI 

303 0.9964 0.8725 0.6389 0.6495 

313 0.9582 0.4134 0.5046 0.4956 

323 0.9793 0.0575 0.1342 0.0923 

333 0.9858 0.2863 0.3167 0.3310 

 

 

The degree of adsorption,  that is, surface coverage (θ) of the studied quinoxaline obtained from 

weight loss measurements on mild steel surface  and the variety of their concentration are best 

related by Langmuir isotherm given by equation (50): 

  

𝜃

1−𝜃
 = 𝐾𝑎𝑑𝑠𝐶𝑖𝑛ℎ                          (50) 

 

where is the 𝐾𝑎𝑑𝑠  is the adsorption/desorption constant, 𝐶𝑖𝑛ℎ is the molar concentration of the 

quinoxaline inhibitors, and θ is the degree of surface coverage. 
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This equation can be rearranged to: 

 
𝐶𝑖𝑛ℎ

𝜃
 = 

1

𝐾𝑎𝑑𝑠
 + 𝐶𝑖𝑛ℎ                          (51) 

 

 

From the aforementioned Langmuir plots, the values of 𝐾𝑎𝑑𝑠 were calculated from the intercept of 

the line. 𝐾𝑎𝑑𝑠 can be related to the free Gibbs energy of adsorption (∆𝐺°𝑎𝑑𝑠) through equation (52). 

 

 

𝐾𝑎𝑑𝑠 = 
1

55.5
 exp (−

∆𝐺°𝑎𝑑𝑠

𝑅𝑇
)                          (52) 

 

Equation 4.1 can also be expressed as: 

 

 

∆𝐺°𝑎𝑑𝑠 = −RT ln (55.5𝐾𝑎𝑑𝑠)                                  (53) 

 

 

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

concentration of water. 

 

The 𝐾𝑎𝑑𝑠 and ∆𝐺°𝑎𝑑𝑠 for mild steel in 1.0 M HCl and 1.0 M H2SO4 in the absence and presence 

of the studied quinoxalines are listed in Table 4.17 and 4.18, respectively. It has been reported that 

𝐾𝑎𝑑𝑠 is representative of the strength between the inhibitor molecules and the metal’s surface. 

Moreover, literature shows that large values of 𝐾𝑎𝑑𝑠 signifies a greater binding power [330]. The 

large values of 𝐾𝑎𝑑𝑠 obtained in this present study suggest a strong adsorption of the quinoxaline 

inhibitors on the mild steel surface. Hence appreciable inhibition efficiency obtained as reported 

earlier. The free Gibbs energy of adsorption gives more information on the mode interaction 

occurring between the inhibitors and the metal surface. As aforementioned earlier, the adsorption 

of organic inhibitors can be described by two main types of interaction, which are physical 

adsorption and chemical adsorption [195, 196]. Literature further reveals that the values of ∆𝐺°𝑎𝑑𝑠 

around −20 kJ/mol or lower are associated with physical adsorption and values of ∆𝐺°𝑎𝑑𝑠 around 

−40 kJ/mol and more negative are associated with chemical adsorption [331]. In this present study, 

the values of ∆𝐺°𝑎𝑑𝑠 were obtained to be negative for all the studied inhibitors which indicated 

that the inhibition processes were spontaneous. For MQ6CA in 1.0 M HCl the ∆𝐺°𝑎𝑑𝑠 values  for 

mild steel were obtained to be above −40 kJ/mol, indicating a chemical adsorption. Whereas, for 

the other compounds in both acids the ∆𝐺°𝑎𝑑𝑠 were obtained to be between −20 and −40 kJ/mol, 
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indicating a mixed-typed of adsorption with chemisorption dominant.  Similar trend was reported 

earlier. 

 

Table 4.17: Langmuir adsorption parameters for corrosion of mild steel in 1.0 M HCl at various 

temperatures in the presence of the studied quinoxalines.  

  

Inhibitor Temperature 

(K) 

Kads 

(L/mol) 
− ∆Go

ads 

(kJ.mol-1) 

 

MQ6CA 

303 302229.85 41.51 

313 157075.72 41.59 

323 100244.30 41.71 

333 71046.44 42.05 

    

 

Q6CA 

303 29718.57 36.06 

313 33336.67 37.55 

323 44436.54 39.52 

333 29334.20 39.59 

    

H2QCA with KI 

303 724.63 26.71 

313 671.14 27.39 

323 735.29 28.51 

333 641.033 29.01 
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Table 4.18: Langmuir adsorption parameters for corrosion of mild steel in 1.0 M H2SO4 at various 

temperatures in the presence of the studied quinoxalines.  

  

Inhibitor Temperature 

(K) 

Kads 

(L/mol) 
− ∆Go

ads 

(kJ.mol-1) 

 

MQ6CA 

303 36650.84 36.59 

313 35244.65 37.70 

323 23303.72 37.80 

333 1305.00 30.98 

    

 

Q6CA 

303 21595.05 35.26 

313 12811.87 35.06 

323 2594.59 31.89 

333 1515.05 31.39 

    

H2QCA with KI 

303 1064.35 27.68 

313 1398.21 29.30 

323 1274.56 30.00 

333 751.88 29.45 

 

 

4.2.5 Potentiodynamic polarization (PDP) 

It is imperative to mention that corrosion of mild steel is a result of simultaneous anodic and 

cathodic half-reactions [5]. To get more insight into this process, PDP measurements were carried 

out at room temperature (303 K) in 1.0 M HCl and 1.0 M H2SO4 in the absence and presence of 

the studied quinoxalines, as shown in figures 4.57 – 4.64. It can be seen from these figures that the 

introduction of the studied inhibitors affected both the anodic and cathodic half-reactions of the 

mild steel corrosion in both acids. The corresponding potentiodynamic parameters such as 

corrosion current density (icorr), corrosion potential (Ecorr), polarization resistance (RP), and anodic 

(
𝑎
) and cathodic (

𝑐
) Tafel slopes were successfully evaluated from both the anodic and cathodic 

regions of the Tafel plots. These parameters are presented in Tables 4.19 and 4.20. The 

potentiodynamic polarization inhibition efficiency (%IEPDP) was then evaluated from the 

measured icorr  values from equation (43). 
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Figure 4.57: Tafel plots for mild steel in 1.0 M HCl in the absence and presence of various 

concentrations of MQ6CA at 303 K. 
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Figure 4.58: Tafel plots for mild steel in 1.0 M HCl in the absence and presence of various 

concentrations of Q6CA at 303 K. 
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Figure 4.59: Tafel plots for mild steel in 1.0 M HCl in the absence and presence of various 

concentrations of H2QCA without KI at 303 K. 

-0.55 -0.50 -0.45 -0.40 -0.35 -0.30 -0.25

-4

-3

-2

-1

0

1

lo
g
 (

|I
/m

A
|)

Ewe/V vs. SCE

 Blank     M

 5.010-3 M

 6.010-3 M

 7.010-3 M

 8.010-3 M

 9.010-3 M

 

Figure 4.60: Tafel plots for mild steel in 1.0 M HCl in the absence and presence of various 

concentrations of H2QCA with KI at 303 K. 
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Table 4.19: Potentiodynamic Polarization (PDP) parameters such as corrosion current density (icorr), corrosion potential (Ecorr), 

polarization resistance (RP), and anodic (
𝑎
) and cathodic (

𝑐
) Tafel slopes utilizing the studied quinoxalines in 1.0 M HCl. 

 

Inhibitor Conc. 

(10-3 M) 

CR/mpy Ecorr/ mV 

vs. SCE 

a/ 

mV.dec-1 

c/ 

mV.dec-1 

icorr / 

μA.cm-2 

Rp/Ω %IEPDP % 

IEWL 

Blank - 388.945 -375.342 106.1 138.6 851.634 25.1 -  

 

 

MQ6CA 

0.5 39.57 -400.769 85.5 92.4 86.653 160.4 89.83 99.55 

1.0 31.02 -400.876 69.0 74.9 67.894 214.2 92.03 99.70 

2.0 16.15 -449.964 102.0 80.2 35.337 393.0 95.85 99.71 

3.0 8.357 -428.641 57.7 66.7 18.290 533.0 97.85 99.72 

4.0 8.118 -403.665 60.5 47.4 17.768 450 97.91 99.95 

          

 

 

Q6CA 

0.5 120.191 -298.114 29.6 91.4 130.000 62.30 84.50 0.9962 

1.0 65.4496 -332.807 99.4 80.2 81.760 163.00 90.40 0.9863 

2.0 21.4341 -438.742 96.9 95.7 35.795 337.00 95.79 0.9795 

3.0 21.4048 -442.562 80.2 90.3 20.707 619.00 97.57 0.9810 

4.0 13.1801 -448.475 65.7 69.5 15.530 639.00 98.18 0.9894 

          

 

 

5.0 358.665 -437.596 56.1 62.1 785.331 11.60 7.79 12.19 

6.0 199.862 -448.998 46.6 89.8 437.222 23.60 48.66 29.43 

7.0 184.323 -444.004 43.6 93.7 403.593 24.90 52.61 51.23 
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H2QCA 

without 

KI 

8.0 161.451 -411.044 51.2 97.4 353.512 34.2 58.49 54.81 

9.0 154.287 -430.755 49.1 108.6 337.826 35.10 60.33 59.08 

          

 

 

H2QCA 

with KI 

5.0 77.92 -440.027 59.9 78.6 174.927 28.8 79.45 61.01 

6.0 49.608 -410.413 58.6 87.2 108.568 103.00 87.25 81.95 

7.0 33.250 -418.296 62.6 78.1 72.767 144.00 91.46 87.72 

8.0 24.421 -423.122 48.6 63.0 52.834 197.50 93.80 89.09 

9.0 21.482 -410.946 56.5 71.9 47.014 200.00 94.50 90.32 
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Figure 4.61: Tafel plots for mild steel in 1.0 M H2SO4 in the absence and presence of various 

concentrations of MQ6CA at 303 K. 
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Figure 4.62: Tafel plots for mild steel in 1.0 M H2SO4 in the absence and presence of various 

concentrations of Q6CA at 303 K. 
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Figure 4.63: Tafel plots for mild steel in 1.0 M H2SO4 in the absence and presence of various 

concentrations of H2QCA without KI at 303  K. 
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Figure 4.64: Tafel plots for mild steel in 1.0 M H2SO4 in the absence and presence of various 

concentrations of H2QCA with KI at 303  K. 
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Table 4.20: Potentiodynamic Polarization (PDP) parameters such as corrosion current density (icorr), corrosion potential (Ecorr), 

polarization resistance (RP), and anodic (
𝑎
) and cathodic (

𝑐
) Tafel slopes utilizing the studied quinoxalines in 1.0 M H2SO4. 

 

Inhibitor Conc. 

(10-3 M) 

CR/mpy Ecorr/ mV 

vs. SCE 

a/ 

mV.dec-1 

c/ 

mV.dec-1 

icorr / 

μA.cm-2 

Rp 

(Ω ) 

%IEPDP % 

IEWL 

Blank - 367.865 -395.802 48.6 92.8 805.067 15.2 - - 

 

 

MQ6CA 

0.5 69.140 -414.974 37.4 108.0 149.589 50.4 81.42 93.98 

1.0 23.407 -420.560 26.5 55.1 51.226 102.00 93.63 94.88 

2.0 21.811 -421.935 29.6 81.4 47.733 82.00 94.07 95.49 

3.0 9.255 -420.856 38.3 52.7 20.256 339.7 97.48 95.58 

4.0 7.531 -414.825 32.6 69.0 16.48 431.0 97.95 97.01 

          

 

 

Q6CA 

0.5 66.977 -322.134 53.2 71.7 146.580 65.50 81.79 88.31 

1.0 52.627 -326.926 85.0 80.9 113.858 110.00 85.86 84.22 

2.0 42.817 -330.109 76.5 62.8 92.634 112.00 88.49 84.78 

3.0 30.856 -325.548 56.3 69.7 66.757 136.00 91.71 87.80 

4.0 11.384 -319.338 44.5 61.2 44.629 102.00 94.46 88.65 

          

 

 

5.0 361.091 -448.544 48.3 82.0 790.644 12.00 01.79 33.32 

6.0 247.901 -441.493 31.3 57.7 542.803 11.2 32.58 49.41 

7.0 350.282 -437.873 33.3 64.2 766.976 8.52 04.73 41.24 
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H2QCA 

without 

KI 

8.0 349.396 -439.250 30.4 67.6 766.219 9.07 04.83 36.58 

9.0 275.299 -434.855 48.7 79.3 602.641 8.44 25.14 42.74 

          

 

 

H2QCA 

with KI 

5.0 104.02 -440.127 47.30 74.50 227.761 23.10 71.71 60.10 

6.0 48.317 -412.965 39.50 85.00 105.796 69.10 86.86 83.32 

7.0 24.004 -401.329 46.20 68.30 52.559 211.00 93.47 84.65 

8.0 22.611 -432.192 40.00 70.70 49.509 130.00 93.85 86.09 

9.0 15.274 -420.254 42.87 86.00 28.504 228.00 96.45 85.30 
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It can be seen from figures 4.57 – 4.64 that the addition of various concentrations of the three 

inhibitors for mild steel in 1.0 M HCl and 1.0 M H2SO4, the polarization curves shifted towards 

the region of low current region densities compared to the uninhibited system. This effect indicates 

that the inhibitor molecules adsorbed on the active sites mild steel surface, thus, suggests that the 

inhibitor molecules reduced the anodic dissolution of mild steel and also suppressed the hydrogen 

evolution reaction [332]. An inspection of the data in Tables 4.18 and 4.19, reveals that  

the inhibition efficiencies of MQ6CA, Q6CA, and H2QCA with KI increased with the increase of 

their concentrations, and corrosion rate decreased with increase in the inhibitor concentrations. 

This observation can be attributed to the increasing population of the inhibitor molecules forming 

a protective layer on mild steel surface. The maximum inhibition efficiency was obtained at the 

optimum concentration of the respective inhibitors. A similar trend was also observed in the weight 

loss analysis. As reported earlier, the addition of KI to the H2QCA system remarkably proved to 

have decreased the corrosion current density values, consequently improving the efficiency of the 

inhibitor. The Ecorr values in the absence and presence of corrosion inhibitors can be utilized to 

classify the mode of inhibition. Based on the displacement of Ecorr  with respect to an inhibitor can 

be classified as cathodic, anodic or mixed-type. Moreover, a perusal of the literature reveals that 

an anodic or cathodic inhibitor may be assessed with Ecorr value displacement greater than 85mV 

[333, 334]. In this study, the maximum displacement in Ecorr  for mild steel was found to be 77.228 

mV and 76.467 in 1.0 M HCl and 1.0 M H2SO4, respectively. These findings imply that  MQ6CA, 

Q6CA, and H2QCA with KI are mixed-type, that is, the studied quinoxaline retards both the anodic 

and cathodic half-reaction of the mild steel corrosion process. It can be observed from the tables 

that there was no regular trend on the values of Ecorr of all the inhibited systems. The anodic and 

cathodic Tafel slope values can further be employed in conforming the mode of inhibition 

possessed by the studied quinoxalines. Tables 4.18 and 4.19 show that values of  
𝑎
 and 

𝑐
 slightly 

changed with the introduction of different concentrations of the inhibitors. Although there was no 

regular trend in the Tafel slope values with the inhibitor concentration, this observation further 

suggested that the inhibitors retarded both the anodic and cathodic, however, the effect was found 

to be more prominent on the cathodic reaction. Thus, all the three studied quinoxalines are mixed-

type inhibitors on mild steel surface, however, predominantly cathodic inhibitors. Nasser and 

Sathiq [335], also reported similar observations. Moreover, the introduction of   MQ6CA, Q6CA, 

and H2QCA with KI to the aggressive solution resulted in the polarization resistance (RP).  From 
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the tables, it is clear that the RP values increased with the increase in the concentration of the 

inhibitors. According to Nesane and co-workers [336], this effect suggests that further polarization 

of mild steel was retarded by the barrier formed by the increasing population of the inhibitor 

molecules at the metal/solution interface. The %IEPDP were reasonably in agreement with those of 

weight loss analysis.  

 

4.2.6 Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy is a powerful and versatile characterization technique 

that is mostly utilized in the corrosion field. This technique provides insight regarding the kinetics 

of the corrosion process and simultaneously the mechanism of inhibition. In this study, EIS was 

employed to investigate the behavior of mild steel corrosion in 1.0 M HCl and 1.0 M H2SO4 in the 

absence and presence of various concentrations of the studied quinoxalines at 303 K. The 

technique was conducted at the open-circuit voltage (OCP) after 3600s of mild steel immersion 

until a steady corrosion potential (Ecorr) for all the working electrodes was established. Figures 

4.65 – 4.78 show represent the obtained Nyquist plots and corresponding Bode plots. The Nyquist 

plots are represented by imperfect semicircles capacitive loops. Inspection of these figures, the 

diameter of these imperfect semicircles is observed to increase with the concentration of the 

inhibitors, perhaps due to an increase in the surface coverage of adsorptive quinoxalines on mild 

steel surface. These imperfect semicircles are indicative of  a charge transfer process that presides 

over the mild steel corrosion in acidic medium [336]. 
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Figure 4.65: Nyquist plot of mild steel in 1.0 M HCl in the presence and absence of various concentrations of MQ6CA. 
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Figure 4.66: Bode plot of mild steel in 1.0 M HCl in the presence and absence of various concentrations of MQ6CA. 
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Figure 4.67: Nyquist plot of mild steel in 1.0 M HCl in the presence and absence of various concentrations of Q6CA. 
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Figure 4.68: Bode plot of mild steel in 1.0 M HCl in the presence and absence of various concentrations of Q6CA 
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Figure 4.69: Nyquist plot of mild steel in 1.0 M HCl in the presence and absence of various 

concentrations of H2QCA without KI. 
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Figure 4.70: Nyquist plot of mild steel in 1.0 M HCl in the presence and absence of various concentrations of H2QCA with KI. 
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Figure 4.71: Bode plot of mild steel in 1.0 M HCl in the presence and absence of various concentrations of H2QCA with KI. 
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Table 4.21: Electrochemical impedance parameters such as the resistance of charge transfer (Rct), constant phase element (CPE) and 

the CPE exponent (n) of mild steel in the absence and presence of various concentrations of the studied quinoxalines in 1.0 M HCl. 

Inhibitor Conc. 

