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Abstract 

The use of coatings is a prime method in corrosion control of mild steel in the industry. 

Inorganic coatings have proven potency in corrosion control over organic ones; 

however, they have always been associated with a negative impact on the environment. 

Therefore, scientists and engineers have always been working toward improving the 

corrosion resistance of environmentally friendly organic coatings by different methods. 

This work looked into the effect of the addition of fig leaves extract, micro Fe3O4 

pigments and Fe3O4 nano-particles to water-based acrylic coating in an attempt to 

enhance its corrosion protection properties. Both fig leaves extract and micro iron oxide 

powder demonstrated a corrosion-inhibitive effect when added to the coating. Upon 

confirming the positive impact of micro iron oxide, the effect of incorporating magnetic 

nano-particles Fe3O4 into alkyd-based enamel and water-based coatings was examined 

using Electrochemical Impedance Spectroscopy (EIS). For alkyd-based coating, Fe3O4 

nano-particles were used in powder form and added during the grinding phase of 

preparing the coat. In addition, the effect of using glass beads during the grinding was 

also examined. In the case of water-based acrylic coating, Fe3O4 dispersion was 

prepared using a dispersant agent, a mechanical stirrer, and a snoicator. The dispersion 

was then added at the last stage of the grinding phase of the water-based acrylic coating. 

EIS measurements indicated an improvement on the corrosion protection properties of 

the alkyd-based coating. They also confirmed a positive effect for using glass beads as 

a grinding medium during the preparation of the alkyd-based coating. However, EIS 

technique exhibited a limitation in detecting the impact of incorporating Fe3O4 nano-

particles into the water-based acrylic coating, due to the nature of its intrinsic low 

performance in immersion applications. Finally, an attempt was made to look inot the 

effect of exposing the nano-structured water-based coating to a magnetic field during 

the curing time of the coating. Nevertheless, It has also been difficult to infer the effect 

of exposing the nano-modified acrylic coating to a magnetic field due to the same 

reason.  

 

Keywords: corrosion resistance, EIS, enamel coatings, fig leaves extract magnetic 

nano-particles, nano-Fe3O4, waterborne coatings.  
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Chapter 1: Introduction 

1.1 Corrosion 

The yearly costs associated with corrosion inhibition and remediation have been 

reported to represent a substantial part of the world gross domestic product. The precise 

value of such costs has always been controversial. Nevertheless, corrosion undoubtedly 

is of great significance in our societies. Corrosion not only causes economic losses and 

technological disruptions, but also structural failures that can have a dramatic impact 

on humans and their surrounding environment. Failures in reinforced concrete 

structures, airplanes, automobiles, and oil and gas pipelines are only a few examples of 

cases in which corrosion can have detrimental effect [1]. 

Corrosion can be defined as the deterioration of material, usually metal, and its 

properties by chemical and/or electrochemical reaction with its surrounding 

environment[2]. For corrosion to occur, it requires an anode, cathode, an electrolytic 

path for the passage of ions, and an electrically conductive path for the passage of 

released electrons [3]. It can be stated that almost all environments in which metals are 

in service are theoretically corrosive, and their effective usage in engineering and 

commercial applications depends heavily on providing adequate protection mechanism 

to the subject matter metal structures [4]. Metals can be classified as passive or active, 

based on the nature of their reaction toward its surrounding environment. In the case of 

passive metals, a stable film develops naturally on the metal surface and prevents 

further corrosion reactions. In contrast, reactive metals react constantly with their 

surrounding environment and form an instable and non-protective film that allows for 

corrosion reactions to continue [2]. Therefore, to achieve an effective corrosion control 

processes, we need to fulfill one or more of the four corrosion cell requirements 

mentioned above. Effective corrosion control can be achieved by a single method or a 

combination of two or more methods, such as material selection, cathodic protection, 

design, inhibitors, and coatings[3].  

1.2 Organic Coatings 

Metals exist in the form of metallic ores in nature. They are extracted from their 

ores by artificial reduction reactions. Hence, metals tend to return to their original ores 

or to similar metallic compounds when exposed to the atmosphere. For example, iron 

is oxidized to ferric oxyhydroxide in a thermodynamically stable reaction. This reaction 
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of a metal in a natural environment is called corrosion. Therefore, corrosion is 

considered to be the destructive attack of a material by reaction with its environment[5]. 

One way to isolate structural reactive elements from the corrosive environment 

is through applying a layer to the metal surface to enhance its surface properties, such 

as appearance, adhesion, wettability, corrosion, wear, and scratch resistance. Protective 

coatings are undoubtedly one of the most widely implemented methods for corrosion 

control. They are usually classified into four main categories: organic, inorganic, 

conversion, and metallic. However, they all work by providing one or more of the 

following protection mechanisms: 

1. Forming a barrier against the ingress of corrosion reactants, water, and 

oxygen to the metal surface 

2. Creating a high electrical resistance path, thus inhibiting anode-cathode 

reactions 

3. Passivating the metal surface with soluble inhibitive pigments 

4. Providing a sacrificial anode for the dissolution process instead of the 

metal substrate [6] 

The main protection mechanism of coatings is due to the outer shell electrons 

in binding media. They are mostly localized in covalent bonds; hence, coatings are poor 

conductors of electrons and ions. A major corrosion process cannot be established with 

the surrounding environment but only though the water and oxygen taken up in the 

coating. Coatings can be broadly divided into metallic and nonmetallic types [7]. In 

metallic coatings, the substrate surface is layered by a more active metal that will 

corrode sacrificially. On the other hand, nonmetallic coatings are either organic or 

inorganic. Their primary function is providing a physical barrier that isolates the 

substrate from its surrounding environment. Coating films are readily permeable to 

water and oxygen. When they are exposed to weather, they often get saturated with 

both. Any defectiveness in this barrier can become the focal point for degradation and 

corrosion of the substrate[5]. 

1.3 Corrosion Inhibitors 

The use of corrosion inhibitors is another commonly used method of controlling 

corrosion of metallic components in wet environments. Corrosion inhibitors are defined 

as surface active solutes that, when added in small dosages to an environment, 

effectually reduce the corrosion rate by intervening with the corrosion kinetics. Usually, 
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their efficiency is proportional to their concentration: the higher the concentration, the 

better the corrosion inhibition efficiency[5]. 

Inhibitors intervene in corrosion kinetics in various ways. Inhibitor molecules 

that are composed of separate hydrophilic head and hydrophobic tail get adsorbed on 

the metal surface, forming a thin protective film[8]. They consequently reduce the 

corrosion rate by increasing anodic or cathodic polarization behavior, reducing the 

movement or diffusion of ions to the metallic surface and increasing the electrical 

resistance of the metallic surface[5]. Corrosion inhibitors can be classified into three 

main categories, as follows: 

1. Passivating. These are usually inorganic oxidizing substances that suppress 

anodic reactions by assisting the natural passivation tendencies of metal 

surfaces or forming deposits that are impermeable to the metal ions, 

resulting in a shift in the corrosion potential in the noble direction [9-10]. 

2. Cathodic. These are inhibitors that either slow the cathodic reaction itself or 

selectively precipitate on cathodic areas to increase the surface impedance 

and limit the diffusion of reducible species to these areas[5]. 

3. Organic. Most pickling inhibitors function by forming an adsorbed layer on 

the metal surface, probably no more than a monolayer in thickness, which 

essentially blocks the discharge of H+ and the dissolution of metal ions. This 

type of inhibitors requires, by and large, a favorable polar group or groups 

by which the molecule can attach itself to the metal surface. These include 

the organic N, amine, S, and OH groups. The size, orientation, shape, and 

electric charge of the molecule play a part in the effectiveness of inhibition 

[9][11-14]. 

With the rules and regulations getting more strict and stringent in the direction 

of minimizing the effect of chemical use and disposal on all aspects of life, engineers 

and scientists have been exploring alternative natural sources for corrosion inhibitors 

that will help develop environmentally friendly products. 

In the last 20 years, researchers have affirmed the extraction of natural corrosion 

inhibitors from plant leaves, seeds, and peels [11-13]. Such natural extracts represent a 

potential way to create eco-friendly and cost-effective products. For example, a number 

of plant extracts have shown adequate protection of steel in acid mediums such as 

opuntia extract, aloe eru leaves, orange and mango peels, tobacco, black pepper, castor 

oil seeds, acacia gum and lignin, onion, garlic, and bitter gourd[10]. 
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1.4 Nanotechnology 

Nanotechnology is considered to be one of the strategic technologies for the 

future of human beings. The term “nanotechnology” is referred to as the manufacturing, 

analysis, and use of structures, for example particles, layers, or tubes of less than 100 

nanometers (nm) in at least one dimension [11]. Nano-sized particles and nanoscale 

system components exhibit new properties and characteristics which are of importance 

to the development of new products and applications. One of the applications that has 

created considerable interest is the incorporation of nano-particles into polymers for a 

variety of applications, including organic coatings. This seems to be a logical 

development from the conventional technique of improving properties of polymers by 

the addition of micro-sized particles and fibers. However, researchers have found that 

the addition of nano-sized particles can have a positive impact on corrosion resistance 

and the mechanical properties of organic coatings at comparatively low loadings[12]. 

1.5 Electrochemical Impedance Spectroscopy (EIS) 

The electrochemical nature of the corrosion process lends itself to the use of 

electrochemical corrosion testing methods, which are extremely useful for the 

determination of the corrosion behavior of alloys and coatings in corrosive 

environments. Most forms of corrosion can be investigated with electrochemical 

techniques and provide quick, accurate, and dependable data that can be used in 

corrosion investigations, the selection of materials for corrosive environments, and 

prevention of corrosion failure [17-18]. Electrochemical Impedance Spectroscopy 

(EIS) is a non-destructive research technique that can obtain vital information about 

interfacial material parameters through the use of low-energy, time-varying electrical 

excitation. EIS can give insight into corrosion rates, coating porosity, integrity, and 

mass transport through it, and many other characteristics at the interface between the 

coat and the substrate [19-20].  

1.6 Thesis Objective and Contribution  

The deployment of nanotechnology in improving the corrosion protection 

properties of organic coatings has lately gained impetus due to the unique physical, 

chemical, mechanical, optical and magnetic properties of nanoscale materials compared 

to bulk-size materials. Substantial work on nano-structured coatings is ongoing 

worldwide. For example, there are studies that focus on investigating methods of 

incorporating and dispersing compatible nano-particles into organic coatings[13]. On 
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the other hand, there are studies that examine the impact of shape, size, and surface 

treatment of nano-particles on the final coating’s properties[14]. Nanotechnology has 

positive potential not only for economic development, but also with regard to the 

protection of existing infrastructure and human health. Nanotechnology development 

may help protect mild steel structures by enhancing the overall performance of 

corrosion protection properties of organic coatings. 

The objective of this work is to take part in this contemporary worldwide 

research topic and contribute to its momentum through enhancing the corrosion 

protection properties of conventional Zinc Phosphate alkyd-based enamel and water-

based coatings by incorporating magnetic Fe3O4 nano-particles into the coatings during 

the grinding phase and distributing them throughout the coating matrix using a 

magnetic field during the curing phase. This novel approach of using a magnetic field 

aims to affect the distribution of the nano-particles in the coating’s matrix. This in turn 

is believed to create a better barrier effect and reduce the transport paths of corrosive 

species through the coating thickness.  

1.7 Thesis Organization 

This thesis is organized into five chapters. Chapter Two is the literature review, 

in which critical points and fundamental findings related to the use of nano materials in 

organic coatings and the most commonly used experimental procedures are highlighted.  

Chapter Three discusses the materials and experimental procedures that were 

utilized throughout the development of this thesis, such as raw materials, panel 

preparations, coating applications, characterizations, corrosion tests, and, finally, 

imaging techniques. 

Chapter Four presents analyses and depicts the results and findings of the 

different tests and characterization techniques from Chapter Three. 

Chapter Five concludes the thesis, summarizes its main results, and presents 

possible future research avenues. 
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Chapter 2: Literature Review  

2.1 Organic Coatings 

2.1.1 Composition. 

Steel has always been an essential part of all industries for several engineering 

and economic reasons. However, it requires constant protection against corrosion 

during its service life to avoid catastrophic accidents and conserve our natural 

resources[15]. Metallic and nonmetallic coatings, corrosion inhibitors, and cathodic 

protection are methods that have been applied intensively to protect mild steel 

structures. However, anticorrosive organic coatings have always been the most widely 

used protection technology. 

The composition of anticorrosive organic coatings is a complex formulation 

made of several chemicals and materials, each of which serves a single or multiple 

functions. Nevertheless, coatings normally consist of four basic components: solvents, 

binders, pigments, and additives[16]. When a coating is applied, the solvent evaporates 

during the curing process, leaving only the resin and the pigment components, which 

form the protective film on the substrate.  

Organic solvents are formulated into coatings to dissolve the resin component, 

control evaporation for film formation, and reduce the coating viscosity for ease of 

application. Solvents will also affect dry film adhesion and durability [17]. Besides the 

compatibility requirement of the solvent with the binder used, the solvent evaporation 

rate can have a major impact on the properties of the coating, and several common 

visible and invisible defects can be traced to an inappropriate choice of solvents[16]. 

As the solvent evaporates during curing, volatile organic components escape into the 

air and react with air pollutants under the influence of UV from sunlight to form smog 

that depletes the ozone layer.  