(10-3 M) 

R1/Ω Q2/F.s(a-1) R2/ Ω n θ %IEEIS %IEPDP %IEWL 

Blank - 2.645 5.05e-3 35.26 0.839 - - - - 

 

 

MQ6CA 

0.5 4.867 0.400e-3 141.00 0.638 0.7499 74.99 89.83 99.55 

1.0 7.858 53.65e-3 367.70 0.828 0.9041 90.41 92.03 99.70 

2.0 8.036 0.244e-3 428.60 0.727 0.9177 91.77 95.85 99.71 

3.0 17.93 0.281e-3 468.00 0.737 0.9247 92.47 97.85 99.72 

4.0 4.033 0.147e-3 488.00 0.739 0.9277 92.77 97.91 99.95 

          

 

 

Q6CA 

0.5 6.286 3.688e-3 64.81 0.8215 0.4559 45.59 84.50 0.9962 

1.0 7.427 3.643e-3 177.8 0.7485 0.8019 80.19 90.40 0.9863 

2.0 6.578 0.196e-3 323.5 0.8066 0.8910 89.10 95.79 0.9795 

3.0 2.069 0.110-3 516.6 0.8396 0.9319 93.19 97.57 0.9810 

4.0 4.221 0.205e-3 623.3 0.7452 0.9434 94.34 98.18 0.9894 

          

 

 

H2QCA without KI 

5.0 1.189 6.157e-3 9.876 0.696 -2.5702 – 270.03 7.79 12.19 

6.0 1.574 0.226e-3 23.04 0.873 -0.5304 – 53.04 48.66 29.43 

7.0 1.429 0.174e-3 27.35 0.894 -0.2892 – 28.92 52.61 51.23 

8.0 1.430 0.218e-3. 35.39 0.842 0.0034 00.34 58.49 54.81 

9.0 1.627 0.233e-3 45.69 0.858 0.2283 22.83 60.33 59.08 

          

 

 

H2QCA with KI 

5.0 1.56 0.251e-3 62.74 0.835 0.4380 43.80 79.45 61.01 

6.0 1.74 0.141e-3 132.9 0.854 0.7347 73.47 87.25 81.95 

7.0 1.85 0.132e-3 123.6 0.831 0.7147 71.47 91.46 87.72 

8.0 2.288 0.119e-3 177.4 0.875 0.8012 80.12 93.80 89.09 

9.0 0.9931 88.77e-6 246.3 0.881 0.8568 85.68 94.50 90.32 
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Figure 4.72: Nyquist plot of mild steel in 1.0 M H2SO4 in the presence and absence of various concentrations of MQ6CA. 
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Figure 4.73: Bode plot of mild steel in 1.0 M H2SO4 in the presence and absence of various concentrations of MQ6CA. 
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Figure 4.74: Nyquist plot of mild steel in 1.0 M H2SO4 in the presence and absence of various concentrations of Q6CA. 
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Figure 4.75: Bode plot of mild steel in 1.0 M H2SO4 in the presence and absence of various concentrations of Q6CA. 
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Figure 4.76: Nyquist plot of mild steel in 1.0 M H2SO4 in the presence and absence of various 

concentrations of H2QCA without KI. 
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Figure 4.77: Nyquist plot of mild steel in 1.0 M H2SO4 in the presence and absence of various concentrations of H2QCA with KI. 
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Figure 4.78: Bode plot of mild steel in 1.0 M H2SO4 in the presence and absence of various concentrations of H2QCA with KI. 
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Table 4.22: Electrochemical impedance parameters such as the resistance of charge transfer (Rct), constant phase element (CPE) and 

the CPE exponent (n) of mild steel in the absence and presence of various concentrations of the studied quinoxalines in 1.0 M H2SO4. 

Inhibitor Conc. 

(10-3 M) 

R1/Ω Q2/F.s(a-1) R2/ Ω n θ %IEEIS %IEPDP %IEWL 

Blank  1.896 4.722e-3 10.06 0.628 - - - - 

 

 

MQ6CA 

0.5 1.39 78.8e-6 72.84 0.913 0.8419 84.19 81.42 93.98 

1.0 1.278 0.170e-3 111.6 0.875 0.9099 90.99 93.63 94.88 

2.0 2.319 0.100e-3 205.4 0.898 0.9510 95.10 94.07 95.49 

3.0 2.553 67.96e-3 283.3 0.883 0.9645 96.45 97.48 95.58 

4.0 0.646 55.74e-6 406.1 0.923 0.9752 97.52 97.95 97.01 

          

 

 

Q6CA 

0.5 3.078 4.09e-3 79.25 0.772 0.8731 87.31 81.79 88.31 

1.0 1.85 0.136e-3 98.92 0.819 0.8983 89.83 85.86 84.22 

2.0 2.713 79.67e-6 100.7 0.933 0.9001 90.01 88.49 84.78 

3.0 6.176 2.831e-3 154.0 0.793 0.9347 93.47 91.71 87.80 

4.0 2.553 67.69e-6 283.3 0.883 0.9645 96.45 94.46 88.65 

          

 

 

H2QCA without KI 

5.0 5.496 0.202e-3 9.376 0.898 -0.0730 –7.23 01.79 33.32 

6.0 8.065 0.156e-3 9.808 0.923 -0.0256 –2.57 32.58 49.41 

7.0 0.762 0.255e-3 8.780 0.869 -0.1458 –14.21 04.73 41.24 

8.0 1.254 0.316e-3 8.403 0.873 -0.1972 –19.72 04.83 36.58 

9.0 1.367 0.730e-3 13.66 0.796 0.2635 26.35 25.14 42.74 

          

 

 

H2QCA with KI 

5.0 0.948 0.162e-3 41.43 0.877 0.7572 75.72 71.71 60.10 

6.0 7.06 76.99e-6 93.97 0.902 0.8929 89.29 8q6.86 83.32 

7.0 12.3 49.02e-6 146.8 0.857 0.9315 93.15 93.47 84.65 

8.0 3.474 76.04e-6 192.8 0.881 0.9478 94.78 93.85 86.09 

9.0 2.991 68.83e-6 202.4 0.900 0.9503 95.03 96.45 85.30 
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The Nyquist plots in this study exhibits a depressed capacitive loop at high-frequency regions. 

Literature has shown that the low inductive loop is related to the bulk relaxation process, whereas 

the capacitive loop in the high frequency is related to the charge transfer resistance and a double 

layer capacitance (Cdl) [337]. The oval-shaped semicircles observed in the Nyquist plots are a 

result of a phenomenon referred to as frequency dispersion of interfacial impedance which may 

rise due to factors such as; impurities, inhomogeneity adsorption of inhibitors, and roughness of 

the electrode surface [338]. Furthermore, the similar shapes of these plots indicate that the three 

studied inhibitors retard the rate of corrosion in a similar mechanism [336]. The model of the 

equivalent circuit utilized to fit the experimental data in 1.0 M HCl and 1.0 M H2SO4 in the 

presence and absence of various concentrations of the studied quinoxalines is shown in Figure 

4.79. This circuit consists of a charge transfer resistance (Rct), solution resistance (Rs), and constant 

phase element (CPE).  

 

 

Figure 4.79: Equivalent circuit utilized to fit the impedance spectra obtained for mild steel 

corrosion in 1.0 M HCl and 1.0 M H2SO4 in the absence and presence of various concentrations of 

the studied quinoxalines. 

 where R1, R2 and Q2 are the solution resistance (Rs), charge transfer resistance (Rct), and constant 

phase element (CPE), respectively.  

It is worth mentioning that in a real acid/iron system, there is no recognized ideal capacitive 

behavior, hence in most cases in order to obtained more accurate results from fitting the 

experimental results, CPE is utilized as a substitute of a capacitor [339]. The impedance function 

of  CPE can be defined by equation (54).  

𝑍𝐶𝑃𝐸 = 
1

𝑌0(𝑗𝜔)𝑛
                                                                                                         (54) 
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where 𝑌𝑂  is the is the CPE proportional factor, ω is the angular frequency, ј is the imaginary 

number, and n is the deviation parameter, and it is dependent on the surface morphology [339]. 

Depending on n value, the CPE can represent capacitance (n= 1, 𝑌𝑂= C), resistance (n= 0, 𝑌𝑂= R), 

Warburg impedance (n= 0.5, 𝑌𝑂= W), or inductance (n= -1, 𝑌𝑂= L). 

The electrochemical impedance parameters for mild steel corrosion in 1.0 M HCl and 1.0 M H2SO4 

in the absence and presence of the studied quinoxalines are illustrated in Tables 4.21 and 4.22,  

respectively. The introduction of KI in the H2QCA system tremendously improved the 

performance of the inhibitor. These tables show a directly proportional relation in the inhibition 

efficiencies of  MQ6CA, Q6CA, and H2QCA with KI and the magnitude of the Rct values. This 

may be ascribed to the increase in the concentration of the studied inhibitors which leads to an 

increase in the surface coverage of adsorptive quinoxalines mild steel surface, consequently 

forming a protective layer that retards the extent of acid species attack. Furthermore, the tables 

also reveal that the decrease in the CPE values is associated with the increasing values of Rct. This 

may be due to the decrease in local dielectric constant or perhaps an increase in the thickness of 

the electrical double which is indicative that that the quinoxalines molecules electrostatically 

adsorbed on mild steel surface [325]. The values of CPE deviation exponent (n) range from 0.628 

– 0.933, close to the unit, which indicates that as the concentration of the inhibitors were increased, 

mild steel surface became more and more homogeneous. This was also reported by Solmaz and 

co-workers [340]. The results obtained from EIS were reasonably in agreement with those of PDP.  

 

4.2.6 Atomic absorption spectroscopy 

Graphite furnace atomic absorption spectroscopy (GFAAS) was utilized to determine the 

concentration of the iron ions dissolved in the mild steel in 1.0 M HCl and 1.0 M H2SO4 solutions 

in the absence and presence of the studied quinoxalines after weight loss measurements. A 

calibration curve of  iron ions was constructed from chosen five concentrations (2 – 10 ppm) before 

the analysis of the samples. Absorbance was determined at each standard concentration, which 

enables the construction of the calibration curve shown in figure 4.80. The concentration of all the 

samples containing iron ions were calculated from the absorbance values and obtained calibration 

curve through the relationship given by equation (55). The  results obtained are presented in Tables 

4.22 and 4.23. 
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Y = 0.1438X – 0.0066                                                                             (55) 

where Y is the absorbance and X is concentration (ppm) 

 

0 2 4 6 8 10 12

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

 R2 = 0.9996

Mild steel calibration curve

A
b
so

rb
an

ce

Concentration (ppm)  

Figure 4.80: Absorbance against concentration calibration curve for mild steel. 

 

The percentage inhibition efficiency (%𝐼𝐸𝐴𝐴𝑆 ) of MQ6CA, Q6CA, and H2QCA was evaluated 

by measuring the mild steel ion in the solution with and without the inhibitors using the equation 

(56). 

 

%𝐼𝐸𝐴𝐴𝑆 = 
𝐶𝑏𝑙𝑎𝑛𝑘−𝐶𝑖𝑛ℎ

𝐶𝑏𝑙𝑎𝑛𝑘
                                                               (56) 

 

where 𝐶𝑏𝑙𝑎𝑛𝑘 and 𝐶𝑖𝑛ℎ are the concentrations of mild steel ions in the absence and presence of the 

studied quinoxalines, respectively. 
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Table 4.23: Amount of dissolved mild steel present in 1.0 M HCl in the absence and presence of 

the studied quinoxalines. 

Inhibitors Mean absorbance Concentration 

(ppm) 

%IEAAS 

Blank 1.128 7.889 - 

MQ6CA 0.184 1.323 83.23 

Q6CA 0.223 1.598 79.74 

H2QCA 0.536 3.771 52.20 

 

Table 4.24: Amount of dissolved mild steel present in 1.0 M H2SO4 in the absence and presence 

of the studied quinoxalines. 

Inhibitors Mean absorbance Concentration 

(ppm) 

%IEAAS 

Blank 1.390 9.710 - 

MQ6CA 0.374 2.648 72.73 

Q6CA 0.429 3.001 69.09 

H2QCA 0.688 4.832 50.24 

 

Tables 4.23 and 4.24 reveal that in the blank solutions, the concentration of mild steel ions are 

relatively higher as compared to solutions when the quinoxalines were introduced. The decreases 

in the mild steel ions concentration on the inhibited solutions can be attributed to the availability 

of the adsorbing inhibitor molecules which forms a protective layer on mild steel surface, blocking 

the acids from further oxidation the metal. As seen in the weight loss measurement, this clearly 

shows that MQ6CA, Q6CA, and H2QCA protects mild steel from the corrosive media. The 

inhibition efficiencies were to vary in the order: MQ6CA>Q6CA>H2QCA. A similar order was 

observed in the weight loss measurements. Furthermore, the inhibition efficiency values obtained 

in this technique were lower than from weight loss measurements.  
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4.2.7 Fourier Transform Infrared Spectroscopy (FTIR) 

The FTIR technique is an effective tool that has been utilized widely in studying the adsorption 

film resulting during the adsorption process [341]. In this study, FTIR was employed to gain more 

insight into the studied quinoxalines inhibitor’s interaction with the mild steel surface in 1.0 M 

HCl and 1.0 M H2SO4. The FTIR spectra of the pure quinoxalines were compared to the adsorption 

film formed spectra that was scratched from the metal surface after weight loss measurements and 

are presented in figures 4.81 – 4.86. Quinoxalines exhibits several heteroatoms such as O and N, 

functional groups that have electron density. Reports in literature suggest that adsorption film 

between the vacant d-orbitals of metal and the inhibitor molecules is likely to form within these 

functional groups [299]. These functional groups together with their corresponding characteristic 

adsorption peaks from FTIR spectra of the studied quinoxalines in 1.0 M HCl and 1.0 M H2SO4 

are presented in Tables 4.25 and 4.26, respectively. 
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Figure 4.81: FTIR spectra of pure MQ6CA and the adsorption film formed on mild steel surface 

in 1.0 M HCl in the presence of MQ6CA. 
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Figure 4.82: FTIR spectra of pure Q6CA and the adsorption film formed on mild steel surface in 

1.0 M HCl in the presence of Q6CA. 
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Figure 4.83: FTIR spectra of pure H2QCA and the adsorption film formed on mild steel surface 

in 1.0 M HCl in the presence of H2QCA. 
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Table 4.25: Peaks and identification from FTIR spectra of the studied quinoxalines and adsorption 

film formed on the mild steel in 1.0 M HCl. 

Inhibitor-Mild 

steel 

Functional Groups 

Peaks from FTIR spectra (cm -1) 

C=O C–O C–N C=C Aromatic 

C–H 

O–H ᵞ-Fe2O3 

        

MQC6A 1717.89 1084.84 1271.78 1450.33 - - - 

MQ6CA-MS - - - - - - 669.70 

        

Q6CA 1706.61 1021.13 1276.07 - 3077.57 - - 

Q6CA-MS 1615.95 - - 1404.95 - 3372.16 - 

        

H2QCA 1719.22 - 1341.21 1457.35 3125.72 - - 

H2QCA-MS - - - - - 3318.33 - 
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Figure 4.84: FTIR spectra of pure MQ6CA and the adsorption film formed on mild steel surface 

in 1.0 M H2SO4 in the presence of MQ6CA. 
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Figure 4.85: FTIR spectra of pure Q6CA and the adsorption film formed on mild steel surface in 

1.0 M H2SO4 in the presence of Q6CA. 
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Figure 4.86: FTIR spectra of pure H2QCA and the adsorption film formed on mild steel surface 

in 1.0 M H2SO4 in the presence of H2QCA. 
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Table 4.26: Peaks and identification from FTIR spectra of the studied quinoxalines and adsorption 

film formed on the mild steel in 1.0 M H2SO4. 

Inhibitor-Mild 

steel 

Functional Groups 

Peaks from FTIR spectra (cm -1) 

C=O C–O C–N C=C Aromatic 

C–H 

O–H ᵞ-Fe2O3 

        

MQC6A 1719.31 1089.09 1270.37 1450.21 - - - 

MQ6CA-MS - 1083.42 - 1443.15 - 3357.90 611.84 

        

Q6CA 1705.20 1084.67 1276.07 - - -  

Q6CA-MS 1651.40 1089.12 - - - 3302.00 610.42 

        

H2QCA 1720.11 1084.12 1270.41 - - - - 

H2QCA-MS - 1066.46 - - - 3339.58 625.99 

 

Peaks corresponding to the stretching carbonyl C=O bond were observed at a range of 1720 –1706 

cm-1 in all the studied quinoxalines. Strong peaks within wavelength range of 1085 – 1050 cm-1  

corresponding to the C–O stretch, 1342 – 1266 cm-1 to C–N stretch, around 1600 – 1400 cm-1 to 

conjugate C=C stretch, 3200 – 3000 cm-1 to aromatic C–H stretch, 3300 – 2500 to O–H stretching 

[274]. A signal at around 670 cm-1 corresponding to γ-Fe2O3. A similar discussion was utilized 

from all the studies quinoxalines as shown in figures 4.81 – 4.86 and presented in Tables 4.25 and 

4.26. Inspection of the figures and tables, it can be seen that there was a disappearance of C=O 

peaks in the MQ6CA and H2QCA-Fe2+ spectra  and a shift of peaks from 1706.61 cm-1 to 1615.95 

cm-1 and 1705.20 cm-1 to 1651.40 cm-1 in the Q6CA-Fe2+ spectra in 1.0 M HCl and 1.0 H2SO4, 

respectively. The O atoms in this functional group could be responsible for donating the lone pairs 

to fill the partial or vacant d-orbital of the mild steel and thereby forming a chemical bond that 

could retard the corrosion rate of mild steel [7]. There was also a disappearance and shifts in the 

C–O and C–N in the inhibitor-Fe2+ complex spectra. An interesting observation was the new peak 

that appeared O–H peak at around 3300 cm-1 for. The γ-Fe2O3 peak appeared in the MQ6CA- Fe2+ 
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complex spectra in 1.0 M HCl, and in all the inhibitor-Fe2+ complex spectra in 1.0 M H2SO4. 