Binders are the film-forming component of a coating and provide the physical 

structure to bind itself to the pigments and additives and to the substrate. They are 

mostly organic, consisting of natural resins or man-made polymers or pre-polymers, 

such as acrylics, alkyds, vinyls, natural resins and oils, epoxies, and urethanes[16]. 

Many of the coating’s physical and mechanical properties - including flexibility, 

hardness, chemical resistances, UV-vulnerability, and water and oxygen transport - are 

determined wholly or in part by the particular polymer or combination of polymers used 
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[6]. Because no single binder type can satisfy the previously mentioned properties, a 

blend of monomers and polymers are used in coating formulations. 

Pigments are either organic or inorganic and they directly impact different 

coating properties such as color, opacity, moisture and fungus resistance, corrosion 

resistance, and slip resistance. Inorganic pigments are crystalline solid particles. They 

are dispersed in the binders through the use of special additives such as dispersants. 

Additives are usually added in minute amounts to help homogenize the widely varying 

molecular weights, physical properties, and chemical properties of the different 

components and confer specific properties to the coating, such as anti-settling agents, 

viscosity modifiers, defoamers, driers, surfactants and corrosion inhibitors [23-24]. 

It is very important to note that anticorrosive organic coatings are complex 

systems wherein a wide variety of both inorganic and organic materials of widely 

varying molecular weight and physical properties are combined together and expected 

to act as a homogeneous whole. This is due to the fact that coatings are exposed to 

different environments, such as constant immersion in water, exposure to splash zones, 

or atmospheric exposure to pollutants in industrial areas. Therefore, the design and 

selection of anticorrosive coatings are highly dependent on the environment to which 

the coating will be exposed to during its service life [1]. 

2.1.2 Protection mechanisms. 

Anticorrosive coatings are usually categorized according to the mechanisms by 

which they protect a metal against corrosion. They can create an effective barrier 

against the corrosive elements, water and oxygen; create a path of extremely high 

electrical resistance inhibiting anode-cathode reactions; or provide corrosion inhibitor 

soluble pigments or an alternative anode for the dissolution process. Therefore, they are 

either barrier coatings, inhibitive coatings or sacrificial coatings.  

Barrier protection is achieved by applying a coating system that has low 

permeability for ions, liquids, and gases. Such low permeability hinders the transport 

of aggressive species into the surface of the substrate and therefore isolates it from its 

environment. Studies have shown that effective barrier protection depends on the ionic 

impenetrability of the coatings, which ensures that moisture at the interface between 

the substrate and the coating has very low ions or, alternatively, high electrical 

resistance. Thus, the conductivity of the electrolyte solution at the substrate is so low 

that the transfer of corrosion current between the anode and cathode is minimized[1]. 



19 

 

Barrier coatings use an inert pigment, such as titanium dioxide, micaceous iron oxide, 

or glass flakes, at lower pigment volume concentrations. This lower pigment volume 

concentration yields to dense and cohesive coatings that exhibit very low permeability 

towards corrosive elements or species. The level of protection offered by a barrier 

coating system depends on the thickness of the coating system and orientation and 

shape of pigments[11]. 

Inhibitive protection is achieved by the addition of inhibitive pigments to the 

coating. The inhibitive pigments passivate the substrate and build a defensive film 

consisting of insoluble metallic complexes, which in turn hinders corrosion. The 

inhibitive pigments are inorganic salts that are marginally soluble in water. When the 

coating is permeated by water, the pigments partially dissolve and are carried to the 

substrate surface. At the surface of the substrate, the dissolved ions react with the 

substrate and form a reaction product that passivates the surface of substrate[16] [18]. 

Due to the slow and partial solubility of organic salts in diffusing moisture, enough 

inhibitive pigments should be incorporated in the coating to ensure the sufficient 

leaching of pigments from the coating. Conversely, if the solubility of the inhibitive 

pigments is too high, blistering may take place [19]. 

The sacrificial mechanism relies on the concept of galvanic corrosion by which 

the coating includes pigments that are electrochemically more active than the substrate 

to be protected. The inhibitive pigment, such as zinc, will behave like an anode and 

sacrifice itself to protect the metal, which will be the cathode through the transfer of 

galvanic current [20]. This working mechanism calls for continuous direct contact 

between the pigment and the substrate. Hence, very high loadings of inhibitive pigment 

are required, which come at the expense of the other components’ percentages in the 

formulation of the coating, such as binders. This in turn has a direct negative impact on 

the mechanical properties, impact resistance, adhesive, and cohesive strengths of the 

coating[6]. 

It must be noted that it is impossible to use all these mechanisms in one coating. 

However, all coatings suffer from one of or a combination of the rate-controlling factors 

discussed hereafter. 

1.1.2.1 Diffusion of water and oxygen. 

The majority of coatings do not protect metal substrates by preventing the 

diffusion of water and oxygen. Studies have shown that the amount of moisture that 
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can diffuse through organic coatings is far more than what is required to sustain the 

cathode reaction and hence corrosion process[21]. For example, the amount of water 

necessary for corrosion to occur at a rate of 0.07 g Fe/cm2/year is approximately 0.93 

g/m2/day. Therefore, a sufficient thickness of very low permeability rates can be used 

to stop moisture from reaching the metal surface in quantities necessary to start and 

sustain the corrosion process. Other protection mechanisms should be applied for 

coatings with high permeability rates[6] [21]. Nevertheless, the effect of water diffusion 

through the coating cannot be completely disregarded. Studies have pointed out that, 

even though water permeability is not normally the rate-controlling factor in the 

corrosion of coated substrate, it may be the rate-determining factor in loss of 

adhesion[22]. 

In the case of oxygen, the threshold amount of oxygen required to sustain the 

same corrosion rate of 0.07 g Fe/cm²/year is 575 cc/m²/day, which is far less than what 

is needed to maintain a corrosion reaction at the metal interface. Properly formulated 

coatings are able to eliminate sufficient oxygen from the metal surface and impede the 

cathodic reaction and therefore corrosion process. Generally, water and oxygen are 

essential for the corrosion process; however, their permeation through the coating is not 

a rate-determining factor[6] [21]. 