Literature suggests that this peak is indicative of a formation of iron oxide layers (γ-Fe2O3) which 

can further retard the rate of corrosion of mild steel [342–344]. Furthermore, the remarkable 

difference between the spectra of the pure studied quinoxalines and the adsorption film formed 

after immersion of mild steel in 1.0 M HCl and 1.0 M  H2SO4 indicates that some chemical 

interaction occurred between the inhibitor molecules and the mild steel surface. 
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4.3 ZINC 

4.3.1 Weight loss in the absence and presence of corrosion inhibitors 

The weight loss of zinc in the absence and presence of various concentrations of MQ6CA, Q6CA, 

and H2QCA with and without KI in 1.0 M HCl and 1.0 M H2SO4 at various temperature of 303 – 

333 K were studied. The data obtained are graphically presented in figures 4.87 – 4.94  and  in 

Tables 4.27 and 4.28.  MQ6CA and Q6CA were investigated at various concentrations of  0.510-

3, 1.010-3, 2.010-3, 3.010-3, and 4.010-3  M for both acids. H2QCA was investigated at various 

concentration of 5.010-3, 6.010-3, 7.010-3, 8.010-3, and 9.010-3 M addition of potassium 

iodide (0.005 M) in the solution. 
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Figure 4.87: Weight loss measurements of zinc in the absence and presence of MQ6CA in 1.0 M 

HCl at different temperatures. 
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Figure 4.88: Weight loss measurements of zinc in the absence and presence of Q6CA in 1.0 M 

HCl at different temperatures. 
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Figure 4.89: Weight loss measurements of zinc in the absence and presence of H2QCA without 

KI in 1.0 M HCl at different temperatures. 
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Figure 4.90: Weight loss measurements of zinc in the absence and presence of H2QCA with KI 

in 1.0 M HCl at different temperatures. 
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Table 4.27: Weight loss measurements of in the absence and presence of MQ6CA, Q6CA and 

H2QCA in 1.0 M HCl obtained at different temperatures. 

 

 

Inhibitor 

 

 

 

 

Concentration 

(10-3 M) 

Weight loss 

(g) 

303 K 313 K 323 K 333 K 

0.000 0.2558 0.3832 0.6913 1.1077 

     

 

 

MQ6CA 

0.5 0.1105 0.1206 0.1874 0.1666 

1.0 0.1053 0.1101 0.1054 0.1502 

2.0 0.1038 0.1061 0.1040 0.1128 

3.0 0.0969 0.1054 0.0948 0.1129 

4.0 0.0861 0.1013 0.0896 0.0920 

      

 

 

Q6CA 

0.5 0.1126 0.1047 0.1075 0.1243 

1.0 0.1072 0.1073 0.1021 0.1044 

2.0 0.1025 0.0745 0.1082 0.1128 

3.0 0.1084 0.1084 0.1083 0.0948 

4.0 0.1556 0.1148 0.1112 0.1091 

      

 

 

H2QCA without KI 

5.0 0.1540 0.2022 0.3771 0.7188 

6.0 0.1483 0.2151 0.3670 0.6703 

7.0 0.1552 0.1916 0.4070 0.5539 

8.0 0.1420 0.1829 0.3994 0.5225 

9.0 0.1492 0.2292 0.3629 0.4718 

      

 

 

H2QCA with KI 

5.0 0.1269 0.1271 0.2229 0.4108 

6.0 0.1240 0.1375 0.2212 0.3900 

7.0 0.1031 0.1185 0.1958 0.4275 

8.0 0.0874 0.1115 0.1575 0.3375 

9.0 0.0855 0.1130 0.1282 0.2224 
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Figure 4.91: Weight loss measurements of zinc in the absence and presence of MQ6CA in 1.0 M 

H2SO4 at different temperatures. 
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Figure 4.92: Weight loss measurements of zinc in the absence and presence of Q6CA in 1.0 M 

H2SO4 at different temperatures. 
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Figure 4.93: Weight loss measurements of zinc in the absence and presence of H2QCA without 

KI in 1.0 M H2SO4 at different temperatures. 
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Figure 4.94: Weight loss measurements of zinc in the absence and presence of H2QCA with KI 

in 1.0 M H2SO4 at different temperatures. 
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Table 4.28: Weight loss measurements of zinc in the absence and presence of MQ6CA, Q6CA 

and H2QCA in 1.0 M H2SO4 obtained at different temperatures. 

 

 

Inhibitor 

 

 

 

 

Concentration 

(10-3 M) 

Weight loss 

(g) 

303 K 313 K 323 K 333 K 

0.000 0.4022 0.7123 1.3779 1.8276 

     

 

 

MQ6CA 

0.5 0.1147 0.1878 0.1760 0.1844 

1.0 0.1101 0.1294 0.1752 0.1815 

2.0 0.1101 0.1234 0.1660 0.1802 

3.0 0.1096 0.1196 0.1582 0.1694 

4.0 0.1004 0.1125 0.1480 0.1661 

      

 

 

Q6CA 

0.5 0.1134 0.1205 0.1630 0.5179 

1.0 0.1179 0.1322 0.1804 0.3680 

2.0 0.1170 0.1562 0.1370 0.2819 

3.0 0.1203 0.1567 0.1364 0.2467 

4.0 0.0736 0.1340 0.1682 0.2672 

      

 

 

H2QCA without KI 

5.0 0.2849 0.4672 0.8251 0.9567 

6.0 0.2594 0.3755 0.8350 0.9335 

7.0 0.2586 0.4261 0.8212 0.9080 

8.0 0.2616 0.3890 0.6647 1.2261 

9.0 0.1726 0.4048 0.6275 1.0200 

      

 

 

H2QCA with KI 

5.0 0.2240 0.3641 0.5873 0.7817 

6.0 0.1927 0.2350 0.4333 0.8400 

7.0 0.1810 0.2379 0.4119 0.8065 

8.0 0.1649 0.2197 0.4015 0.7453 

9.0 0.1636 0.2269 0.3152 0.8041 
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It is clear from the figures 4.87 – 4.94 that the weight loss of zinc drastically decreased as the 

concentration of the studied quinoxalines was increased. The Tables 4.27 and 4.28 reveal that 

weight loss values of zinc remarkably decreased in presence of the inhibitors as compared to in 

the blank solution (for both acids). For instance, in Table 4.27, the values of weight loss of zinc 

for the blank test were obtained to be 0.2558 g, 0.3832 g, 0.6913 g, and 1.1077 g at the temperatures 

of 303 K, 313 K, 323 K, and 333 K, respectively, in comparison to tests with an introduction of 

0.510-3 M Q6CA  which the weight loss of zinc was obtained to be 0.1126 g, 0.1047 g, 0.1075 g, 

and 0.1243 g at the temperature of 303 K, 313 K, 323 K, and 333 K, respectively. Inspection of 

these tables reveals that the addition of KI in H2QCA system tremendously reduced the weight 

loss of zinc in 1.0 M HCl and 1.0 M H2SO4.  For instance, in Table 4.28, the concentration of 

9.010-3 M H2QCA with KI,  the weight loss of zinc was found to increase from 0.1726 g, 0.4048 

g, 0.6275, then 1.0200 g at 303 K, 313 K, 323 K, and 333 K, respectively. However, in the presence 

of KI values enormously reduced to 0.1636 g, 0.2269 g, 0.3152 g, then 0.8041 g at the temperature 

of 303 K, 313 K, 323 K, and 333 K, respectively. A similar trend was also observed in all the 

studied concentrations of H2QCA, and also in Table 4.27. These findings are in agreement with 

fact that an increase in inhibitor concentration reduces the weight loss of zinc, eventually decreases 

the rate of corrosion [345]. Furthermore, these tables reveal that H2SO4 was more corrosive than 

HCl. This may be due to the fact that H2SO4 possesses a relatively higher concentration than HCl 

[294]. 
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4.3.2 Corrosion rate and inhibition efficiency 

The corrosion rate (CR), surface coverage (θ), and percentage inhibition efficiency (% IE) obtained  

from weight loss measurement of zinc in 1.0 M HCl and 1.0 M H2SO4 in the absence and presence 

of various concertation of MQ6CA, Q6CA, and H2QCA with and without KI at temperature 303 

– 333 K are presented in the Tables 4.29 – 4.34 and figures 4.95 – 4.102.  
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Figure 4.95: The variation of percentage inhibition efficiency with various concentration of 

MQ6CA at various temperatures in 1.0 M HCl.  
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Figure 4.96: The variation of percentage inhibition efficiency with various concentration of Q6CA 

at various temperatures in 1.0 M HCl. 

 

5 6 7 8 9

0

10

20

30

40

50

60

%
 I

E

Cinh (10-3 M)

 303 K

 313 K

 323 K

 333 K

 

Figure 4.97: The variation of percentage inhibition efficiency with various concentration of 

H2QCA without KI at various temperatures in 1.0 M HCl.  
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Figure 4.98: The variation of percentage inhibition efficiency with various concentration of 

H2QCA with KI at various temperatures in 1.0 M HCl.  
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Table 4.29: The corrosion parameters for zinc in 1.0 M HCl in the absence and presence of various 

concentrations of MQ6CA obtained from weight loss measurements at 303 – 333 K.  

Inhibitor Temperature 

(K) 

Inhibior 

concentration 

( 10-3 M) 

Corrosion 

rate 

(g.cm-2.h-1) 

Surface 

coverage 

(θ 

Inhibition 

efficiency 

(%) 

 

 

 

 

 

 

 

 

 

 

 

 

 

MQ6CA 

 

 

 

303 

- 0.0060905 - - 

0.5 0.0026310 0.5680 56.80 

1.0 0.0025071 0.5883 58.83 

2.0 0.0024714 0.5942 59.42 

3.0 0.0023071 0.6212 62.12 

4.0 0.0020500 0.6638 66.38 

     

 

 

 

313 

- 0.0091238 - - 

0.5 0.0028714 0.6852 68.52 

1.0 0.0026214 0.7127 71.27 

2.0 0.0025262 0.7249 72.49 

3.0 0.0025095 0.7250 72.50 

4.0 0.0024119 0.7356 73.56 

     

 

 

 

323 

- 0.0164595 - - 

0.5 0.0044619 0.7289 72.89 

1.0 0.0025095 0.8478 84.78 

2.0 0.0024762 0.8496 84.96 

3.0 0.0022571 0.8629 86.29 

4.0 0.0021333 0.8704 87.04 

     

 

 

 

333 

- 0.0263738 - - 

0.5 0.0039667 0.8496 84.96 

1.0 0.0035762 0.8644 86.44 

2.0 0.0026857 0.8981 89.81 

3.0 0.0026881 0.8982 89.82 

4.0 0.0021905 0.9169 91.69 
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Table 4.30: The corrosion parameters for zinc in 1.0 M HCl in the absence and presence of various 

concentrations of Q6CA obtained from weight loss measurements at 303 – 333 K. 

Inhibitor Temperature 

(K) 

Inhibior 

concentration 

( 10-3 M) 

Corrosion 

rate 

(g.cm-2.h-1) 

Surface 

coverage 

(θ 

Inhibition 

efficiency 

(%) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Q6CA 

 

 

 

303 

- 0.0060904 - - 

0.5 0.0026809 0.5598 55.98 

1.0 0.0025523 0.5808 58.08 

2.0 0.0024404 0.5992 59.92 

3.0 0.0258090 0.5762 57.62 

4.0 0.0037047 0.5917 59.17 

     

 

 

 

313 

- 0.0091238 - - 

0.5 0.0024928 0.7267 72.67 

1.0 0.0025547 0.7199 71.99 

2.0 0.0017738 0.8055 80.55 

3.0 0.0025809 0.7171 71.71 

4.0 0.0027333 0.7004 70.04 

     

 

 

 

323 

- 0.0164595 - - 

0.5 0.0025595 0.8444 84.44 

1.0 0.0024310 0.8523 85.23 

2.0 0.0025762 0.8434 84.34 

3.0 0.0025789 0.8433 84.33 

4.0 0.0026472 0.8391 83.91 

     

 

 

 

333 

- 0.0263738 - - 

0.5 0.0029595 0.8877 88.77 

1.0 0.0024857 0.9057 90.57 

2.0 0.0026857 0.8981 89.81 

3.0 0.0022571 0.9144 91.44 

4.0 0.0025976 0.9015 90.15 
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Table 4.31: The corrosion parameters for zinc in 1.0 M HCl in the absence and presence of various 

concentrations of H2QCA with and without KI obtained from weight loss measurements at 303 – 

333 K. 

Inhibitor Temperature 

(K) 

Inhibior 

concentration 

( 10-3 M) 

Corrosion 

rate 

(g.cm-2.h-

1) 

Surface 

coverage 

(θ 

Inhibition 

efficiency 

(%) 

 

 

 

 

 

 

 

 

 

 

 

 

 

H2QCA 

without KI 

 

 

 

303 

- 0.0060904 - - 

5.0 0.0036667 0.3981 39.81 

6.0 0.0035310 0.4201 42.01 

7.0 0.0036952 0.3932 39.32 

8.0 0.0033810 0.4449 44.49 

9.0 0.0035523 0.4168 41.68 

     

 

 

 

313 

- 0.0091238 - - 

5.0 0.0481428 0.4722 47.22 

6.0 0.0051214 0.4386 43.86 

7.0 0.0045619 0.5001 50.01 

8.0 0.0043548 0.5227 52.27 

9.0 0.0054571 0.4019 40.19 

     

 

 

 

323 

- 0.0164595 - - 

5.0 0.0089787 0.4545 45.45 

6.0 0.0087380 0.4691 46.91 

7.0 0.0096048 0.4113 41.13 

8.0 0.0095095 0.4222 42.22 

9.0 0.0086405 0.4750 47.50 

     

 

 

 

333 

- 0.0263738 - - 

5.0 0.0171143 0.3511 35.11 

6.0 0.0231024 0.3949 39.49 

7.0 0.0138810 0.5000 50.00 

8.0 0.0124405 0.5283 52.83 

9.0 0.0112333 0.5741 57.41 

      

 

 

 

 

 

 

 

 

 

 

 

303 

- 0.0060904 - - 

5.0 0.0030214 0.5039 50.39 

6.0 0.0029523 0.5152 51.52 

7.0 0.0024548 0.5969 59.69 

8.0 0.0020810 0.6581 65.81 

9.0 0.0020357 0.6659 66.59 

     

 - 0.0091238 - - 
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H2QCA with 

KI 

 

 

313 

5.0 0.0030262 0.6683 66.83 

6.0 0.0032738 0.6411 64.11 

7.0 0.0028214 0.6907 69.07 

8.0 0.0026548 0.7098 70.98 

9.0 0.0026905 0.7049 70.49 

     

 

 

 

323 

- 0.0164595 - - 

5.0 0.0053071 0.6776 67.76 

6.0 0.0052667 0.6801 68.01 

7.0 0.0046619 0.7167 71.67 

8.0 0.00375 0.7721 77.21 

9.0 0.0030524 0.8145 81.45 

     

 

 

 

333 

- 0.0263738 - - 

5.0 0.0097810 0.6291 62.91 

6.0 0.0092857 0.6479 64.79 

7.0 0.0101786 0.6141 61.41 

8.0 0.0080357 0.6953 69.53 

9.0 0.0052952 0.7992 79.92 
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Figure 4.99: The variation of percentage inhibition efficiency with various concentration of 

MQ6CA at various temperatures in 1.0 M H2SO4. 
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Figure 4.100: The variation of percentage inhibition efficiency with various concentration of 

Q6CA at various temperatures in 1.0 M H2SO4. 
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Figure 4.101: The variation of percentage inhibition efficiency with various concentration of 

H2QCA without KI at various temperatures in 1.0 M H2SO4. 



201 | P a g e  
 

5 6 7 8 9

0

10

20

30

40

50

60

70

80

%
 I

E

Cinh (10-3 M)

 303 K

 313 K

 323 K

 333 K

 

Figure 4.102: The variation of percentage inhibition efficiency with various concentration of 

H2QCA with KI at various temperatures in 1.0 M H2SO4. 
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Table 4.32: The corrosion parameters for zinc in 1.0 M H2SO4 in the absence and presence of 

various concentrations of MQ6CA obtained from weight loss measurements at 303 – 333 K.  

Inhibitor Temperature 

(K) 

Inhibior 

concentration 

( 10-3 M) 

Corrosion 

rate 

(g.cm-2.h-1) 

Surface 

coverage 

(θ 

Inhibition 

efficiency 

(%) 

 

 

 

 

 

 

 

 

 

 

 

 

 

MQ6CA 

 

 

 

303 

- 0.0095762 - - 

0.5 0.0027310 0.7148 71.48 

1.0 0.0026214 0.7263 72.63 

2.0 0.0026214 0.7263 72.63 

3.0 0.0026095 0.7275 72.75 

4.0 0.0023905 0.7603 76.03 

     

 

 

 

313 

- 0.0169595 - - 

0.5 0.0447142 0.7363 73.63 

1.0 0.0030810 0.8183 81.83 

2.0 0.0029381 0.8268 82.68 

3.0 0.0028476 0.8321 83.21 

4.0 0.0026786 0.8463 84.63 

     

 

 

 

323 

- 0.0328071 - - 

0.5 0.0041905 0.8723 87.23 

1.0 0.0041714 0.8728 87.28 

2.0 0.0039524 0.8795 87.95 

3.0 0.0037667 0.8852 88.52 

4.0 0.0035238 0.8926 89.26 

     

 

 

 

333 

- 0.0435142 - - 

0.5 0.0043905 0.8991 89.91 

1.0 0.0043214 0.9007 90.07 

2.0 0.0042904 0.9014 90.14 

3.0 0.0040333 0.9073 90.73 

4.0 0.0039548 0.9091 90.91 
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Table 4.33: The corrosion parameters for zinc in 1.0 M H2SO4 in the absence and presence of 

various concentrations of Q6CA obtained from weight loss measurements at 303 – 333 K. 

Inhibitor Temperature 

(K) 

Inhibior 

concentration 

( 10-3 M) 

Corrosion 

rate 

(g.cm-2.h-1) 

Surface 

coverage 

(θ 

Inhibition 

efficiency 

(%) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Q6CA 

 

 

 

303 

- 0.0095762 - - 

0.5 0.0027000 0.7180 71.80 

1.0 0.0028071 0.7068 70.68 

2.0 0.0027856 0.7090 70.90 

3.0 0.0028643 0.7008 70.08 

4.0 0.0017523 0.8170 81.70 

     

 

 

 

313 

- 0.0169595 - - 

0.5 0.0028690 0.8308 83.08 

1.0 0.0031476 0.8144 81.44 

2.0 0.0037190 0.7807 78.07 

3.0 0.0037309 0.7800 78.00 

4.0 0.0031905 0.8118 81.18 

     

 

 

 

323 

- 0.0328000 - - 

0.5 0.0038810 0.8817 88.17 

1.0 0.0042952 0.8690 86.90 

2.0 0.0032619 0.9005 90.05 

3.0 0.0032476 0.9010 90.10 

4.0 0.0040047 0.8779 87.79 

     

 

 

 

333 

- 0.0435142 - - 

0.5 0.0181238 0.7166 71.66 

1.0 0.0130476 0.7986 79.86 

2.0 0.0090857 0.8457 84.57 

3.0 0.0059100 0.8650 86.50 

4.0 0.0062904 0.8539 85.39 
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Table 4.34: The corrosion parameters for zinc in 1.0 M H2SO4 in the absence and presence of 

various concentrations of H2QCA with and without KI obtained from weight loss measurements 

at 303 – 333 K. 