1.1.2.2 Ionic resistance. 

The main protection function of organic coatings is to create paths of extremely 

high electrical resistance between cathode and anode areas and hinder the flow of 

current between those sites. This is accomplished by blocking the transport of ions 

through coating thickness and hence preventing the formation of soluble ferrous 

compounds. As mentioned earlier, most coatings allow the diffusion of water, but not 

ions. Therefore, the water that reaches the substrate surface is almost ion-free. This is 

not conducive to the corrosion process, as steel corrodes very slowly in pure water. This 

is due to the fact that ferrous ions and hydroxyl ions form Fe(OH2) compounds of low 

solubility in water (0.0067 g/L at 20°C). Such compounds precipitate at the corrosion 

sites and prevent further diffusion[6]. In the presence of corrosive anions such as Cl ̄ or 

SO-2, they will react with steel and form soluble chemical compounds that can be 

hydrolyzed, oxidized, and precipitated away from the corrosion site. Studies have 

shown that there is a direct relationship between the corrosion protection of the coating 

and its ionic resistance value. One study showed that coatings that could sustain an 
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ionic resistance of 108 Ω/cm² after an exposure of several months demonstrated good 

corrosion protection, compared to coatings which exhibited lower ionic resistance 

values[23]. It has also been shown that ionic resistance of immersed coatings could 

change over time through two different processes. The first process takes place 

immediately after the immersion and is attributed to the amount of water in the coating 

film. This fast process is controlled by osmotic pressure. The second process, on the 

other hand, is a slow one, and is controlled by the concentration of electrolytes in the 

solution. It is believed that the slow exchange of cations in the electrolyte for hydrogen 

ions in the coating is responsible for the long-term and constant decrease in the ionic 

resistance and the physical deterioration of the coating [32-35]. 

1.1.2.3 Adhesion. 

The capacity of the bond to keep strong contact between the coating and the 

substrate surface at the atomic level plays a vital role in the protection capability of the 

coating. Very strong adhesion suppresses hydrogen evolution and water build-up at the 

coating/substrate interface. It also prevents the development of corrosion products by 

bonding to the cathode and anode area and works as an insulator between those sides 

[36-37]. Wet adhesion is considered to be more decisive in corrosion than dry 

adhesion[6]. Coatings tend to become saturated with water, or water vapor, and their 

ability to still adhere to the substrate surface controls the anticorrosive properties of the 

coatings. It is very important to differentiate between the initial adhesion values and the 

capacity of the coating to retain such adhesion values after weathering. Therefore, it is 

very important to conduct adhesion tests not only on the freshly coated samples, but 

also on stressed coated samples. [24]. 

2.1.3 Environmental compliance. 

The stringent international and national volatile organic compounds (VOC) 

legislation has led to significant changes in the formulation of anticorrosive coatings. 

Restrictions on the VOC content of coatings have been decreed by many air pollution 

control districts. Such legislation prohibits the manufacture, sale, or use of industrial 

maintenance primers and topcoats if the VOC level exceeds certain limits, commonly 

420 g/L or 350 g/L[15] [25]. It has been determined that almost all volatile solvents 

react under the influence of UV light and degrade to form smog that helps deplete the 

ozone layer [1].  



22 

 

The current quest to reduce VOC content in coatings has urged and will continue 

to urge the manufacturers and developers of coatings to formulate coatings with high 

solid contents, powder coatings, or waterborne coatings with as low amounts of organic 

solvents as possible. Although high-solid, inorganic, waterborne, and powder coatings 

are becoming more often applied, it may be difficult to completely replace solvent-

borne organic coatings in very corrosive environments.  

2.2 Natural Corrosion Inhibitors  

The use of corrosion inhibitors is one of the most common methods of corrosion 

control and mitigation. These inhibitors are defined as chemical substances that, when 

added in minute amounts to a corrosive environment inhibit or reduce the rate of 

corrosion of the metal with its surrounding media. This is usually achieved by altering 

the kinetics of anodic and/or cathodic reactions, lessening the rate of diffusion of 

corrosive elements to the metal surface and decreasing its electrical resistance[10]. 

Many synthetic heterocyclic compounds containing O, N, S, and P have shown 

good corrosion inhibition abilities due to their high levels of basicity and electron 

density. The majority of these compounds, when added to media surrounding the metal 

object, get adsorbed onto the metal surface and create a protective layer of one or 

several molecules thick. The formation of this barrier is facilitated by the transfer of a 

free pair of electrons from the corrosion inhibitor to the metal surface. However, the 

stability of the formed barrier depends on the electron density of the donor atom and 

the polarizability of the functional group. Although synthetic corrosion inhibitors have 

demonstrated good performance, they have generally been associated with a high level 

of toxicity for humans and the environment [26]. 

Natural corrosion inhibitors are usually produced from plant extracts such as 

dried seeds, peels, leaves, or stems. Studies have also shown that they can be produced 

from byproducts of food, meat, and milk industries. Attributable to their availability, 

bio-based nature, biodegradability, and cost effectiveness, green inhibitors have 

become recognized as a viable potential alternative for expensive and toxic organic 

inhibitors. In recent decades, significant efforts have been dedicated to find effective 

natural corrosion inhibitors in different corrosive media. As a result, several research 

works have reported naturally occurring substances such as plant extracts to inhibit the 

corrosion of mild steel in acidic, neutral, and alkaline environments.  
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Saleh, et al. found that extracts of opuntia, aleo eru leaves, orange and mango 

peels, Hibiscus subdariffa, and beet root can provide satisfactory corrosion protection 

to steel in different concentrations of HCl solutions and at different temperatures [41-

43]. Zucchi, et al. confirmed that plant extracts of papaya, poinciana pulcherrima, cassia 

occidentalis, datura stramonium seeds, calotropis procera, and azadirachta indica 

reduced steel corrosion with an efficiency of up to 96% in 1 N HCl solution[27]. The 

use of coriander, anis, black cumin, hibiscus, and garden cress as new types of natural 

inhibitors of the acidic corrosion of steel was suggested by Khamis, et al. [28]. El-Etre, 

et al. proposed the use of natural honey as corrosion inhibitor for carbon steel in aqueous 

solution, and examined khillah extract and lawsonia extract for the corrosion inhibition 

of different steels in acid solution [46-48]. Mehta, et al. have studied the anticorrosion 

properties of embilica officianilis, Terminalia chebula, Terminalia belivia , Sapindus 

trifolianus, accacia conicianna, trifla, extracts of Swertia angustifolia, and eugenia 

jambolans [49-52]. Many other scientists have looked into other plant extracts and oils 

as green corrosion inhibitors, such as Eucalyptus leaves, pongamia glabra, Annona 

squamosa , Azadirachta indica, Carica papaya, amydalina, henna, bgugaine, ginger , 

artemisia oil, and jojoba oil in acid solutions. Others have examined the efficiency of 

Telforia occidentalis extract, Berberine (an alkaloid isolated from Captis) in the 

corrosion inhibition of mild steel in H2SO4 media [53-64]. 

Ibrahim, et al. examined the corrosion inhibition capabilities of fig leaves 

extract, eggplant peel extract, potato peel extract, and thyme leaves extract of mild steel 

in different concentrations of hydrochloric acid solutions and at different temperatures 

using conventional weight loss measurements and several electrochemical techniques, 

such as Tafel polarization, linear polarization, cyclic sweep, and electrochemical 

impedance spectroscopy. It has been proved that the addition of the different extracts 

to the corrosive media showed an increase in the charge transfer resistance and a 

decrease in the value of the double layer capacitance, indicating the adsorption of 

inhibiting molecules onto the metal surface following Langmuir adsorption isotherm at 

all test temperatures. The Tafel slopes revealed that these extracts work as mixed-type 

inhibitors, wherein they lower both cathodic and anodic currents. The linear 

polarization measurements showed inhibition efficiencies ranging between 75% and 

90% at 400 ppm and at 25°C [8][65-67]. 
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2.3 Nano Materials 

As mentioned earlier, pigments form a crucial element of many organic coating 

formulations. They usually consist of micro-sized particles that are dispersed in the 

coating binder to endow both aesthetic and protective properties to the coating. A 

number of limitations and coating defects have been reported for conventional micro-

sized pigments[4] [12]. Problems such as poor adhesion and early delamination, and 

inferior scratch and abrasion resistance, are examples of various drawbacks associated 

with the use of conventional pigments[3]. 

Diffusion of water through the coating and disbondment propagation between 

the coating and the substrate are the two main mechanisms for the breakdown of coating 

protection. One recent technique that has been used to increase the adhesive and anti-

corrosive properties of organic coatings is the incorporation of nano-particles into the 

coating system[29]. Nano-sized fillers can provide superior barrier properties to 

conventional fillers even at low concentrations due to their large surface area to volume 

ratio [2]. 

The most commonly used nano-particles in coatings are SiO2, TiO2, ZnO, 

Al2O3, Fe2O3, CaCO3, single-wall carbon nano-tubes (SWCNT), and multi-walled 

carbon nano-tubes (MWCNT. A combination of two different nano-particles has been 

used to achieve the required results, TiO2 with Al2O3; and CeO2 and Cr2O3. The average 

size of nano-particles usually ranges from 5 nm to 100 nm  [2] [4] [12][68-73]. 

The proper incorporation of nano-particles into the coating matrix is critical for 

achieving the desired properties in the formulated coating. Both the method and stage 

of introducing the nano-particles are critical. Shi, et al. introduced the nano-particles 

with the solvent and added the curing agent to the mixture[30]. Gao, et al. added the 

CaCO3 in the form of a dispersion into the polypropylene and left it to dry at 60 °C[31]. 

Dhoke , et al. dispersed Fe2O3 and ZnO nano-particles into the alkyd-based waterborne 

coating using mechanical stirring followed by ultra-sonication [3] [32]. While, Lewis, 

et al. used a ball-milling technique to disperse uncoated rutile titanium dioxide 

waterborne acrylic coating [12]. The percentage loading of nano-particles is another 

critical factor that plays a key role in developing the successful formulation of any nano 

composite coating. Loading percentages ranged from.01 to 10% wt. [2-4] [32]. 

The improvement in the corrosion resistance of the nano-structured coating 

systems could be attributed to the large surface area to volume ratio of the nano-

particles. This high ratio allows for more resin to get adsorbed on the particle’s surface 
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and hence reduces the transport paths for the corrosive electrolyte to pass through the 

coating system[32]. It is also believed that this high ratio not only increases the 

likelihood of diffusing moisture and ions to interact with the particles, but also increases 

the possibility of adsorbing the moisture onto the particles’ surface[12]. The 

improvement can also be attributed to diminishing the interspaces and hence improving 

the density of the coatings [33]. Enhancement of the mechanical properties of the 

coating systems, such as scratch and abrasion resistance, might be due to the strong 

surface interaction between the dispersed nano-particles and polymer matrix, which 

provides strength to the system and does not allow the coating to detach from the 

substrate [3]. Another positive effect on the mechanical properties is the tensile strength 

of the coating, which is attributed to the increase in the cohesiveness of the coating, 

which also might have a direct impact on the corrosion resistance[29].  

One class of nano-particles has drawn the attention of scientists and engineers 

in a wide range of disciplines such as biotechnology, magnetic fluids catalysis, and 

environment remediation: magnetic nano-particles. This is due to their outstanding 

magnetic properties and the energy originating from the high surface area to volume 

ratio. Moreover, bare nano magnetic particles usually have a very high level of surface 

chemical activity, which results in high oxidation rates when exposed to air and other 

media, such as water. One way to overcome this challenge is to coat the core with 

hydrophilic polymers, such as coating Fe3O4 nano magnetic particles with starch. [76-

77] 

2.4 Electrochemical Impedance Spectroscopy  

It is well known that EIS is a powerful tool that is now being broadly utilized in 

a wide range of scientific disciplines such as fuel cell testing, biomolecular interaction, 

and microstructural characterization and corrosion studies. EIS technique has grown 

tremendously in importance over the last couple of decades in the field of corrosion 

testing due to its accurate and reliable corrosion rate measurements[5]. It has also 

proven to be a very helpful tool in the evaluation and prediction of coatings’ protective 

quality on metal substrates by detecting the changes in coating barrier qualities [1-2] 

[4][6-7] [20][69-72]. EIS is a non-destructive technique that gives researchers an 

opportunity to provide quantitative data for a coated metal immersed in an electrolytic 

solution that can be related to the performance of the coating in corrosion protection of 

the metal substrate at an early stage before any visual damage takes place.  
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Tests designed to evaluate coatings always involve the use of a mechanism to 

stress the coating and accelerate deterioration in a simulated environment that is 

believed to bear a resemblance to the intended application. EIS measurements at a 

predefined pattern during that process can be utilized to track the changes in the 

coatings’ integrity and determine the corrosion rate of that metal substrate. For 

example, it can measure the change in coating capacitance and its porosity[34]. 

EIS, also known as AC impedance, involves the use of AC voltage excitation 

over a wide range of frequencies, 1×10-4 Hz to 100 kHz. This range helps the EIS to 

offer rich information about the coating system and its behavior. It also requires the use 

of a physic-electrical model or an equivalent circuit to quantify the physiochemical 

changes taking place in the system[35]. The electrical circuit models are built from 

components such as resistors, capacitors, and other non-standard circuit elements, like 

double layer capacitance element, to simulate the electrochemical behavior of the 

system by tracking the changes in the values of the different elements during the test 

period[1]. 

Aglan, et al. used the basic Randle electrochemical cell model and a frequency 

range from 1×10-2 Hz to 1x106 Hz with amplitude of 10 mv and an immersion period 

varied up to 70 days without using any stressing mechanism [29]. Lewis, et al. used the 

neutral salt spray corrosion testing and backed it up with EIS tests from 100 mHz to 50 

kHz with 10 mv amplitude and 10 points per decade. The tests were conducted after 24 

hours, 48 hours, 168 hours, and 336 hours[12]. Dhoke, et al. acquired EIS spectra over 

a frequency range of 1 Hz to 100 kHz and 5 mV amplitude and software was used to fit 

the results into an equivalent circuit[4]. Behzadnasab, et al. took eight EIS 

measurements during 120 days at an open circuit potential with a frequency range of 

1× 10-4 Hz to 10 kHz [2] . While, Kartsonakis, et al. used a frequency range from 5 

mHz to 100 kHz with rms voltage of 10 mV and the spectra were collected after 1 hour, 

20 hours, 46 hours, 68 hours, 4 days, 6 days, 8 days, and 28 days, and treated using 

software to fit the data and come up with the best fit [36].  
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Chapter 3: Materials & Experimental Procedure 

3.1 Raw Materials, Equipment, and Software 

Materials included in-house-made fig leaves extract with an average of 14,000 

ppm concentration; high purity Fe3O4 nano-powder with an average size of 15-20 nm, 

specific area of (BET) = 81.98 m2/g and true density of 4.8-5.1g/cm3 purchased from 

US Research Nanomaterials, Inc.  