Inhibitor Temperature 

(K) 

Inhibior 

concentration 

( 10-3 M) 

Corrosion 

rate 

(g.cm-2.h-1) 

Surface 

coverage 

(θ 

Inhibition 

efficiency 

(%) 

 

 

 

 

 

 

 

 

 

 

 

 

 

H2QCA 

without KI 

 

 

 

303 

- 0.0095762 - - 

5.0 0.0067833 0.2917 29.17 

6.0 0.0061762 0.3551 35.51 

7.0 0.0061571 0.3570 35.70 

8.0 0.0062286 0.3497 34.97 

9.0 0.0041095 0.5908 59.08 

     

 

 

 

313 

- 0.0169595 - - 

5.0 0.0111238 0.3441 34.41 

6.0 0.0089405 0.4729 47.29 

7.0 0.0101452 0.4018 40.18 

8.0 0.0092619 0.4540 45.40 

9.0 0.0096381 0.4317 43.17 

     

 

 

 

323 

- 0.0328000 - - 

5.0 0.0196452 0.4012 40.12 

6.0 0.0198810 0.3940 39.40 

7.0 0.0195524 0.4040 40.40 

8.0 0.0158262 0.5176 51.76 

9.0 0.0149405 0.5446 54.46 

     

 

 

 

333 

- 0.0435142 - - 

5.0 0.0227786 0.4765 47.65 

6.0 0.0222262 0.4892 48.92 

7.0 0.0216190 0.5032 50.32 

8.0 0.0291929 0.3291 32.91 

9.0 0.0242857 0.4421 44.21 

      

 

 

 

 

 

 

 

 

 

 

 

 

303 

- 0.0095762 - - 

5.0 0.0053330 0.4431 44.31 

6.0 0.0045881 0.5210 52.10 

7.0 0.0043095 0.5499 54.99 

8.0 0.0039262 0.5900 59.00 

9.0 0.0038952 0.5932 59.32 

     

 

 

- 0.0169595 - - 

5.0 0.0139833 0.4889 48.89 
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H2QCA with 

KI 

 

313 

6.0 0.0055952 0.6701 67.01 

7.0 0.0056643 0.6660 66.60 

8.0 0.0052310 0.6916 69.16 

9.0 0.0054024 0.6815 68.15 

     

 

 

 

323 

- 0.0328000 - - 

5.0 0.0139833 0.5738 57.38 

6.0 0.0103167 0.6855 68.55 

7.0 0.0098071 0.7011 70.11 

8.0 0.0095595 0.7086 70.86 

9.0 0.0075048 0.7712 77.12 

     

 

 

 

333 

- 0.0435142 - - 

5.0 0.0186119 0.5723 57.23 

6.0 0.0200000 0.5404 54.04 

7.0 0.0192024 0.5587 55.87 

8.0 0.0177452 0.5922 59.22 

9.0 0.0191452 0.5600 56.00 

 

It is evident from these tables that the corrosion rate of zinc in the absence of the inhibitors was 

relatively high at all the studied temperatures. However, after introducing the three quinoxalines 

in the corrosion medium, the corrosion rate decreased. Tables 4.29 and 4.32 reveal that the 

percentage inhibition efficiency increased with  increase in concentration of MQ6CA at all 

temperature. Moreover, the inhibition efficiency values of this compound are observed to increase 

with temperature of the corrosive environment. Table 4.29 show that the inhibition efficiency for 

MQ6CA was attained at concentration of 410-3 M. A similar trend was observed in Table 4.32. 

This can be ascribed to the availability of preferential adsorption inhibitor molecules at the 

metal/solution interface as the concentration is increased. Furthermore, the inhibition efficiency of 

this compound in 1.0 M HCl  and 1.0 M H2SO4 was found to range from 56.80 – 91.69 % and 

71.84 – 90.91 %, respectively. 

The increase in inhibitor concentration is known to be associated with the reduction of corrosion 

rate and high inhibition efficiency values [300].  However, Tables 4.30 and 4.33 show no regular 

trend in the values of inhibition efficiency as the concentration of Q6CA and the temperature were 

increased. Although the tests were done in triplicates, no simple trend was observed. This 

observation can be attributed to the fact that corrosion is a highly complex process due to activities 

that lead to the alterations which includes the exchange of electrons and desorption of the inhibitor 
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among others [301]. Several researchers also reported similar findings [302–304]. Nevertheless, 

the introduction of various concentrations of Q6CA in 1.0 M HCl and 1.0 M H2SO4 solutions 

significantly reduced the corrosion rate of zinc. In 1.0 M HCl, the highest inhibition efficiency was 

obtained to be 91.44% at a concentration of 310-3 M and temperature 333 K. The lowest inhibition 

efficiency was obtained at a concentration of 0.510-3 M and temperature of  303 K to be 55.98 

%. Even though there was no regular trend observed in the values of inhibition efficiency of Q6CA, 

looking closely at Table 4.30, it can be observed that inhibition efficiency values increased with 

an increase in temperature. At concentration of 303 K for instance, the values were obtained to be 

55.89, 58.08, 59.92, 57.62, and 59.17 % at 0.510-3, 1.010-3, 2.010-3, 3.010-3, and 4.010-3 M, 

respectively. However, at 313 K, these values increased to 72.67, 71.99, 80.55, 71.71, and 70.04 

% at 0.510-3, 1.010-3, 2.010-3, 3.010-3, and 4.010-3 M, respectively.   

Tables 4.31 and 4.34 illustrate the inhibition efficiency values of H2QCA with and without the 

addition of KI. It is clear from these tables that without the addition of KI in the H2QCA systems 

there was no simple trend in the inhibition efficiency values. However, after the addition of KI the 

inhibition efficiency values increased with increase concentration of the inhibitor and increase in 

temperature of the corrosive environment. In both acids, H2QCA without KI performed poorly in 

retarding the rate of corrosion of zinc. For instance, in table 4.31, at a concentration of 5.010-3 M, 

the inhibition efficiency values were obtained to be 39.81, 47.22, 45.45, and 35.11 % at 

temperatures 303, 313, 323, and 333 K, respectively. At the same concentration with the addition 

of KI in the inhibitor solution, the inhibition efficiency value improved to 50.39, 66.83, 67.76, then 

62.91 % at temperatures 303, 313, 323, and 333 K, respectively. Similar improvements in the 

inhibition efficiency values were also observed in table 4.34. Thus, it is clear that the addition of 

KI remarkably improved the percentage efficiency of H2QCA. Thus, clearly showed that the 

addition of KI in the H2QCA system remarkably improved the percentage efficiency of H2QCA.  

The inhibition efficiency of the studied compound varied in the order: MQ6CA>Q6CA>H2QCA. 

As shown in figures 4.87 – 4.94  and  in Tables 4.27 and 4.28, all the studied quinoxalines on zinc 

performed best at higher temperatures. This effect can be attributed to that as the temperature is 

increased the corrosion products of zinc becomes more dense, compact, and cohesive to the metal 

surface, thereby eventually forming a protective zinc film oxide on the metal surface. This type of 
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adsorption is classified as chemical adsorption. This is in accordance with the report by Raja and 

co-workers [346]. 

4.3.3 Impact of temperature and kinetic parameters 

As seen from section 4.3.1, temperature is influential factor on the corrosion of zinc in acidic 

media. An increase in temperature of the corrosive environment was found to lessen the rate of 

corrosion of zinc. Therefore, temperature variation can be utilized to further understand the type 

of adsorption of the studied quinoxaline on zinc surface.  The Arrhenius equation is often utilized 

to explain the reliance of the corrosion rate of metals on the temperature of the surrounding [313]. 

The type of Arrhenius equation [equation (46)] utilized to evaluate the activation energy (Ea) of 

zinc corrosion was shown earlies in section 4.2.3 [314, 315]. The values of activation energy of 

zinc corrosion in the absence and presence of various concentration of the studied quinoxalines 

were computed from the plot of  log CR against 1/T (figures 4.103 – 4.114) and are presented in 

Tables 4.35 and 4.36. 
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Figure 4.103: Arrhenius plots for zinc corrosion in 1.0 M HCl solution in the absence and presence 

of different concentrations of MQ6CA. 
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Figure 4.104: Arrhenius plots for zinc corrosion in 1.0 M HCl solution in the absence and presence 

of different concentrations of Q6CA. 
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Figure 4.105: Arrhenius plots for zinc corrosion in 1.0 M HCl solution in the absence and presence 

of different concentrations of H2QCA with KI. 
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Figure 4.106: Arrhenius plots for zinc corrosion in 1.0 M H2SO4 solution in the absence and 

presence of different concentrations of MQ6CA. 

3.00 3.05 3.10 3.15 3.20 3.25 3.30

-3

-2

-1

0

1

2

lo
g

C
R
/g

.c
m

-2
.h

-1

[(1/T)103]K-1

 Blank     M

 0.510-3 M

 1.010-3 M

 2.010-3 M

 3.010-3 M

 4.010-3 M

 

Figure 4.107: Arrhenius plots for zinc corrosion in 1.0 M H2SO4 solution in the absence and 

presence of different concentrations of Q6CA. 
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Figure 4.108: Arrhenius plots for zinc corrosion in 1.0 M H2SO4 solution in the absence and 

presence of different concentrations of H2QCA with KI. 

 

More information on the impact of temperature on the corrosion rate of zinc in 1.0 M HCl and 1.0 

M H2SO4 can be derived from thermodynamic parameters such as enthalpy of activation (ΔH*) 

and entropy of activation (ΔS*). The rate of corrosion and temperature are related to these 

parameters through the transition-state equation (47) [314, 315]. Figures 4.124 – 4.129 present the 

plot of log(CR/T) against (1/T) with the data best fitted having a slope (-∆H*/2.303R )and an 

intercept  [log(R/Nh)+(∆S*/2.303R] which were utilized to compute the values of the standard 

enthalpy (ΔH*) and entropy of activation (ΔS*) in the absence and presence of various 

concentrations of the studied quinoxalines. Their values are presented in Tables 4.35 and 4.36. 
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Figure 4.109: Transition state plots for zinc corrosion in 1.0 M HCl solution in the absence and 

presence of different concentrations of MQ6CA.  
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Figure 4.110: Transition state plots for zinc corrosion in 1.0 M HCl solution in the absence and 

presence of different concentrations of Q6CA. 
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Figure 4.111: Transition state plots for zinc corrosion in 1.0 M HCl solution in the absence and 

presence of different concentrations of H2QCA with KI. 

 

3.00 3.05 3.10 3.15 3.20 3.25 3.30

-5.2

-5.0

-4.8

-4.6

-4.4

-4.2

-4.0

-3.8

[l
o

g
C

R
/T

]g
.c

m
-2

.h
-1

[(1/T)103]K-1

 Blank     M

 0.510-3 M

 1.010-3 M

 2.010-3 M

 3.010-3 M

 4.010-3 M

 

Figure 4.112: Transition state plots for zinc corrosion in 1.0 M H2SO4 solution in the absence and 

presence of different concentrations of  MQ6CA. 
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Figure 4.113: Transition state plots for zinc corrosion in 1.0 M H2SO4 solution in the absence and 

presence of different concentrations of  Q6CA. 
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Figure 4.114: Transition state plots for zinc corrosion in 1.0 M H2SO4 solution in the absence and 

presence of different concentrations of  H2QCA with KI. 
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Higher values of the activation energy of a process in the presence of an inhibitor compared to that 

of a process in the absence of an inhibitor are generally associated with physical adsorption, while 

the opposite is associated with chemical adsorption. A closer look at Tables 4.35 and 4.36, shows 

that the activation energy values the quinoxalines were obtained less than for blank solution. This 

can be ascribed to an increase in adsorption of the preferential quinoxaline inhibitor molecules on 

zinc  surface with increase in temperature of the corrosive surrounding. This effect suggests a 

chemical type of adsorption. A similar behavior was also reported in literature [347, 348]. An 

interesting observation in Table 4.36, the activation energy for Q6CA at concentration of 0.510-

3 M was found to be higher than that of blank solution, suggesting that at low concentration the 

inhibitor molecules were adsorbed physically on zinc surface. These findings suggest that Q6CA 

is a mixed-type inhibitor. 

This adsorption process of zinc and the studied quinoxaline can be classified into either 

endothermic or exothermic. Moreover, an exothermic process releases energy in a form of heat 

and may suggest either physical or chemical adsorption. An endothermic process requires an input 

of energy in a form of heat, and it suggests chemisorption entirely. From Tables 4.35 and 4.36, the 

calculated values of entropy of activation were obtained to be positive, suggesting that the 

adsorption of the studied quinoxalines on zinc surface is endothermic, which further implies that 

the dissolution of zinc is slow in the presence of the studied quinoxalines. Ogoko et. al. reported 

similar findings [349]. A review in literature reveals that the values of enthalpy of activation 40.86 

kJ/mol indicate physical adsorption whereas enthalpy of activation values around 100.00 kJ/mol 

indicate chemical adsorption [322–324]. In the present study, the range of enthalpy of activation 

values (6.51 – 46.97 kJ/mol),  suggesting that the studied quinoxalines are associated with a 

physical type of adsorption of zinc adsorption. It is also observed from Tables 4.35 and 4.36 that 

the values of activation energy and enthalpy of activation varied similarly, however, the enthalpy 

of activation values were a bit lower than those of the activation energy. This observation was also 

reported in the literature [325]. An increase in the concentration of the studied quinoxalines 

resulted in large and negative values of entropy of activation. This implies that there is a formation 

of an activated complex in the rate-determining step which represents association rather than 

dissolution of zinc, meaning that there is more disorder in the presence of the studied quinoxalines, 

which may be attributed to the desorption of the molecules from zinc surface. A similar observation 

was reported in the literature [349]. 
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Table 4.35: Arrhenius and transition parameters for zinc in 1.0 M HCl in the absence and presence 

of various concentrations of the studied quinoxalines. 

 

Inhibitor 

Concentration of 

inhibitors 

( 10-3M) 

Ea 

(kJ.mol-1) 

∆H* 

(kJ.mol-1) 

−∆S* 

(J.mol-1.K-1) 

− 41.78 

 

39.14 

 

158.25 

     

 

 

MQ6CA 

0.5 15.85 22.83 193.43 

1.0 10.46 13.40 220.84 

2.0 2.43 12.25 224.38 

3.0 4.69 6.51 240.92 

4.0 4.28 9.34 233.78 

     

 

 

Q6CA 

0.5 38.43 15.41 199.52 

1.0 36.00 14.49 199.77 

2.0 40.36 9.78 200.62 

3.0 17.79 10.72 200.46 

4.0 28.91 10.91 200.43 

     

 

H2QCA with KI 

 

5.0 33.93 31.29 191.12 

6.0 32.57 29.93 195.44 

7.0 39.65 37.01 173.91 

8.0 36.61 33.97 184.88 

9.0 24.95 22.33 -219.33 
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Table 4.36: Arrhenius and transition parameters for zinc in 1.0 M H2SO4 in the absence and 

presence of various concentrations of the studied quinoxalines. 

 

Inhibitor 

Concentration of 

inhibitors 

( 10-3M) 

Ea 

(kJ.mol-1) 

∆H* 

(kJ.mol-1) 

−∆S* 

(J.mol-1.K-1) 

− 43.76 

 

41.11 

 

147.32 

     

 

 

MQ6CA 

0.5 22.88 10.87 257.47 

1.0 15.19 12.26 252.63 

2.0 14.93 12.54 253.75 

3.0 13.31 10.67 258.96 

4.0 14.96 12.32 254.33 

     

 

 

Q6CA 

0.5 49.59 46.97 141.46 

1.0 40.73 38.06 169.70 

2.0 28.18 25.58 209.96 

3.0 16.87 14.23 246.57 

4.0 34.12 31.40 193.06 

     

 

H2QCA with KI 

 

5.0 35.56 32.74 179.30 

6.0 41.93 39.25 160.97 

7.0 41.91 39.33 161.08 

8.0 42.83 40.17 159.00 

9.0 42.49 39.85 160.33 
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4.3.4 Adsorption isotherms and thermodynamic parameters 

The adsorption isotherm can  be utilized to understand the mechanism of the studied quinoxalines 

on zinc surface [327]. The adsorption of organic molecules at the metal/solution interface can 

occur as a result replacement of water molecules and adsorbed organic molecules in the aqueous 

solution. The adsorption of organic molecules at the metal/solution interface can be described as a 

result of  replacement of water molecules and adsorbed organic molecules in the aqueous solution 

as represented by equation (48) [350]. It is important to know the suitable adsorption isotherm that 

can provide more information about the type of adsorption of the studied quinoxalines on zinc 

surface. Trials were made to fit the data to several known adsorption isotherms namely Langmuir, 

Frumkin, Freundlich, and Temkin. The plots of these adsorption isotherms are shown with 

descriptions in figures 4.115 – 4.138. Among all the fitted isotherms for zinc 1.0 M HCl and 1.0 

M H2SO4 in the absence and presence of the studied quinoxaline, the Langmuir isotherm was 

obtained to the description of the adsorption behavior of the investigated compounds. This 

judgment was based on the regression coefficient values (R2) that were found to be at/and near the 

unity. The regression coefficient values obtained in all the tested isotherms for zinc in this present 

study are presented in Tables 4.37 and 4.38. From this table, it is clear that all the other isotherms 

except for Langmuir isotherm are deviating from unity. 
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Figure 4.115: Langmuir adsorption isotherm plot for the adsorption of various concentrations  

of MQ6CA on the surface of zinc in 1.0 M HCl at various temperatures. 
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Figure 4.116: Langmuir adsorption isotherm plot for the adsorption of various concentrations  

of Q6CA on the surface of zinc in 1.0 M HCl at various temperatures. 
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Figure 4.117: Langmuir adsorption isotherm plot for the adsorption of various concentrations  

of H2QCA with KI on the surface of zinc in 1.0 M HCl at various temperatures. 
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Figure 4.118: Frumkin adsorption isotherm plot for the adsorption of various concentrations  of 

MQ6CA on the surface of zinc in 1.0 M HCl at various temperatures. 
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Figure 4.119: Frumkin adsorption isotherm plot for the adsorption of various concentrations  of 

Q6CA on the surface of zinc in 1.0 M HCl at various temperatures. 
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Figure 4.120: Frumkin adsorption isotherm plot for the adsorption of various concentrations  of 

H2QCA with KI on the surface of zinc in 1.0 M HCl at various temperatures. 
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Figure 4.121: Freundlich adsorption isotherm plot for the adsorption of various concentrations  of 

MQ6CA on the surface of zinc in 1.0 M HCl at various temperatures. 
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Figure 4.122: Freundlich adsorption isotherm plot for the adsorption of various concentrations  of 

Q6CA on the surface of zinc in 1.0 M HCl at various temperatures. 
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Figure 4.123: Freundlich adsorption isotherm plot for the adsorption of various concentrations  of 

H2QCA with KI on the surface of zinc in 1.0 M HCl at various temperatures. 
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Figure 4.124: Temkin adsorption isotherm plot for the adsorption of various concentrations  of 

MQ6CA on the surface of zinc in 1.0 M HCl at various temperatures. 