DISPERBYK-2015; VOC-free wetting and dispersing additive for waterborne 

systems and BYK-D 420; liquid rheology additive water-reducible systems and 

pigment concentrates were sourced from BYK-GARDNER GMBH.  

Zinc phosphate alkyd-based enamel coating was sourced from National Paints 

Factories Co. Ltd. While, Zinc phosphate water based acrylic coating was developed 

and formulated by Unichem Group, Jordan.  

Mild steel panels Mild steel panels with a composition of (0.037 C; 0.0090 P, 

0.0140 S; 0.151Mn; 0.001Si; 0.026 Sa; 0.0028 N, 0,017 Cr, 0.001 Mo, 0.028 Ni, 0.028 

Al, 0.0020As, 0.0029 Bo, 0.001 Co, 0.019 Cu, 0.001 Nb, 0.004 Sn, 0.001 Ti, 0.001 V, 

0.0002 Ca, 0.069 CEV, and balance is Fe ) were procured from PRO TEST PANELS 

LTD.  

Q500 Sonicator was purchased from Qsonica, LLC and used in the preparation 

of the aqueous dispersion of Fe3O4 nano-powder. Gill AC potentiotstat and cathodic 

disbondment test cells from ACM instruments were used for AC impedance and 

cathodic disbondment tests along with a Faraday cage that was fabricated in AUS 

engineering workshop. Different types of mechanical stirrers for production of the 

different coatings were used at National Paints Factories Co. Ltd.  

ZView® software from SCRIBNER ASSOCIATES INC and Sequencer from 

ACM were utilized for modeling and analysis of acquired IES spectra. 

3.2 Coating and Panel Preparation 

The first phase of this research was to understand the effect of incorporating 

micro Fe3O4 pigments on the corrosion protection abilities of the coating to validate the 

feasibility of moving to the nano size iron oxide. Therefore, Zinc Phosphate water-

based coating was outsourced with and without micro Fe3O4 pigments and used as-is. 

In this phase, fig leaves extract at 1000 ppm concentration was incorporated into the 
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water-based Zinc Phosphate coating using mechanical stirring at 1000 rpm for 30 

minutes.  

 Nano-structured Zinc Phosphate alkyd-based enamel coating was prepared by 

loading 1% wt. of Fe3O4 nano-powder slowly added to the alkyd resin and ground at 

high speed disperse for 30 min. Other pigments were then added and ground at high 

speed disperse to 4+ NS Hegman grind. Solvent and other additives were added as per 

the formulation. Another nanostructured alkyd-based enamel coating sample was 

prepared in the same manner, but with the use of glass beads during the grinding stage. 

For Zinc Phosphate water-based acrylic coating, an aqueous dispersion of Fe3O4 

was first formulated by adding 25 grams of DISPERBYK-2015 into 75 grams of double 

distilled water and mixing at 1000 rpm for 15 minutes. Five grams of Fe3O4 nano-

powder were added slowly to the solution and the mixer speed was increased up to 

10000 rpm and maintained for 30 minutes. The resultant slurry was then put into an ice 

bath and sonicated at 40% amplitude and 1 second on off pulse mode for 30 minutes. 

The dispersion was then added at the end of the grinding stage of the water-based 

acrylic coating followed by the rest of additives and fillers. 

Prior to coating, the panels were degreased and prepared as per ASTM D609. 

Coatings were then sprayed to a Wet Film Thickness (WFT) of 150 µ to the mild steel 

panels measuring 150mm x 100mm x 0.8mm. Coated panels were then left to air dry 

for seven days before testing. 

3.3 Characterization and Corrosion Tests 

Prior to incorporating the Fe3O4 nano-powder into the different coatings, the 

powder particles were investigated by the X-Ray Diffraction technique for confirmation 

of their size. The elemental composition of the prepared coatings was determined using 

the X-Ray Fluorescence technique. The distribution of nano-particles in the coating was 

determined using the Scanning Electron Microscopy (SEM) technique. 

Electrochemical Impedance Spectroscopy (EIS) measurements were done for three 

replicates of each coated sample using a three-electrode cell. The coated panels with an 

exposed area of approximately 30.2 cm2 served as the working electrode, Saturated 

Calomel (SC) as reference electrode, and a platinized titanium as auxiliary electrode. 

Figure 1 represents the test setup for the EIS study. The measurements were performed 

at room temperature in 0.5 M NaCl solution for periods up to 21 days. An 

electrochemical impedance measurement was performed under the open circuit 
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potential and in the frequency range of 0.3 Hz to 30 KHz with an applied AC signal of 

10 mV amplitude. EIS spectra were developed using an automated single channel 

potentiostat. The impedance spectra for the different metal samples at different 

exposure times were analyzed and best fitted to the relevant equivalent circuit model 

shown in Figure 1 and Figure 2 respectively, using Zview™ software.  

 

 

 

Figure 1. Randle’s Equivalent circuit model for bare and coated metal samples with 

regular coating. 

 

 

 

 

Figure 2. Equivalent circuit model for metal samples coated with nanostructured 

coating. 

  

Rsoln Cc

Rpo

Element Freedom Value Error Error %

Rsoln Fixed(X) 90 N/A N/A

Cc-T Fixed(X) 0.00018623 N/A N/A

Cc-P Fixed(X) 0.74665 N/A N/A

Rpo Free(±) 555.1 N/A N/A

Data File:

Circuit Model File: C:\Users\Khalil\Dropbox (Personal)\Thses

is report working folder\average standar

d water based at zero time.mdl

Mode: Run Fitting / All Data Points (1 - 1)

Maximum Iterations: 1000

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus

Rsoln Cc

Rpo Ccor

Rcor

Element Freedom Value Error Error %

Rsoln Fixed(X) 90 N/A N/A

Cc-T Fixed(X) 0.00018623 N/A N/A

Cc-P Fixed(X) 0.74665 N/A N/A

Rpo Free(±) 555.1 N/A N/A

Ccor-T Fixed(X) 2.0726E-06 N/A N/A

Ccor-P Fixed(X) 1.332 N/A N/A

Rcor Free(±) 11409 N/A N/A

Data File:

Circuit Model File: C:\Users\Khalil\Dropbox (Personal)\Thses

is report working folder\average standar

d water based at zero time.mdl

Mode: Run Fitting / All Data Points (1 - 1)

Maximum Iterations: 1000

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus
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Chapter 4: Results and Data Analysis 

4.1 Fig Leaves Extract 

Fresh leaves of the fig plant were washed with tap water and dried using a 

fluidized bed dryer for one hour. After drying, the leaves were ground to fine particles. 