 

 

-3.4 -3.2 -3.0 -2.8 -2.6 -2.4

0.55

0.60

0.65

0.70

0.75

0.80

0.85

0.90

q

log Cinh

 303 K

 313 K

 323 K

 333 K

 

Figure 4.125: Temkin adsorption isotherm plot for the adsorption of various concentrations  of 

Q6CA on the surface of zinc in 1.0 M HCl at various temperatures. 
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Figure 4.126: Temkin adsorption isotherm plot for the adsorption of various concentrations  of 

H2QCA with KI on the surface of zinc in 1.0 M HCl at various temperatures. 
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Table 4.37: The regression coefficient values obtained from different adsorption isotherms for 

zinc in 1.0 M HCl at various temperatures for the studied quinoxaline. 

 

Inhibitor 

 

Temperature 

(K) 

 

Correlation coefficient 

(R2) 

Langmuir Frumkin Freundlich Temkin 

 
 
 

MQ6CA 

303 0.9958 0.9378 0.8278 0.8085 

313 0.9999 0.7698 0.9194 5.0710-5 

323 0.9998 0.5445 0.6578 0.0626 

333 0.9998 0.9084 0.9610 0.9595 

 
 
 

Q6CA 

303 0.9993 03107 0.4879 0.4823 

313 0.9945 0.0626 0.0782 0.0723 

323 0.9999 0.5082 0.3310 0.3410 

333 0.9999 0.2732 0.4191 0.4167 

 

 

H2QCA with 

KI 

303 0.9914 0.9302 0.9276 0.9270 

313 0.9968 0.6236 0.5919 0.6023 

323 0.9925 0.9357 0.8982 0.8905 

333 0.9976 0.6717 0.5994 0.5993 
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Figure 4.127: Langmuir adsorption isotherm plot for the adsorption of various concentrations  

of MQ6CA on the surface of zinc in 1.0 M H2SO4 at various temperatures. 
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Figure 4.128: Langmuir adsorption isotherm plot for the adsorption of various concentrations  

of Q6CA on the surface of zinc in 1.0 M H2SO4 at various temperatures. 
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Figure 4.129: Langmuir adsorption isotherm plot for the adsorption of various concentrations  

of H2QCA with KI on the surface of zinc in 1.0 M H2SO4 at various temperatures. 
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Figure 4.130: Frumkin adsorption isotherm plot for the adsorption of various concentrations  of 

MQ6CA on the surface of zinc in 1.0 M H2SO4 at various temperatures. 
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Figure 4.131: Frumkin adsorption isotherm plot for the adsorption of various concentrations  of 

Q6CA on the surface of zinc in 1.0 M H2SO4 at various temperatures. 
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Figure 4.132: Frumkin adsorption isotherm plot for the adsorption of various concentrations  of 

H2QCA with KI on the surface of zinc in 1.0 M H2SO4 at various temperatures. 
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Figure 4.133: Freundlich adsorption isotherm plot for the adsorption of various concentrations  of 

MQ6CA on the surface of zinc in 1.0 M H2SO4 at various temperatures. 
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Figure 4.134: Freundlich adsorption isotherm plot for the adsorption of various concentrations  of 

Q6CA on the surface of zinc in 1.0 M H2SO4 at various temperatures. 
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Figure 4.135: Freundlich adsorption isotherm plot for the adsorption of various concentrations  of 

H2QCA with KI on the surface of zinc in 1.0 M H2SO4 at various temperatures. 
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Figure 4.136: Temkin adsorption isotherm plot for the adsorption of various concentrations  of 

MQ6CA on the surface of zinc in 1.0 M H2SO4 at various temperatures. 
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Figure 4.137: Temkin adsorption isotherm plot for the adsorption of various concentrations  of 

Q6CA on the surface of zinc in 1.0 M H2SO4 at various temperatures. 
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Figure 4.138: Temkin adsorption isotherm plot for the adsorption of various concentrations  of 

H2QCA with KI on the surface of zinc in 1.0 M H2SO4 at various temperatures. 
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Table 4.38: The regression coefficient values obtained from different adsorption isotherms for 

zinc in 1.0 M H2SO4 at various temperatures for the studied quinoxaline. 

 

 

Inhibitor 

 

Temperature 

(K) 

 

Correlation coefficient 

(R2) 

Langmuir Frumkin Freundlich Temkin 

 
 
 

MQ6CA 

303 0.9982 0.7323 0.6366 0.5935 

313 0.9998 0.6187 0.8023 0.8119 

323 0.9999 0.9855 0.8629 0.8615 

333 0.9999 00.9372 0.8233 0.8228 

 
 
 

Q6CA 

303 0.9819 0.4413 0.2368 0.2438 

313 0.9985 0.2101 0.4163 0.4218 

323 0.9994 0.0746 0.1536 0.1440 

333 0.9996 0.6945 0.8643 0.9026 

 

 

H2QCA with 

KI 

303 0.9920 0.8981 0.9249 0.9415 

313 0.9962 0.5744 0.6389 0.6487 

323 0.9779 0.8492 0.8654 0.8798 

333 0.9775 0.0436 0.0362 0.0362 
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The surface coverage (θ) of the studied quinoxaline obtained from weight loss measurements on 

zinc surface  and the variety of their concentration are best related by Langmuir isotherm given by 

equation (49). The values of 𝐾𝑎𝑑𝑠  were calculated from the intercept of the line from the 

aforementioned Langmuir plots. 𝐾𝑎𝑑𝑠  can be related to the free Gibbs energy of adsorption 

(∆𝐺°𝑎𝑑𝑠) through equation (51). The 𝐾𝑎𝑑𝑠 and ∆𝐺°𝑎𝑑𝑠 for zinc in 1.0 M HCl and 1.0 M H2SO4 in 

the absence and presence of the studied quinoxalines are listed in Tables 4.39 and 4.40, 

respectively.  

The values of 𝐾𝑎𝑑𝑠 are representative of the strength between the inhibitor molecules and a surface 

of a metal. Moreover, literature shows that large values of 𝐾𝑎𝑑𝑠 signifies greater binding strength 

[330]. The large values of 𝐾𝑎𝑑𝑠 obtained in this present study suggest a strong adsorption of the 

quinoxaline inhibitors on the zinc surface. Hence appreciable inhibition efficiency obtained as 

reported earlier. The tables show no regular trend in the 𝐾𝑎𝑑𝑠 values. The free Gibbs energy of 

adsorption gives more information on the mode interaction occurring between the inhibitors and 

the metal surface. In the present study,  the values of ∆𝐺°𝑎𝑑𝑠 were obtained to be negative for all 

the studied inhibitors which indicated that the inhibition processes of zinc were spontaneous. 

Generally, the values of ∆𝐺°𝑎𝑑𝑠  around − 20 kJ/mol or lower are associated with physical 

adsorption and values of ∆𝐺°𝑎𝑑𝑠  around −40 kJ/mol and more negative are associated with 

chemical adsorption [331]. In the presence study, the ∆𝐺°𝑎𝑑𝑠 values for zinc in 1.0 M HCl and 1.0 

M H2SO4 in the absence and presence of the studied quinoxalines were obtained to be in the range 

of −23.95 to – 44.42 kJ/mol, indicating a mixed-typed of adsorption of the studied quinoxalines 

on zinc surface, however, with chemisorption dominant. 
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Table 4.39: Langmuir adsorption parameters for corrosion of zinc in 1.0 M HCl at various 

temperatures in the presence of the studied quinoxalines. 

  

Inhibitor Temperature 

(K) 

Kads 

(L/mol) 
− ∆Go

ads 

(kJ.mol-1) 

 

MQ6CA 

303 4153.39 31.11 

313 17017.95 35.80 

323 10578.99 35.67 

333 15011.30 37.74 

    

 

Q6CA 

303 32323.75 36.28 

313 8666.26 34.05 

323 74790.96 40.92 

333 167485.11 44.42 

    

H2QCA with KI 

303 512.82 25.84 

313 460.83 26.41 

323 293.26 26.04 

333 354.61 27.37 

 

Table 4.40: Langmuir adsorption parameters for corrosion of zinc in 1.0 M H2SO4 at various 

temperatures in the presence of the studied quinoxalines.  

  

Inhibitor Temperature 

(K) 

Kads 

(L/mol) 
− ∆Go

ads 

(kJ.mol-1) 

 

MQ6CA 

303 4153.39 31.11 

313 17018.09 35.80 

323 10578.99 35.67 

333 15011.26 37.74 

    

 

Q6CA 

303 4785.90 31.46 

313 141536.00 41.32 

323 163791.04 43.03 

333 8774.24 36.26 

    

H2QCA with KI 

303 242.131 23.95 

313 2688.17 31.98 

323 354.61 26.55 

333 2293.58 32.54 
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4.3.5 Potentiodynamic polarization (PDP) 

PDP experiments for the corrosion of zinc were conducted at room temperature (303 K) in  in 1.0 

M HCl and 1.0 M H2SO4 in the absence and presence of the studied quinoxalines, as presented in 

figures 4.139 – 4.146. From these figures, it can be observed in both corrosive media the anodic 

and cathodic half-reactions of zinc corrosion were affected by the introduction of the studied 

quinoxalines. The corresponding potentiodynamic parameters such as corrosion current density 

(icorr), corrosion potential (Ecorr), polarization resistance (RP), and anodic (
𝑎
) and cathodic (

𝑐
) 

Tafel slopes were successfully calculated from both the anodic and cathodic regions of the Tafel 

plots. These parameters are presented in Tables 4.41 and 4.42. The potentiodynamic polarization 

inhibition efficiency (%IEPDP) was then evaluated from the measured icorr  value from equation 

(43). 
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Figure 4.139: Tafel plots for zinc in 1.0 M HCl in the absence and presence of various 

concentrations of MQ6CA at 303 K. 
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Figure 4.140: Tafel plots for zinc in 1.0 M HCl in the absence and presence of various 

concentrations of Q6CA at 303 K. 
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Figure 4.141: Tafel plots for zinc in 1.0 M HCl in the absence and presence of various 

concentrations of H2QCA without KI at 303 K. 

 



236 | P a g e  
 

-0.54 -0.52 -0.50 -0.48 -0.46 -0.44 -0.42 -0.40 -0.38 -0.36 -0.34

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

lo
g

 (
|I

/m
A

|)

Ewe/V vs. SCE

 Blank     M

 5.010-3 M

 6.010-3 M

 7.010-3 M

 8.010-3 M

 9.010-3 M

 

Figure 4.142: Tafel plots for zinc in 1.0 M HCl in the absence and presence of various 

concentrations of H2QCA with KI at 303 K. 
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Table 4.41: Potentiodynamic Polarization (PDP) parameters such as corrosion current density (icorr), corrosion potential (Ecorr), 

polarization resistance (RP), and anodic (
𝑎
) and cathodic (

𝑐
) Tafel slopes utilizing the studied quinoxalines in 1.0 M HCl. 

 

Inhibitor Conc. 

(10-3 M) 

CR/mpy Ecorr/ mV 

vs. SCE 

a/ 

mV.dec-1 

c/ 

mV.dec-1 

icorr / 

μA.cm-2 

Rp/Ω %IEPDP % 

IEWL 

Blank - 179.249 -421.293 45.1 115.7 298.585 31.50 - - 

 

 

MQ6CA 

0.5 31.383 -483.511 65.5 57.4 53.167 227.00 82.19 56.80 

1.0 12.878 -436.395 46.2 57.9 21.818 192.00 92.69 58.83 

2.0 6.821 -432.670 49.9 57.2 11.556 - 96.01 59.42 

3.0 6.002 -430.233 41.1 32.6 10.173 - 96.59 62.12 

4.0 5.095 -465.610 37.9 33.2 8.632 637.00 97.11 66.38 

          

 

 

Q6CA 

0.5 48.087 -379.128 33.5 54.0 81.466 78.7 72.72 55.98 

1.0 18.888 -382.837 48.7 49.4 31.910 201.00 89.31 58.08 

2.0 14.478 -451.386 74.2 52.1 24.528 - 91.79 59.92 

3.0 11.663 -421.751 53.5 54.9 19.703 207.00 93.40 57.62 

4.0 7.323 -467.230 58.9 43.9 12.371 584.00 95.86 59.17 

          

 

 

5.0 133.536 -472.240 49.1 71.8 226.225 49.90 24.23 39.81 

6.0 125.742 -459.786 49.3 75.8 212.423 22.40 28.86 42.01 

7.0 101.405 -463.576 47.4 77.0 171.309 19.80 42.63 39.32 
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H2QCA 

without 

KI 

8.0 85.088 -464.396 46.9 75.5 143.745 28.00 51.86 44.49 

9.0 92.140 -465.455 54.4 66.5 155.658 57.6 47.87 41.68 

          

 

 

H2QCA 

with KI 

5.0 59.688 -447.780 32.5 55.6 100.834 35.70 66.23 50.39 

6.0 43.627 -476.799 45.4 46.0 73.703 22.5 75.32 51.52 

7.0 39.426 -485.806 49.7 39.6 66.774 56.3 77.64 59.69 

8.0 38.096 -421.681 25.2 47.5 64.346 93.9 78.45 65.81 

9.0 17.853 -398.382 40.5 56.7 30.160 280.00 89.90 66.59 
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Figure 4.143: Tafel plots for zinc in 1.0 M H2SO4 in the absence and presence of various 

concentrations of MQ6CA at 303 K. 
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Figure 4.144: Tafel plots for zinc in 1.0 M H2SO4 in the absence and presence of various 

concentrations of Q6CA at 303 K. 
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Figure 4.145: Tafel plots for zinc in 1.0 M H2SO4 in the absence and presence of various 

concentrations of H2QCA without KI at 303 K. 
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Figure 4.146: Tafel plots for zinc in 1.0 M H2SO4 in the absence and presence of various 

concentrations of H2QCA with KI at 303 K. 
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Table 4.42: Potentiodynamic Polarization (PDP) parameters such as corrosion current density (icorr), corrosion potential (Ecorr), 

polarization resistance (RP), and anodic (
𝑎
) and cathodic (

𝑐
) Tafel slopes utilizing the studied quinoxalines in 1.0 M H2SO4. 

 

Inhibitor Conc. 

(10-3 M) 

CR/mpy Ecorr/ mV 

vs. SCE 

a/ 

mV.dec-1 

c/ 

mV.dec-1 

icorr / 

μA.cm-2 

Rp/Ω %IEPDP % 

IEWL 

Blank - 236.989 -398.631 36.1 92.6 400.360 20.20 - - 

 

 

MQ6CA 

0.5 101.25 -421.246 29.7 64.1 171.047 57.50 57.28 71.48 

1.0 99.824 -423.095 34.8 88.1 168.639 51.10 57.89 72.63 

2.0 59.397 -419.221 25.4 74.20 97.149 31.70 75.73 72.63 

3.0 20.610 -437.876 55.6 40.7 24.949 243.00 93.78 72.75 

4.0 12.506 -450.601 42.0 31.5 21.123 31.00 94.72 76.03 

          

 

 

Q6CA 

0.5 91.439 -302.824 28.4 79.3 154.322 64.30 61.45 71.80 

1.0 66.222 -445.725 30.1 66.8 111.874 42.30 72.06 70.68 

2.0 54.729 -422.201 18.4 33.0 92.458 31.70 76.91 70.90 

3.0 21.137 -436.590 22.1 73.4 35.708 58.50 91.08 70.08 

4.0 16.871 -425.509 28.5 53.1 27.3 167.00 93.18 81.70 

          

 

 

5.0 220.571 -460.289 26.6 60.5 372.624 12.00 6.92 29.17 

6.0 214.354 -455.401 30.6 56.8 362.121 10.80 9.55 35.51 

7.0 167.885 -447.821 31.4 83.1 283.618 14.90 29.16 35.70 
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H2QCA 

without 

KI 

8.0 193.307 -449.387 25.7 68.4 326.565 15.3 18.43 34.97 

9.0 148.900 -453.165 33.4 87.7 251.545 21.9 37.17 59.08 

          

 

 

H2QCA 

with KI 

5.0 73.749 -441.821 36.7 61.9 124.589 57.90 68.88 44.31 

6.0 46.148 -460.706 41.1 61.3 77.994 102.00 80.51 52.10 

7.0 31.656 -462.534 33.1 42.6 53.326 102.00 86.70 54.99 

8.0 24.984 -433.258 19.0 42.4 42.207 99.40 89.46 59.00 

9.0 18.430 -464.016 28.4 12.1 31.135 - 92.22 59.32 
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The addition of various concentrations of the three studied inhibitors in the corrosive media 

resulted in the in the shift of  polarization curves towards the low current density regions as 

compared to the blank system, suggesting an adsorption of the inhibitor molecules on the active 

sites of the zinc surface. Furthermore, this indicate that the inhibitor molecules reduced the anodic 

dissolution of zinc and also retarded the hydrogen evolution reaction [351]. Tables 4.41 and 4.42 

reveal that the increase in concentrations of MQ6CA, Q6CA, and H2QCA with KI resulted in the 

reduction of corrosion rate and increase in the percentage inhibition efficiency. This observation 

can be ascribed to the progressive adsorption of inhibitor molecules on zinc surface with the 

increase in concentration. The highest inhibition efficiencies were attained at the optimum 

concentration for each studied inhibitor. A similar trend was also observed in the weight loss 

analysis. The values of Ecorr in the uninhibited and inhibited systems can be utilized give insight 

into the mode of inhibition. Based on the displacement of Ecorr  with respect to an inhibitor can be 

classified as cathodic, anodic or mixed-type. Literature reveals that if the displacement in Ecorr 

values is greater than ±85 mV with respect to the Ecorr of the blank solution, then the inhibitor can 

be considered as a cathodic or anodic type [352]. In this present study, the maximum displacement 

in Ecorr  for zinc was found to be 64.571 mV and 65.385 in 1.0 M HCl and 1.0 M H2SO4, 

respectively. These findings imply that  MQ6CA, Q6CA, and H2QCA with KI are mixed-type, 

that is, the studied quinoxaline retards both the anodic and cathodic half-reaction of the zinc 

corrosion process. The anodic and cathodic Tafel slope values can further be employed in 

conforming the mode of inhibition possessed by the studied quinoxalines. Tables 4.41 and 4.42 

show no regular trend in the Tafel slope values as the concentration of the inhibitors were 

increased, this finding further indicated that the quinoxalines affected both the anodic and cathodic 

half-reactions, however, the effect was found to be more prominent on the cathodic half-reaction. 