The leaves extract was then obtained using double distilled water and refluxing the 

solution for two hours to ensure complete extraction. After cooling, a vacuum filtration 

of the water-fig mixture was applied to retain the fig inhibitor extract. The concentration 

of the stock solution was determined to be approximately 14000 ppm.  

The use of fig leaves extract as a corrosion inhibitor for bare mild steel in 0.5M 

NaCl solution and as an additive to a water-based coating has been investigated using 

electrochemical impedance spectroscopy over a frequency range between 0.03 Hz and 

30 kHz and over a period of 21 days. The effect of adjusting the pH value of fig leaves 

extracts from pH=5.2 to pH=7 has also been looked into. Impedance measurements 

presented in the Nyquist and Bode plots for the average of three samples of mild steel 

immersed in 0.5M NaCl solution with and without corrosion inhibitors. Nyquist and 

Bode plots of mild steel in control solution are shown in Figure 3 through Figure 5.  

 

 

Figure 3. Nyquist plot of control over 21 days in 0.5 molar NaCl solution 
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Figure 4. Impedance plot of control over 21 days in 0.5 molar NaCl solution 

 

 

 

Figure 5. Phase plot of control over 21 days in 0.5 molar NaCl solution 

 

The addition of fig leaves extract resulted in an increase in the diameter of 

Nyquist plots, but did not change their semicircle profile as shown in Figure 6 through 

Figure 8. This increase is attributed to the charge transfer resistance Rct being the 

controlling factor in the corrosion of the steel substrate. Therefore, the inhibition 

efficiency was calculated using the charge transfer resistance as shown in equation (1).  

𝐼𝐸% =  
𝑅ct − 𝑅ct°

𝑅ct
× 100 (1) 

 

The addition of fig leaves extract at 1000 ppm concentration has resulted in a 

reduction in the corrosion rate of bare mild steel. This decrease in the corrosion rate can 

be attributed to the adsorption of the inhibitor molecules onto the metal surface and the 

formation of a protective barrier of one or several molecular layers. This protective 
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molecular layer is believed to replace water molecules and decrease the diffusion rate 

of the reactant elements into the metal surface. It is also believed that this layer changes 

and suppresses the kinetics of cathodic and anodic reactions[37]. It is also worth 

mentioning that the inhibition effect of the extract appeared to be stable over the three-

week period. Table 1 summarizes the evolution of electrical elements of Randel’s 

equivalent circuit and inhibitor efficiency over 21 days period  

 

 

 

Figure 6. Nyquist plot for bare mild steel in 0.5 molar NaCl solution with fig leaves 

extract at 1000 ppm concentration over 21 days 
 

 

 

Figure 7. Impedance plot for bare mild steel in 0.5 molar NaCl solution with fig 

leaves extract at 1000 ppm concentration over 21 days 
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Figure 8. Phase plot for bare mild steel in 0.5 molar NaCl solution with fig leaves 

extract at 1000 ppm concentration over 21 days. 
 

 

Table 1. Evolution of Electrical Elements of Randle’s Equivalent Circuit for Fig 

Leaves Extract in 0.5 Molar NaCl Solution over 21 Days 
 

 Time  Cc (F/cm2) Rct (Ω cm2) IE% 

Control  0 day 2.38E-04 1651 - 

1 day 1.35E-04 2661 - 

3days 1.53E-04 3242 - 

7 days 2.64E-04 2700 - 

14 days 2.80E-04 3825 - 

21 days 5.78E-04 2071 - 

Fig leaves extract @ 1000 ppm 0 day 6.89E-05 3220 49% 

1 day 8.19E-05 5715 53% 

3days 8.77E-05 12345 74% 

7 days 1.05E-04 13834 80% 

14 days 1.27E-04 14178 73% 

21 days 1.47E-04 12725 84% 

Fig leaves extract @ 1000 ppm  

adjusted pH to 7 

0 day 2.05E-04 4620 64% 

1 day 1.18E-04 11949 78% 

3days 4.41E-05 18996 83% 

7 days 5.03E-05 25952 90% 

14 days 6.74E-05 29895 87% 

21 days 8.32E-05 26691 92% 
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The impact of adjusting the pH value of fig leaves extract to pH=7 was positive 

where it showed higher inhibition efficiency compared to untreated extract, as shown 

in Table 1. The Nyquist plot and Bode plots shown in Figure 9 through Figure 11 also 

concur with this finding. For example, Nyquist plot in Figure 9 shows a larger diameter 

for the different semicircles over the 21 days. On the other hand, Impedance plot in 

Figure 10 shows higher impedance values at the low frequency limit compared to those 

of the untreated extract. 

 

 

 

Figure 9. Nyquist plot for bare mild steel in 0.5 molar NaCl solution with fig leaves 

extract adjusted pH at 1000 ppm concentration over 21 days 
 

 

 
 

Figure 10. Impedance plot for bare mild steel in 0.5 molar NaCl solution with fig 

leaves extract adjusted pH at 1000 ppm concentration over 21 days 
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Figure 11. Phase plot for bare mild steel in 0.5 molar NaCl solution with fig leaves 

extract adjusted pH at 1000 ppm concentration over 21 days 

 

The use of pH-adjusted fig leaves extract as an additive to the 0.5M NaCl 

solution and its positive impact on reducing the corrosion rate of the immersed substrate 

has led to examining its effect as an additive into water-based acrylic coating. The fig 

extract was incorporated into the coating during the grinding phase. The infused coating 

was then applied to mild steel plates at a coating thickness of 150µ WFT and its 

performance was compared to neat coating and coating pigmented with micro Fe3O4 

powder using electrochemical impedance spectroscopy. Impedance measurements for 

the impregnated coat presented in the Nyquist plot and Bod plots in Figure 12 through 

Figure 14 indicate a better performance than the control coat shown in Figure 15 

through Figure 17. This is demonstrated by the larger diameter of Nyquist semicircles 

and higher impedance values at the low limit frequencies in the impedance plots. 