From these findings it is evident that the studied quinoxalines inhibitors acted as mixed-type 

inhibitors on zinc surface. Moreover, the introduction of   MQ6CA, Q6CA, and H2QCA with KI 

to the aggressive solution resulted in the polarization resistance (RP).  Tables 4.41 and 4.42 reveal 

that the RP values increased with the increase in the concentration of the inhibitors. According to 

Nesane and co-workers [336], this effect suggests that further polarization of zinc was retarded by 

the barrier formed by the increasing population of the inhibitor molecules at the metal/solution 

interface. The %IEPDP were not in agreement with those of weight loss analysis. According to 
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Weihua [353] this phenomenon may be ascribed to electrochemical measurements gives 

instantaneous corrosion rates, whereas the weight loss measurements give average corrosion rates. 

 

4.3.6 Electrochemical impedance spectroscopy (EIS) 

EIS provides insight regarding the kinetics of the corrosion process and simultaneously the 

mechanism of inhibition. In this study, EIS was employed to investigate the behavior of zinc 

corrosion in 1.0 M HCl and 1.0 M H2SO4 in the absence and presence of various concentrations 

of the studied quinoxalines at 303 K. The technique was conducted at the OCP after 3600 seconds 

of zinc immersion until a steady corrosion potential (Ecorr) for all the working electrodes was 

established. Figures 4.147 – 4.160 show represent the obtained Nyquist plots and corresponding 

Bode plots. The Nyquist plots are represented by the imperfect semicircles capacitive loops which 

are indicative of a charge transfer process that controls the corrosion of zinc in acidic medium. 

These figures show that the diameter of these imperfect semicircles increases with increase in the 

concentration of the inhibitors. This can be attributed to the increase in the surface coverage of 

adsorptive quinoxaline molecules on zinc surface. 
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Figure 4.147: Nyquist plot of zinc in 1.0 M HCl in the presence and absence of various concentrations of MQ6CA. 
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Figure 4.148: Bode plot of zinc in 1.0 M HCl in the presence and absence of various concentrations of MQ6CA. 
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Figure 4.149: Nyquist plot of zinc in 1.0 M HCl in the presence and absence of various concentrations of Q6CA. 
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Figure 4.150: Bode plot of zinc in 1.0 M HCl in the presence and absence of various concentrations of Q6CA. 
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Figure 4.151: Nyquist plot of zinc in 1.0 M HCl in the presence and absence of various 

concentrations of H2QCA without KI. 
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Figure 4.152: Nyquist plot of zinc in 1.0 M HCl in the presence and absence of various concentrations of H2QCA with KI. 
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Figure 4.153: Bode plot of zinc in 1.0 M HCl in the presence and absence of various concentrations of H2QCA with KI. 
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Table 4.43: Electrochemical impedance parameters such as the resistance of charge transfer (Rct), constant phase element (CPE) and 

the CPE exponent (n) of zinc in the absence and presence of various concentrations of the studied quinoxalines in 1.0 M HCl. 

Inhibitor Conc. 

(10-3 M) 

R1/Ω Q3/F.s(a-1) R2/ Ω C1 R3/Ω n θ %IEEIS %IEPDP %IEWL 

Blank - 2.189 1.114e-3 33.82 48.72e-6 12.180 0.538 - - - - 

 

 

MQ6CA 

0.5 6.016 0.126e-3 78.21 6.602e-6 0.926 0.758 0.5676 56.76 82.19 56.80 

1.0 9.656 0.161e-3 330.30 7.717e-6 1.840 0.809 0.8976 89.76 92.69 58.83 

2.0 2.513 0.115e-3 461.10 4.713e-6 1.686 0.813 0.9267 92.67 96.01 59.42 

3.0 11.82 0.264e-3 538.80 3.459e-6 1.411 0748 0.9372 93.72 96.59 62.12 

4.0 1.369 0.202e-3 604.30 3.691e6 3.434 0.751 0.9440 94.40 97.11 66.38 

            

 

 

Q6CA 

0.5 4.710 0.100e-6 57.66 20.94e-6 2.529 0.719 0.4135 41.35 72.72 55.98 

1.0 6.097 0.642e-3 211.30 48.29e-6 0.855 0.749 0.8399 83.99 89.31 58.08 

2.0 1.598 0.246e-3 386.40 10.77e-6 1.603 0.800 0.9125 91.25 91.79 59.92 

3.0 0.932 0.225e-3 459.10 17.46e-6 1.371 0.776 0.9263 92.63 93.40 57.62 

4.0 1.369 0.201e-3 604.30 3.691e-6 3.434 0.750 0.9440 94.40 95.86 59.17 

            

 

 

H2QCA without 

KI 

5.0 2.165 0.236e-3 35.98 -0.120e-15 17.78e-9 0.877 0.0600 06.00 24.23 39.81 

6.0 1.748 0.180e-3 37.54 24.44e-6 1.015 0.875 0.0991 09.91 28.86 42.01 

7.0 0.888 0.123e-3 37.10 45.37e-6 2.208 0.832 0.0884 08.84 42.63 39.32 

8.0 1.504 0.170e-3 50.42 32.23e-6 0.889 0.845 0.3292 32.92 51.86 44.49 

9.0 1.347 0.228e-3 57.18 32.03e-6 0.815 0.821 0.4085 40.85 47.87 41.68 

            

 

 

H2QCA with KI 

5.0 1.247 0.148e-3 60.66 54.53e-6 1.254 0.815 0.4425 44.25 66.23 50.39 

6.0 1.168 0.164e-3 78.94 0.457e-18 1.155 0.890 0.5716 57.16 75.32 51.52 

7.0 1.982 0.159e-3 82.41 81.63e-6 1.522 0.873 0.5896 58.96 77.64 59.69 

8.0 1.780 0.105e-3 136.50 0.140e-6 0.719 0.902 0.7522 75.22 78.45 65.81 

9.0 5.322 0.185e-3 250.6 40.78e-6 6.648 0.800 0.8650 86.50 89.90 66.59 
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Figure 4.154: Nyquist plot of zinc in 1.0 M H2SO4 in the presence and absence of various concentrations of MQ6CA. 
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Figure 4.155: Bode plot of zinc in 1.0 M H2SO4 in the presence and absence of various concentrations of MQ6CA. 
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Figure 4.156: Nyquist plot of zinc in 1.0 M H2SO4 in the presence and absence of various concentrations of Q6CA. 
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Figure 4.157: Bode plot of zinc in 1.0 M H2SO4 in the presence and absence of various concentrations of Q6CA. 
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Figure 4.158: Nyquist plot of zinc in 1.0 M H2SO4 in the presence and absence of various 

concentrations of H2QCA without KI. 
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Figure 4.159: Nyquist plot of zinc in 1.0 M H2SO4 in the presence and absence of various concentrations of H2QCA with KI. 
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Figure 4.160: Bode plot of zinc in 1.0 M H2SO4 in the presence and absence of various concentrations of H2QCA with KI. 
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Table 4.44: Electrochemical impedance parameters such as the resistance of charge transfer (Rct), constant phase element (CPE) and 

the CPE exponent (n) of zinc in the absence and presence of various concentrations of the studied quinoxalines in 1.0 M H2SO4. 

Inhibitor Conc. 

(10-3 M) 

R1/Ω Q3/F.s(a-1) R2/ Ω C1 R3/Ω n θ %IEEIS %IEPDP %IEWL 

Blank - 0.843 0.339e-3 21.15 97.24e-3 0.616 0.833 - - - - 

 

 

MQ6CA 

0.5 1.927 0.153e-3 97.31 9.938e-6 0.530 0.832 0.7827 78.27 57.28 71.48 

1.0 1.662 88.57e-6 144.80 25.73e-6 1.844 0.685 0.8539 85.39 57.89 72.63 

2.0 1.316 81.46e-6 173.40 32.38e-6 1.173 0.836 0.8780 87.80 75.73 72.63 

3.0 2.212 0.111e-6 278.50 20.11e-6 0.096 0.885 0.9241 92.41 93.78 72.75 

4.0 1.804 39.33e-6 354.60 9.339e-6 1.179 0.863 0.9404 94.04 94.72 76.03 

            

 

 

Q6CA 

0.5 2.338 54.05e-6 55.14 33.74e-6 4.890 0.862 0.6164 61.64 61.45 71.80 

1.0 2.358 40.75e-6 78.92 32.13e-6 6.855 0.889 0.7320 73.20 72.06 70.68 

2.0 1.416 57.69e-6 114.80 13.10e-6 0.128 0.945 0.8158 81.58 76.91 70.90 

3.0 1.658 72.85e-6 141.70 24.99e-6 1.593 0.723 0.8507 85.07 91.08 70.08 

4.0 2.505 23.93e-6 237.70 16.96-e6 2.692 0.856 0.9110 91.10 93.18 81.70 

            

 

 

H2QCA without 

KI 

5.0 1.037 -0.440 13.13 96.33e-6 0.157e9 0.850 -0.6108 –61.20 6.92 29.17 

6.0 1.497 0.628e-3 13.60 81.07e-6 2.865 0.801 -0.5551 –55.51 9.55 35.51 

7.0 1.373 0.167e-3 16.04 43.06e-6 1.078 0.817 -0.3186 –31.86 29.16 35.70 

8.0 0.968 0.167e-3 19.53 -76.91e-9 0.088 0.902 -0.0829 –8.29 18.43 34.97 

9.0 1.929 0.153e-3 24.44 76.52e-18 0.039 0.904 0.1346 13.46 37.17 59.08 

            

 

 

H2QCA with KI 

5.0 0.962 0.277e-3 63.17 0.889e-9 0.012 0.855 0.6652 66.52 68.88 44.31 

6.0 1.729 0.110e-3 86.01 18.75e-6 0.955 0.832 0.7541 75.41 80.51 52.10 

7.0 1.150 0.109e-6 88.51 21.94e-6 2.836 0.829 0.7610 76.10 86.70 54.99 

8.0 1.379 0.166e-6 105.5 75.98-e6 1.061 0.717 0.7995 79.95 89.46 59.00 

9.0 1.329 82.46e-6 175.4 35.65e-6 1.759 0.856 0.8794 87.94 92.22 59.32 
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The Nyquist plots presented in this study consists of a capacitive loop at high-frequency regions 

which is an indicative of the charge transfer resistance and a double layer capacitance (Cdl). The 

similar shapes observed in these plots indicate that the three studied inhibitors retard the rate of 

corrosion in a similar mechanism [336]. The model of the equivalent circuit utilized to fit the 

experimental data in 1.0 M HCl and 1.0 M H2SO4 in the presence and absence of various 

concentrations of the studied quinoxalines is shown in figure 4.161. This circuit consists of a 

charge transfer resistance (Rct), solution resistance (Rs), and constant phase element (CPE).  

 

 

Figure 4.161: Equivalent circuit utilized to fit the impedance spectra obtained for zinc corrosion 

in 1.0 M HCl and 1.0 M H2SO4 in the absence and presence of various concentrations of the studied 

quinoxalines. 

where R1, R2, R3, Q2, and C1 are the solution resistance (Rs), charge transfer resistance (Rct),  

charge transfer after the formation of the film layer, constant phase element (CPE) and capacitor, 

respectively.  

The electrochemical impedance parameters for zinc corrosion in 1.0 M HCl and 1.0 M H2SO4 in 

the absence and presence of the studied quinoxalines are illustrated in Tables 4.43 and 4.44,  

respectively. It is clear from these tables that the charge transfer resistance increased with the 

increase in concentration of MQ6CA, Q6CA, and H2QCA,  which resulted in the increase in the 

inhibition efficiency. There was no regular trend in the obtained values of CPE, however, the tables 

reveal that as the inhibitors were introduced in the corrosive solution, there was a decrease in the 

values of CPE. This decrease in CPE values may be ascribed to the adsorption film layer formed 

by the increasing population of the inhibitor molecules on zinc surface, or perhaps the decrease in 

local dielectric constant. The increase in the values of n in the inhibited system as compared to the 

uninhibited system is an indication that the adsorbed quinoxaline molecules on zinc surface 
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resulted in resulted in the improvement of inhomogeneity of the metal. The results obtained from 

EIS were reasonably in agreement with those of PDP.  

 

4.3.7 Atomic absorption spectroscopy 

Graphite furnace atomic absorption spectroscopy (GFAAS) has been widely utilized for the 

analysis of small concentrations of metal in aqueous solutions [354, 355]. In this study, GFAAS 

was employed to measure the concentrations of the zinc ions that passed into the in 1.0 M HCl and 

1.0 M H2SO4  due to zinc corrosion. A calibration curve for zinc was prepared from known 

standard concentrations before the analysis of the samples. The concentration of all the samples 

having zinc ions were evaluated from the attained calibration curve through the relationship given 

by equation (57). The inhibition efficiency of the studied quinoxalines towards the corrosion of 

zinc was evaluated using equation (55), and the results are listed in Tables 4.45 and 4.46 

 

 

Y = 0.0283X – 0.0148                                                                                           (57) 

 

where Y is the absorbance and X is concentration (ppm) 
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Figure 4.162: Absorbance against concentration calibration curve for zinc. 
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Table 4.45: Amount of dissolved zinc present in 1.0 M HCl in the absence and presence of the 

studied quinoxalines. 

Inhibitors Mean absorbance Concentration 

(ppm) 

%IEAAS 

Blank 0.098 3.984 - 

MQ6CA 0.009 0.840 78.92 

Q6CA 0.014 1.003 74.82 

H2QCA 0.037 1.840 53.81 

 

Table 4.46: Amount of dissolved zinc present in 1.0 M H2SO4 in the absence and presence of the 

studied quinoxalines. 

Inhibitors Mean absorbance Concentration 

(ppm) 

%IEAAS 

Blank 0.143 5.567 - 

MQ6CA 0.035 1.770 68.20 

Q6CA 0.055 2.484 55.45 

H2QCA 0.053 2.390 57.07 

 

Tables 4.45 and 4.46 reveal the concentration of zinc ions were higher in the blank solution as 

compared to the solutions when the quinoxalines were introduced. The decreases in the zinc ions 

concentration in the solution containing the studies quinoxalines can be attributed to the 

availability of the adsorbing inhibitor molecules which forms a protective layer on zinc surface, 

consequently blocking the acids from further oxidation the metal. As observed in the weight loss 

measurement, MQ6CA, Q6CA, and H2QCA protects zinc from further dissolution in the corrosive 

media. The inhibition efficiencies were to vary in the order: MQ6CA>Q6CA>H2QCA. A similar 

order was observed in the weight loss measurements.  
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4.3.8 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR technique was utilized to gain more insight into the interactions between the studied 

quinoxalines and zinc surface in 1.0 M HCl and 1.0 M H2SO4. The FTIR spectra of the pure 

quinoxalines were compared to the adsorption film formed spectra that was scratched from the 

metal surface after weight loss measurements. These spectra are presented in figures 4.163 – 4.168. 

Quinoxalines exhibits several heteroatoms such as O and N, functional groups that have electron 

density. Reports in literature suggests that adsorption film between the vacant d-orbitals of metal 

and the inhibitor molecules is likely to form within these functional groups [299]. These functional 

groups together with their corresponding characteristic adsorption peaks from FTIR spectra of the 

studied quinoxalines in 1.0 M HCl and 1.0 M H2SO4 are presented in Tables 4.47 and 4.48, 

respectively. 
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Figure 4.163: FTIR spectra of pure MQ6CA and the adsorption film formed on zinc surface in 

1.0 M HCl in the presence of MQ6CA. 
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Figure 4.164: FTIR spectra of pure Q6CA and the adsorption film formed on zinc surface in 1.0 

M HCl in the presence of Q6CA. 
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Figure 4.165: FTIR spectra of pure H2QCA and the adsorption film formed on zinc surface in 1.0 

M HCl in the presence of H2QCA. 
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Table 4.47: Peaks and identification from FTIR spectra of the studied quinoxalines and adsorption 

film formed on the Zinc in 1.0 M HCl. 

Inhibitor-

Zinc 

Functional Groups 

Peaks from FTIR spectra (cm -1) 

C=O C–O C–N C=C Aromatic 

C–H 

O–H 

       

MQC6A 1717.90 1087.67 1271.78 - - - 

MQ6CA-

Zn 
- - - - - 3322.91 

       

Q6CA 1706.61 - 1281.73 - - - 

Q6CA-Zn 1613.14 - - - - 3387.73 
       

H2QCA 1727.86 1099.61 1270.40 1607.47 - - 

H2QCA-Zn - - - - - 3253.19 
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Figure 4.166: FTIR spectra of pure MQ6CA and the adsorption film formed on zinc surface in 

1.0 M H2SO4 in the presence of MQ6CA. 
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Figure 4.167: FTIR spectra of pure Q6CA and the adsorption film formed on zinc surface in 1.0 

M H2SO4 in the presence of Q6CA. 

4000 3500 3000 2500 2000 1500 1000 500

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

%
 T

ra
n

sm
it

ta
n

ce

Wavenumber (cm-1)

 H2QCA

 Adsorption film formed

 Zn in 1.0 M H2SO4

 

Figure 4.168: FTIR spectra of pure H2QCA and the adsorption film formed on zinc surface in 1.0 

M H2SO4 in the presence of H2QCA. 
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Table 4.48: Peaks and identification from FTIR spectra of the studied quinoxalines and adsorption 

film formed on the zinc in 1.0 M H2SO4. 

Inhibitor-

Zinc 

Functional Groups 

Peaks from FTIR spectra (cm -1) 

C=O C–O C–N C=C Aromatic 

C–H 

O–H 

       

MQC6A 1717.89 1087.67 1271.78 - - - 

MQ6CA-Zn - 1060.60 - - - - 
       

Q6CA 1708.03 - 1283.15 - - - 

Q6CA-Zn 1648.55 1083.45 - - - 3299.93 
       

H2QCA 1720.44 - 1271.82 1606.66 - - 

H2QCA-Zn - 1087.70 - - - 3260.27 
 

Tables 4.47 and 4.48 show the peaks corresponding to the adsorption preferential functional groups 

on the zinc surface suggested by Literature [350]. Examining these tables, one can observe that 

there was a disappearance of C=O peaks in the MQ6CA-Zn2+ and H2QCA-Zn2+ complex spectra  

and a shift of peaks from 1706.61 cm-1 to 1613.14 cm-1 and 1708.08 cm-1 to 1648.55 cm-1 in the 

Q6CA-Zn2+  complex spectra in 1.0 M HCl and 1.0 H2SO4, respectively. The disappearance of 

these spectra can be attributed to the lone pairs of the O atom in this functional group that may be 

involved in the formation of a protective layer of zinc surface. Table 4.47 reveals a disappearance 

of C–O  and C–N in the adsorption film formed spectra and  appearance of peaks within the 

wavenumber 3387.73 – 3253.19 cm-1 corresponding to O–H stretch for the carboxylic acid. 

Figures 4.166 and 4.167 show an appearance of intense peaks in the adsorption film spectra around 

1087.67 corresponding to the C–O group, which is one of the possible electron-donor group. Table 

4.48 also reveals an appearance of a peak at 1606.66 cm-1 corresponding to the C=C vibration. The 

changes between the spectra of the pure studied quinoxalines and the adsorption film formed after 

the 7 hours immersion of zinc in 1.0 M HCl and 1.0 M H2SO4 are symbolic that some chemical 

interaction occurred between the inhibitor molecules and the zinc surface. 
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4.4 Aluminium 

4.4.1 Potentiodynamic polarization (PDP) 

PDP measurements were conducted at room temperature (303 K) in 0.5 M HCl in the absence and 

presence of various concentrations of MQ6CA, Q6CA, and H2QCA with KI in order to get more 

insight into the corrosion mechanism process of aluminium. Figures 4.169 – 4.171 show the 

obtained Tafel plots. Inspection of these figures one can observe that in both corrosive media the 

anodic and cathodic half-reactions of aluminium corrosion were altered by the introduction of the 

studied quinoxalines. The corresponding potentiodynamic parameters such as corrosion current 

density (icorr), corrosion potential (Ecorr), polarization resistance (RP), and anodic (
𝑎
) and cathodic 

(
𝑐
) Tafel slopes were successfully evaluated from both the anodic and cathodic regions of the 

Tafel plots. These parameters are listed in Table 4.49. The potentiodynamic polarization inhibition 

efficiency (%IEPDP) was then evaluated from the measured icorr  value from equation (43). 
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Figure 4.169: Tafel plots for zinc in 0.5 M HCl in the absence and presence of various 

concentrations of MQ6CA at 303 K. 
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Figure 4.170: Tafel plots for zinc in 0.5 M HCl in the absence and presence of various 

concentrations of Q6CA at 303 K. 
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Figure 4.171: Tafel plots for zinc in 0.5 M HCl in the absence and presence of various 

concentrations of H2QCA with KI at 303 K. 
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Table 4.49: Potentiodynamic Polarization (PDP) parameters such as corrosion current density (icorr), corrosion potential (Ecorr), 

polarization resistance (RP), and anodic (
𝑎
) and cathodic (

𝑐
) Tafel slopes utilizing the studied quinoxalines in 0.5 M HCl. 

 

Inhibitor Conc. 

(10-3 M) 

CR/mpy Ecorr/ mV vs. 

SCE 

a/ mV.dec-1 c/ 

mV.dec-1 

icorr / 

μA.cm-2 

Rp/Ω %IEPDP 

Blank - 905.018 -690.136 35.2 73.4 2 110.307 4.67 - 

 

 

MQ6CA 

0.5 49.361 -688.173 8.9 87.4 115.729 11.50 94.52 

1.0 34.248 -701.179 15.3 100.6 79.859 52.30 96.22 

2.0 13.573 -695.899 22.9 61.3 31.650 163.00 98.50 

3.0 13.309 -701.290 20.47 64.7 31.081 201.00 98.53 

4.0 8.366 -636.288 24.6 34.3 19.508 209.00 99.08 

         

 

 

Q6CA 

0.5 156.10 -659.393 13.5 139.8 363.991 7.52 82.75 

1.0 71.540 -663.406 24.7 109.9 166.821 43.30 92.09 

2.0 42.50 -659.159 26.2 49.4 99.106 44.10 95.30 

3.0 29.70 -613.246 23.9 98.2 69.265 98.50 96.72 

4.0 18.29 -613.573 18.8 115.3 42.655 142.00 97.99 

         

 

 

H2QCA 

with KI 

5.0 550.531 -669.868 13.6 107.2 1 283.300 2.89 39.19 

6.0 275.347 -675.917 11.6 93.8 642.112 4.88 69.57 

7.0 179.079 -676.856 25.5 69.5 417.615 34.60 80.21 

8.0 161.111 -666.355 14.3 121.4 375.500 47.70 82.21 

9.0 41.036 -691.988 9.6 89.9 95.688 41.06 95.47 
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Figures 4.169 – 4.171 show that the introduction of the inhibitors in the corrosive media resulted 

in the shift of the polarization curves to the lower current region as compared to the blank 

counterparts. This shift in the polarization curves can be ascribed to the adsorbed quinoxaline 

molecules on the aluminium surface. Table 4.49 shows that inhibition efficiency with KI increased 

with an increase in the concentration of all the studied quinoxalines. This response can be assigned 

to the increasing population of the inhibitor molecules, covering a larger aluminium surface as the 

concentration was increased, thereby, minimizing the effect of the acid species on the metal’s 

surface. A similar trend was also recently reported by Ihora and co-workers [356]. As reported in 

the literature [357], anodic and cathodic inhibitors can be defined by the displacement in the Ecorr 

values. Thus, if the displacement in Ecorr values is greater than ±85 mV with respect to the Ecorr of 

the blank solution, then the inhibitor can be considered as a cathodic or anodic type. In this present 

study, the maximum displacement in Ecorr  for aluminium was attained to be 76.56 mV, suggesting 

that the studied quinoxalines are mixed-type. 

No simple trend was observed in values of the Tafel slopes as the concentration of the inhibitor 

was increased. The changes in the Tafel slopes further confirmed that both the anodic and cathodic 

half-reactions were affected, however, the effect was found to be more prominent on the cathodic 

half-reaction. Moreover, the addition of the inhibitors into the aggressive solution resulted in 

polarization resistance (RP).  Tables 4.49 shows that the RP values increased with the increase in 

the concentration of the inhibitors. According to Nesane and co-workers [336], this effect suggests 

that further polarization of aluminium was retarded by the barrier formed as a result of the 

increasing population of the inhibitor molecules at the metal/solution interface.  

4.4.2 Electrochemical impedance spectroscopy (EIS) 

The EIS technique was employed to get more insight into the behavior of aluminium in 0.5 M HCl 

in the absence and presence of various concentrations of the studied quinoxalines at 303 K. the 

measurements were carried out at the OCP after 3600 seconds of aluminium immersion until a 

steady corrosion potential (Ecorr) for all the working electrodes was established. Figures 4.172 – 

4.177 show the obtained Nyquist plots and their corresponding Bode plots.



267 | P a g e  
 

0 50 100 150 200 250

-60

-40

-20

0

20

40

60

80

100

-I
m

(Z
)/

O
h
m

Re(Z)/Ohm

 Blank     M

 0.510-3 M

 1.010-3 M

 2.010-3 M

 3.010-3 M

 4.010-3 M

 

Figure 4.172: Nyquist plot of aluminium in 0.5 M HCl in the presence and absence of various concentrations of MQ6CA. 
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Figure 4.173: Bode plot of aluminium in 0.5 M HCl in the presence and absence of various concentrations of MQ6CA. 
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Figure 4.174: Nyquist plot of aluminium in 0.5 M HCl in the presence and absence of various concentrations of Q6CA. 
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Figure 4.175: Bode plot of aluminium in 0.5 M HCl in the presence and absence of various concentrations of Q6CA. 
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Figure 4.176: Nyquist plot of aluminium in 0.5 M HCl in the presence and absence of various concentrations of H2QCA with KI. 

 

-2 -1 0 1 2 3 4 5

-80

-60

-40

-20

0

20

40

60

P
h
as

e(
Z

)/
d
eg

log f(Hz)

 Blank     M

 5.010-3 M

 6.010-3 M

 7.010-3 M

 8.010-3 M

 9.010-3 M

           

-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 f(Hz)

 Blank     M

 5.010-3 M

 6.010-3 M

 7.010-3 M

 8.010-3 M

 9.010-3 M

 

Figure 4.177: Bode plot of aluminium in 0.5 M HCl in the presence and absence of various concentrations of H2QCA with KI. 
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Table 4.50: Electrochemical impedance parameters such as the resistance of charge transfer (Rct), constant phase element (CPE) and 

the CPE exponent (n) of aluminium in the absence and presence of various concentrations of the studied quinoxalines in 0.5 M HCl. 

Inhibitor Conc. 

(10-3 M) 

R1/Ω Q1/F.s(a-1) L1/H R2 n R3/Ω θ %IEEIS 

Blank - 4.322 28.73e-6 3.739 6.082 1 0.6153 - - 

 

 

MQ6CA 

0.5 5.937 85.20e-6 26.51 66.60 0.951 4.19 0.9087 90.87 

1.0 8.626 0.104e-3 96.88 77.99 0.892 20.44 0.9220 92.20 

2.0 18.34 59.46e-6 239.3 140.70 0.933 71.82 0.9568 95.68 

3.0 23.17 65.58e-6 515.80 177.70 0.942 107.80 0.9658 96.58 

4.0 36.22 87.35e-6 743.02 240.70 0.855 183.01 0.9747 97.47 

          

 

 

Q6CA 

0.5 1.529 91.52e-6 82.17 72.48 0.963 13.6 0.9161 91.61 

1.0 8.349 23.47e-6 203.6 124.3 0.8846 64.32 0.9511 95.11 

2.0 9.958 17.2e-6 268.6 170.9 0.9114 76.22 0.9644 96.44 

3.0 10.35 22.2e-6 663.6 275.0 0.8904 209.7 0.9710 97.10 

4.0 9.129 14.23e-6 3765 455.9 0.8843 276.2 0.9780 97.80 

          

 

 

H2QCA with KI 

5.0 1.294 0.129e-3 24.67 28.28 0.924 4.373 0.7849 78.49 

6.0 1.798 0.101e-3 42.85 64.33 0.936 9.578 0.9055 90.55 

7.0 2.626 0.104e-3 98.66 76.31 0.844 21.08 0.9203 92.03 

8.0 5.01 69.57e-6 131.50 137.90 0.949 22.77 0.9559 95.59 

9.0 1.468 83.48e-6 618.30 236.00 0.919 190.00 0.9742 97.42 
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The imperfect semicircles exhibit the same shape in the absence or presence of the studied 

inhibitors. This observation suggests that all the three inhibitors adsorbed in a similar mechanism 

on aluminium surface. The diameter of the blank imperfect circles was observed to be significantly 

smaller than those of the inhibited system. These figures reveal that the diameter of these 

semicircles increased with the increase in concentrations of the studied quinoxalines. Figure 4.187 

shows a slight shift of the Nyquist plots from the origin at concentration of 210-3 M and 310-3 

M, this response was due to the more availability of the inhibitor molecules in the corrosive 

medium providing a better coverage on the metal’s surface. The impedance spectra in figures 4.172 

– 4.177  are represented by the imperfect semicircles capacitive loops which are indicative of a 

charge transfer process that controls the corrosion of aluminium in an acidic medium and a double 

layer capacitance (Cdl), and low inductive loop that is related to the bulk relaxation process. The 

inductive loop may also be related to the adsorption or desorption equilibrium of active species of 

the surface of the metal during the impedance measurement [358].  The model of the equivalent 

circuit utilized to fit the experimental data in 0.5 M HCl in the presence and absence of various 

concentrations of the studied quinoxalines is shown in figure 4.178. This circuit consists of a 

charge transfer resistance (Rct), solution resistance (Rs), and constant phase element (CPE).  

 

 

Figure 4.178: Equivalent circuit utilized to fit the impedance spectra obtained for aluminium 

corrosion in 0.5 M HCl in the absence and presence of various concentrations of the studied 

quinoxalines. 

where R1 is the solution resistance (Rs), R2 charge transfer resistance (Rct), R3 charge transfer 

after the formation of the film layer, Q1 constant phase element (CPE), and L3 inductive element. 

The electrochemical impedance parameters for aluminium corrosion in 0.5 M HCl and in the 

absence and presence of the studied quinoxalines are illustrated in Tables 4.50. 
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The inhibition efficiency at various concentrations of the inhibitor was calculated using equation 

(44). It is clear from these Table 4.50 that the charge transfer resistance increased with the increase 

in the concentration of MQ6CA, Q6CA, and H2QCA, which resulted in the increase in the 

inhibition efficiency. No regular trend in the obtained values of CPE, however, the table reveals 

that the addition of the inhibitors in the corrosive solution resulted in the decrease in the values of 

CPE. This decrease in CPE values can also be due to the decrease in local dielectric constant and/or 

the increases in the thickness of the protective layer formed by the adsorbed inhibitor molecules 

on aluminium surface. Moreover, the value of n for the blank solution was at unity, however, as 

various concentrations of the inhibitors were added in the corrosive medium, the was a deviation 

in the n values, indicating that the adsorption process of the inhibitor molecules brought about a 

certain inhomogeneity on aluminum surface.  

4.4.3 Adsorption isotherm 

Important information on the mode of mechanism occurring during the adsorption process between 

the inhibitor and the metal can be attained through adsorption isotherms. The values of surface 

coverage (θ) were obtained at various concentrations of the inhibitors from PDP and EIS 

measurements. The data were fitted to several known adsorption isotherms namely Langmuir, 

Frumkin, Freundlich, and Temkin. The plots of these adsorption isotherms. Among all the fitted 

isotherms for aluminium 0.5 M HCl in the absence and presence of the studied quinoxaline, the 

Langmuir isotherm was obtained to describe the adsorption behavior of the investigated 

compounds. This judgment was based on the regression coefficient values (R2) that were found to 

be at/and near the unity. The Langmuir adsorption isotherm plots are shown with descriptions in 

Figures 4.179 – 4.181. 
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Figure 4.179: Langmuir adsorption isotherm plot for the adsorption of various concentrations  

of MQ6CA on the aluminium in 0.5 M HCl at 303 K (a) PDP and (b) EIS. 
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Figure 4.180: Langmuir adsorption isotherm plot for the adsorption of various concentrations  

of Q6CA on the aluminium in 0.5 M HCl at 303 K (a) PDP and (b) EIS. 
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Figure 4.181: Langmuir adsorption isotherm plot for the adsorption of various concentrations  

of Q6CA on the aluminium in 0.5 M HCl at 303 K (a) PDP and (b) EIS.1 
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The surface coverage (θ) of the studied quinoxaline obtained from PDP and EIS on aluminium 

surface  and the variety of their concentration are best related by Langmuir isotherm given by 

equation (49). The values of 𝐾𝑎𝑑𝑠 were calculated from the intercept of the line from the Langmuir 

plots. 𝐾𝑎𝑑𝑠 can be related to the free Gibbs energy of adsorption (∆𝐺°𝑎𝑑𝑠) through equation (51). 

The 𝐾𝑎𝑑𝑠  and ∆𝐺°𝑎𝑑𝑠 for aluminium in 0.5 M HCl in the absence and presence of the studied 

quinoxalines are listed in Table 4.51. 

 

Table 4.51: Langmuir adsorption parameters for corrosion of aluminium in 0.5 M HCl at 303 K 

in the presence of the studied quinoxalines.  

Inhibitor PDP EIS 

Kads 

(L/mol) 

− ∆Go
ads 

(kJ/mol) 

Kads 

(L/mol) 

− ∆Go
ads 

(kJ/mol) 

MQ6CA 31926.44 36.24 17022.75 34.66 

Q6CA 9676.05 33.34 24494.73 35.58 

H2QCA with KI 233.64 23.86 414.94 25.30 

 

The high Kads values obtained indicate a strong adsorption of the studied quinoxalines on 

aluminium surface. As reported on literature, values of ∆𝐺°𝑎𝑑𝑠  around -20 kJ/mol or less are 

related to physical adsorption, whereas values of ∆𝐺°𝑎𝑑𝑠 around -40 kJ/mol and more negative are 

related to chemical adsorption [359]. In this present study, the values of ∆𝐺°𝑎𝑑𝑠 were attained to 

within the range 23.86 – 36.24 kJ/mol, indicating that the studied quinoxaline acted as mixed-type 

inhibitors on aluminium surface, however, with domination of chemical adsorption. Moreover, the 

negative values of signified the adsorption of the studied quinoxalines on aluminium surface was 

a spontaneous process. It is worth stating that the experimental work for the corrosion of aluminum 

in sulphuric acid as corrosive medium were performed. However, the inhibitors did not produce 

satisfactory results hence the results are not presented in this current report.  
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4.5 THEORETICAL ANALYSIS 

4.5.1 Validation of the calculation method 

The method selected for the calculations were first validated by using results of the molecules for 

which the binding energies are known from literature. The selected molecules utilized for the 

validation of the methods include water, ammonia, nitric oxide and benzene. The experimental 

and theoretical results on some of the molecules provided in literature are reproduced in Table 

4.52 along with the results reported in this work using the methodology suggested in chapter 3. 

Table 4.52: Binding energies for selected molecules on the Al (111) surface built with three layers, 

two on the bottom fixed and one on top relaxed. 

Molecule Site Energy data from this 

work (kcal/mol) 

Energy data 

from literature 

(kcal/mol) 

Water Top 

 

Hallow 

 

bridge 

8.784 

 

8.698 

 

39.420 

9.178 [360] 

7.818 [362] 

7.864 [362] 

9.224 [360] 

- 

Ammonia Top 

Hallow 

bridge 

20.178 

20.111 

20.105 

18.450 [363] 

- 

- 

Nitric oxide N end-ON 40.1484 41.510 [364] 

Benzene Top 3.32072 2.767 [365] 

 

Wei et. al. [360] utilized the density functional theory (DFT) to conduct the calculations of the 

binding energy of water molecule on Al (111) surface using MedeA-VASP 5.4 software [361]. 

Their calculations were conducted on 6-layer slabs of Al(111), separated by 20 Å of vacuum along 

the c-axis direction. In this present study three possible sites were considered, however, only the 

Top and hallow site are available on literature. The values of the binding energy obtained in this 
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present study were 8.784 and 8.698 kcal/mol on the top and hallow site, respectively, and they 

were in good agreement with the experimentally measured values (8.698 and 9.224 kcal/mol) 

[360], at respective sites. The percentage error between the values obtained from this study and 

the Wei and co-workers was attained to be 4.29 % and 5.70 % at top and hallow sites, respectively. 

F.Y. Guo et. al. [362], also utilized the DFT to conduct their calculations of water molecule on Al 

(111) surface, they utilized the GGA and Perdew and Wang (PW91) functionals to correct the 

gradient and values of adsorption energy that they obtained were also comparable with the values 

obtained in this present study. Hermann et. al. [363], utilized the Ab initio Hartree-Fock – LCAO 

method to calculate the binding energy of ammonia molecule on the top site. In this present study 

three possible site were considered as shown in Table 4.52. The binding energy value obtained in 

the present study was (20.178 kcal/mol) no significant difference from the value they obtained 

(18.450 kcal/mol), with percentage error of 8.56 %. Komrowski et al. [364], performed 

calculations of the adsorption energy of nitric oxide on the N end NO site using the DFT method 

and they obtained a value of 41.510 kcal/mol, which was also comparable with the value 40.148 

kcal/mol that was obtained from this present study (percentage error of 3.28 %). Blomqvist and 

Salo [365], utilized Vienna ab initio simulation package (VASP) [361], in studying the adsorption 

energy of benzene on Al (111). They obtained a value of 2.7673 kcal/mol and in this present study 

the binding energy value was found to be 3.32072 kcal/mol. The minor differences in the binding 

energies between the results calculated in this work on the selected molecules and that reported in 

literature suggest that the methodology selected for study of the selected molecules in this study 

can be considered to be reliable enough and therefore it is reasonable for utilization in the study of 

the interactions between the inhibitor molecule and the metal surfaces. 

 

 

 

 



279 | P a g e  
 

      

 

           

                             

Figure 4.182: Selected molecules with different orientation studied for the verification the method 

utilized in the current study. 
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3-Hydroxy-2-quinoxalinecarboxylic acid (H2QCA)     6-Nitro-2,3-dihydroxyquinoxaline (6NDQ)   

 

 

 

                                                

Quinoxaline-6-carboxylic acid (Q6CA)             methyl quinoxaline-6-carboxylate (MQ6CA) 

 

Figure 4.183: Selected molecules to be studied with atom numbering. 
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4.5.2 Results of the study on the interaction between selected quinoxaline derivatives on the 

Al surface 

Various binding sites of the selected quinoxalines on the Al (111) were optimized. The results 

related to H2QCA are presented in figure 4.184, related to 6NDQ are presented in figure 4.185, 

related to Q6CA are presented in figure 4.186, and related to MQ6CA are presented in figure 

4.187.   

Analysis of the results related to the binding of H2QCA on Al (111) surface suggest that five 

different possible arrangements of the molecule preferred binding on the Al surface. The most 

preferred arrangement was the one in which the interaction between H2QCA and Al (111) was 

about 167.562 kJ/mol. In this arrangement, the H2QCA interacted with the Al (111) surface by 

bonding to through the carbonyl oxygen of the carboxylic group which is one of the possible 

electron donors functional groups. The bond distance between O12 and Al was obtained to be 

about 1.889Å, which represent a very strong interaction. In fact, the covalent interaction between 

Al and an oxygen atom in Al2O3 is about 1.86-1.98 Å. Ustinova and Shcheka also reported similar 

observation [366]. In this way, the interaction involving H2QCA, and Al are suggestive of the 

covalent interaction. In other words, it suggests that the H2QCAAl bond distance is an indicative 

of chemical interaction between the inhibitor and the Al surface.  
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Figure 4.184: Selected structure, bond lengths and binding energy at different positions for Al 

(111) interacting with 3-Hydroxy-2-quinoxalinecarboxylic acid. The structures are arranged in 

order of decreasing binding energies. 

 

 

                                      
 

 

                     
 

Figure 4.185: Selected structure, bond distances and binding energy at different positions for Al 

(111) interacting with 6-Nitro-2,3-dihydroxyquinoxaline.  
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Figure 4.186: Selected structures, bond distances and binding energy at different positions for Al 

(111) interacting with quinoxaline-6-carboxylic acid. 

 

                              

   

 

Figure 4.187: Selected structures, bond distances and binding energy at different positions for Al 

(111) interacting with methyl quinoxaline-6-carboxylate. 
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The structure with the second highest binding energy (118.483 kJ/mol) corresponded to the 

interaction of H2QCA with Al (111) surface through the C11 and O13 atoms. Although the 

interaction energy is significantly high, the bond distances between  Al and C11 or between Al 

and O13 are significantly large, and it is possible that the geometry arrangement in this case 

corresponds to covalent interactions rather than chemical interactions. In other words, the 

geometry criteria could have a stronger role in determining the type of interaction within this 

configuration. In the third configuration, in terms of interaction energy, the H2QCA molecule 

interacted with the Al surface through the O12 and N1 atom. In this case, it was noted that the 

AlO12 bond distance was within covalent range and also the AlN1 bond distances was about 

2.001Å. The bond distance of the covalent interaction between Al and N was previously reported 

in literature to have a value of 1.80 Å [367]. This suggests that the bond distance of Al with N1 in 

H2QCA molecule is longer than the literature value, in other words, the bonding in the 

configuration suggests a combination of chemical and physical interactions at different sites of the 

molecule, that is, chemical interaction at the O12 and physical interaction at N1.  

The arrangement of all the three molecules in figures 4.184 (b), 4.185 (e), 4.186 (b), and 4.187 (e) 

resulted in the smallest values of binding energies of 9.136, 12.986, 19.982, and 16.231 kJ/mol, 

respective. These physical interactions can be attributed to that there were no bonds formed and 

only intermolecular forces between all molecules and Al surface. The adsorption energy in the 

configuration in figure 4.185 (a) was obtained to be 27.341 kJ/mol. Studies also suggest that if the 

distortion of the molecule is small and there is no dissociation in any part of the molecule during 

the adsorption process, physical adsorptions are likely to be observed [368]. 

The configurations in figures 4.184(a), (c), (d),(e), 4.185 (b), (c), (d) and 4.186 (a) shows that all 

the three molecules shifted towards their respective surfaces, and the adsorptions in all the cases 

led to the formation of Al — O bond, with values of the bond length ranging from 1.86 to 1.90 Å 

which was smaller than the sum of the ionic radii, hence chemical adsorption was observed. These 

bond length values agree with the corresponding literature value of 1.86 Å [360, 369].  

In some cases, the adsorption of H2QCA on the Al surface led to the formation of Al — C bond 

[figure 4.184 (c)] with the bond length of 2.416 Å and formation of the Al — N [figure 4.184 (d)] 

bond with bond length in the range of 1.955 – 2.002 Å. Chaichao et. al. [11] also obtained similar 

bond length values. The calculated adsorption energies for the configurations in figure 4.184 (a), 
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(c), (d), and (e) were obtained to be 98.823, 118.483, 101.916, and 167.562 kJ/mol, respectively. 

It was also observed that the electrostatic interactions of H2QCA onto Al (111) surface were higher 

only when the Al — O12 bond is formed than in cases when other atoms such as nitrogen and 

carbon are involved in bonding. Configurations in figure 4.185 (b), (c), and (b) shows that both 

oxygen atoms O14 and O15 of the nitro group bonded with the Al surface which resulted in strong 

interaction with the calculated adsorption energies of 121.530, 118.598, and 121.462 kJ/mol, 

respectively. Another Al — O12 was observed in the evaluation of Q6CA interacting with Al 

(111), however, the calculated adsorption was low as compared to the cases of H2QCA and 6NDQ 

when the Al — O12 bonds were observed. The calculated adsorption energies for the 

configurations in figures 4.187 (a), (b), (c), and (d) were obtained to be 46.096, 45.132, 36.074, 

and 23.629 kJ/mol, respectively. Indicating both physical and chemical adsorptions, however, a 

domination of chemisorption. 

 

4.5.3 Results of the study on the interaction between selected quinoxaline derivatives on the 

Zn surface. 

The arrangement of all the three molecules interacting with Zn (110) shown in figures 4.188 (b) 

and (c), figure 4.189 (c) and (f), and figures 4.190 (a) and (d), resulted in physical adsorption with 

adsorption energy ranging from 21.871– 37.591 kJ/mol. These small values of adsorption energy 

can be attributed to the that there were no bonds formed between the selected molecules and the 

Zn surface. In addition, the arrangement of Q6CA in figure 4.189 (a) resulted in the adsorption 

energy of 37.591 kJ/mol which was close to the chemical adsorption region, this observation can 

be attributed to the fact that the molecule contain conjugated double bonds and the sp2 carbon 

which are considered to be major adsorption centers because they have high electron density [370]. 

 The adsorption in the configuration shown in figure 4.188 (a) resulted to the formation of three 

bonds which are: Al — O12, Al — N1, and Al — C7 with the bond lengths of 2.050, 2.173, and 

2.592 Å, respectively. The calculated adsorption energy was found to be 93.080 kJ/mol. Another 

three cases were studied, and are represented in figures 4.189 (a), (b), and (e). In all three cases, 

the molecule did not dissociate, however, chemical adsorptions were observed with corresponding 

adsorption energies of 100.511, 81.705, and 71.631 kJ/mol. For configurations in Figure 4.190 (b) 

and (c), Al — O bonds formed in both cases, however, the interaction between O12 and Al surface 
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resulted in stronger interaction (36.865 kJ/mol) as compared to the interaction between O13 and 

Al (18.647 kJ/mol). The calculated adsorption energies for the configurations in figure 4.191 (a) – 

(f) were obtained to be 73.971, 61.095, 38.647, 35.879, 35.707, and 35.404 kJ/mol, respectively. 

Indicating strong chemical adsorptions. 

 

 

                 

 

                         

Figure 4.188: Selected structure, bond lengths and binding energy at different positions for Zn 

interacting with 3-Hydroxy-2-quinoxalinecarboxylic acid. 

 

 



287 | P a g e  
 

                                                 

                                                                              

                                                

 

Figure 4.189: Selected structure, bond lengths and binding energy at different positions for Zn 

interacting with 6-Nitro-2,3-dihydroxyquinoxaline. 
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Figure 4.190: Selected structure, bond lengths and binding energy at different positions for Zn 

interacting with quinoxaline-6-carboxylic acid. 
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Figure 4.191: Selected structure, bond lengths and binding energy at different positions for Zn 

interacting with methyl quinoxaline-6-carboxylate. 

 

For all the above-mentioned configurations, the adsorption energy of all the selected molecules 

interacting with Al (111) or Zn (110) they were found to depend on the initial arrangement in 

which the molecule was placed. In addition, in the vertical adsorption configurations where the sp2 

oxygen atom was oriented above and on-top site to both the surfaces the adsorptions were found 

to be chemisorption and their adsorption energies were relatively high. In cases where the selected 

molecules were initially oriented horizontally to both the surfaces only physical adsorption was 

observed because the aromatic rings did not strongly interact with the surfaces. In all the 

arrangement of the four selected molecules, it was observed that the molecules interact better with 
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Al (111) surface as compared to Zn (110) surface. This observation can be attributed to the fact 

that the Zn has an electron configuration of 1s2, 2s2, 2p6, 3d10, therefore not readily accepting 

electrons because of its filled d subshells and that as indicated by its position in the electromotive 

force series, Al is a thermodynamically reactive metal that Zn. The computational data obtained 

are in good agreement with the experimental findings, which also suggest that the studied 

quinoxalines interact with zinc and aluminium surfaces through both physical and chemical type 

of interaction, that, the quinoxalines are mixed-type inhibitors. A similar observation was also 

reported in literature [371]. 

  



291 | P a g e  
 

 

 

 

CHAPTER 5: 

CONCLUSSIONS 

 AND  

RECOMMENDATIONS 

 

This chapter provides the summary of the results obtained in this study. In essence, it responds on 

the aim and the objectives that were set in undertaking this study. It also provides 

recommendations on other aspects that can be explored in future. 
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5.1 CONCLUSSIONS 

The adsorption behavior and corrosion properties of three quinoxaline derivatives, namely; 

quinoxalone-6-carboxylic acid (Q6CA), 3-hydroxy-2-quinoxaline carboxylic acid (H2QCA), and 

Methyl quinoxaline-6-carboxylate (MQ6CA) were studied for mild steel and zinc in 1.0 M HCl 

and 1.0 M H2SO4 solutions at 303 – 333 K using the gravimetric technique, electrochemical 

methods (PDP and EIS), Atomic Absorption Spectroscopy (AAS), Fourier Transform Infrared 

spectrometry (FTIR), and chemical/theoretical techniques. The inhibitors were also investigated 

on aluminum using electrochemical techniques in 0.5 M HCl solutions at 303 K, and 

chemical/theoretical techniques. 

The studied quinoxaline derivatives showed excellent inhibition on mild steel, zinc, and aluminium 

against the acidic species. The gravimetric analysis revealed that inhibition efficiency of these 

compounds on mild steel was found to increase with an increase of their concentration and 

decreased with the increase in temperature of the corrosive environment. On the other hand, for 

zinc, the inhibition efficiency was obtained to increase with the increase in the concentration of 

the inhibitors and also with the increase in temperature of the corrosive environment. H2QCA 

without KI showed poor performance in reducing the corrosion rate of mild steel and zinc in both 

acidic media, however, the addition of KI in the system improved the inhibition efficiency of the 

compound. Among the studied compounds, MQ6CA exhibited the highest inhibition efficiencies 

in both acidic media and on both metals.  

Further manipulation of the gravimetric data revealed that the inhibition of the quinoxaline 

derivatives on mild steel and zinc in both investigated corrosive media was an endothermic 

process, suggesting that the dissolution of these metals was slow in the presence of the studied 

quinoxalines. The adsorption mechanism of the studied inhibitors was found to be both the 

combination of physical and chemical adsorption, which is also known as mixed-type adsorption, 

however, the chemical adsorption was dominant. From the surface coverage values obtained from 

gravimetric measurements, various known adsorption isotherms were fitted. The isotherm that was 

found best fit to describe the adsorption process of the studied quinoxalines on mild steel and zinc 

was Langmuir isotherm, that is, all the three inhibitors obeyed Langmuir adsorption isotherm. The 

negative of the free Gibbs energy of adsorption (∆𝐺°𝑎𝑑𝑠) indicated that the adsorption processes 

of these inhibitors were spontaneous. Moreover, the  ∆𝐺°𝑎𝑑𝑠 were obtained to be within the range 
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of 23.95 – 42.05 kJ/mol, further indicating a mixed-type adsorption mechanism, with the 

domination of chemical adsorption process. 

PDP analysis reveals that all the three studied inhibitors reduced the anodic dissolution and also 

suppressed the hydrogen evolution reaction of mild steel, zinc, and aluminum. The inhibition 

efficiency increased with an increase in the inhibitor concentration. The corrosion parameters 

(Ecorr, icorr, βa, and βc) obtained from this analysis revealed that studied quinoxalines are mixed-

type inhibitors, that is, are both anodic and cathodic inhibitors. The Nyquist plots exhibited 

imperfect semicircle capacitive loops for the metal of interest. These semicircles are indicative of 

a charge transfer process that controls the mild steel, zinc, and aluminium corrosion in acidic 

media. The increase of concentration concertation of the inhibitors increased the charge transfer 

resistance, consequently increasing in inhibition efficiency of the studied inhibitors. The increase 

in the concentration of the inhibitors resulted in a decrease in the CPE values. This decrease in the 

CPE values is attributed to the increase in the thickness of the electrical double which is indicative 

that the quinoxalines molecules electrostatically adsorbed on the investigated metals. 

The FTIR spectra confirmed the formation of the inhibitor-Fe2+  and inhibitor-Zn2+ complexes. 

The analysis of the functional groups showed the O atom from the C=O and the N atom from the 

C–N functional groups from the studied quinoxalines are the most preferential sites for the 

interaction with mild steel and zinc surfaces. There was a formation of iron oxide layers (γ-Fe2O3) 

at the peak around 650 cm-1 wavenumbers. The remarkable difference between the spectra of the 

pure studied quinoxalines and the adsorption film formed after immersion of mild steel and zinc 

in 1.0 M HCl and 1.0 M  H2SO4 confirmed that some chemical interaction occurred between the 

inhibitor molecules and metal surfaces. The AAS analysis revealed a decrease in the concentration 

of iron and zinc ions in the presence of the studied inhibitors as compared to the blank solutions. 

The inhibition efficiency increased with an increase in the concentration of the inhibitors. DFT 

technique was employed in the theoretical study. The obtained adsorption energies further confirm 

the weight loss measurements findings, that is, the studied quinoxalines exhibit a mixed-type 

adsorption mechanism, with the domination of the chemisorption process.  Thus, a conclusion can 

be drawn that the aim of this study was realized. 
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5.2 Recommendations 

The study presented in this dissertation champions the use of MQ6CA, Q6CA, and H2QCA as 

corrosion inhibitors of mild steel, zinc, and aluminum in acidic media. Therefore, future study will 

focus on the test of these inhibitors in neutral and basic media. Surface analysis such as scanning 

electron microscopy (SEM) will be employed to gain more insight into the surface morphology of 

the corrosion of the studied metals in the presence and absence of the compounds of interest. Future 

work will also focus in studying the corrosion aluminum in 0.5 M HCl as corrosive medium 

utilizing gravimetric, FTIR and AAS techniques. This study will be  extended to further 

computation aspects such as MD simulations to it give even more conceptual framework. 
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