Figure18 through Figure 20 show the positive impact of micro Fe3O4 powder in 

the coating. The coating with fig leaves extract and micro iron oxide powder showed 

better Rpo values than that of the control. They also both showed lower values for Cc 

compared to the control coating, indicating that both fig leaves extract and micro iron 

oxide powder demonstrated a corrosion inhibitive effect as shown in Table 2. The 

inhibitive effect of the micro iron oxide can be attributed to improving the barrier 

properties of the coating by physically separating the metallic substrate from the 

corrosive medium. However, the fig leaves extract is believed to provide corrosion 

protection by decreasing the activity of both anodic and cathodic reactions by releasing 

passivating ions[38].  
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Figure 12. Nyquist plot of mild steel coated with water based acrylic coating with fig 

leave extract immersed in 0.5 molar NaCl solution 
 

 

 

Figure 13. Impedance plot of mild steel coated with water based acrylic coating with 

fig leave extract immersed in 0.5 molar NaCl solution 
 

 

 

Figure 14. Phase plot of mild steel coated with water based acrylic coating with fig 

leave extract immersed in 0.5 molar NaCl solution 
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Figure 15. Nyquist plot of mild steel coated with control water based acrylic coating 

immersed in 0.5 molar NaCl solution 
 

 
 

Figure 16. Impedance plot of mild steel coated with control water based acrylic 

coating immersed in 0.5 molar NaCl solution 
 

 

 

Figure 17. Phase Plot of mild steel coated with control water based acrylic coating 

immersed in 0.5 molar NaCl solution 
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Figure 18. Nyquist plot of mild steel coated with water based acrylic coating with 

micro iron oxide powder immersed in 0.5 molar NaCl solution 
 

 

Figure 19. Impedance plot of mild steel coated with water based acrylic coating with 

micro iron oxide powder immersed in 0.5 molar NaCl solution 
 

 

Figure 20. Phase plot of mild steel coated with water based acrylic coating with 

micro iron oxide powder immersed in 0.5 molar NaCl solution 
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Table 2. Evolution of Electrical Elements of Randle’s Equivalent Circuit for Water-

based Coating with Fig Leaves Extract and Micro Iron Oxide in 0.5Molar NaCl 

Solution over 21 Days 
 

 Time  Cc (F/cm2) Rct (Ω cm2) 

Control Coating 0 day 1.27E-04 7441 

1 day 1.10E-04 6146 

3days 1.28E-04 4999 

7 days 1.29E-04 4316 

14 days 1.77E-04 3733 

21 days 1.59E-04 3614 

Coating with Fig leaves extract 

and mirco Iron Oxide 

0 day 6.20E-05 11867 

1 day 5.67E-05 9188 

3days 9.45E-05 10171 

7 days 1.23E-04 10339 

14 days 9.28E-05 7561 

21 days 8.14E-05 3512 

 

4.2 Characterization of Nano-Fe3O4 Particles 

Figure 21 shows the X-Ray Diffraction of nano-Fe3O4 powder and confirms the 

crystallinity of iron oxide. Applying Scherrer Equation (2) at peak number 388 with 

2θ=35.42°, β=0.62, K=0.9, and λ Cukα1=0.154060 nm, the calculated size was 13.45 

nm [39]. Please note that β and θ should be converted to radians. 

 𝐿 =  
0.9 𝜆Kα1

𝛽(2θ) cos 𝜃
 (2) 

 

Where λ is the X-ray wavelength in nanometer, β is the peak width of the diffraction 

peak profile at half maximum height resulting from small crystallite size in radians, 

and K is a constant related to crystallite shape, usually taken as 0.9. 
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Figure 21. X-ray diffraction patterns of nano-Fe3O4 powder. 
 

4.3 Zinc Phosphate Alkyd-based Enamel Coating 

4.3.1 Coating characterization using XRF technique. 

A Horiba X-ray analytical microscope, with X-Ray diameter of 1.2mm, X-ray 

tube voltage of 50 kV, and 1 mA current, was used to acquire the XRF spectra for all 

the different coating samples. Table 3 summarizes the XRF elemental analysis for the 

alkyd-based enamel coating. By comparing the control samples and the nano-modified 

ones, the presence of iron particles from Fe3O4 is confirmed. 

 

Table 3. XRF Elemental Analysis for Alkyd-based Coating 
 

 

4.3.2 Electrochemical impedance spectroscopy. 

The different samples were immersed in 0.5 M NaCl solution and impedance 

spectra were collected at different points in time: one day, two days, seven days, 

fourteen days, and twenty one days. At the end of the immersion period, the coating-

exposed area was photographed before and after the removal of the coating layer. The 

 Al P Ca Ti V Fe Zn Sr Zr Pb S 

Control coating 0.32 3.33 79.38 3.75 0.09 0.14 12.38 0.05 0.05 0.36 0.00 

Nano-modified Coating  0.33 3.12 76.53 6.32 0.17 0.90 12.320 0.06 0.05 0.19 0.00 
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impedance spectra of all the different coated samples indicate that the impedance 

modulus |Z| decreases with the immersion time. This in turn confirms the ability of EIS 

to detect the changes that occur in the samples during the degradation process. The 

average data from three samples of each coating category was analyzed and best fitted 

to the equivalent circuit shown previously in Figure 2. 

The selection of the equivalent circuit was based on the Nyquist plots that 

showed the development of two semicircles on the second day. In the equivalent circuit 

of, Rsoln represents electrolyte resistance; that is, the resistance between the working 

electrode and the reference electrode. Rsol is generally small and can be neglected. Cc 

is the capacity of the coating film and it was molded as a constant phase element to 

reflect the non-ideal behavior. Rpor is the pore resistance related to the permeability 

and the formation of ionically conducting paths in the coating. The second time constant 

of the spectra represents the electrochemical process, taking place at the metal-coating 

interface. Hence, Ccor is the double-layer capacitor and can be used as a measure of the 

paint’s loss of adhesion. It was modeled after a constant phase element to represent the 

non-ideal behavior of the capacitor. Rcor denotes the charge transfer resistance 

associated with the kinetic of the corrosion process. In this work, Rcor and |Z| at the 

lower limit of frequency range will be used to compare the protective properties of the 

coatings. The increase in Cc and the resulting water uptake will also be used to indicate 

the degree of the degradation of the coating. The water content will be calculated using 

the Brasher and Kingsbury formula shown in equation (3). 

 𝜙 =  
log(Cct/Ccο)

log εwater
 (3) 

Where Cct is the coating’s capacitance at any time, Ccο is the initial capacitance at time 

zero and εwater the dielectric constant of water at the working temperature; and Ø is the 

water content expressed as volume fraction in the coating. At ambient temperature of 

293-298K and a dielectric constant of water of 80.2 was used.   

4.3.2.1 Control Zinc Phosphate alkyd-based enamel coating. 

At zero time the impedance modulus |Z| at the low-frequency limit displayed a 

high average value of 2.17E+8 Ω.cm2. Only one time constant could then be detected 

from the inspection of the Nyquist plot in Figure 21, which was responsible for the 

barrier characteristic of the coating[40]. However, as the electrolyte solution 

increasingly penetrated the coating in the following 48 hours, capacitive behavior in the 
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Bode diagram was observed; the maximum phase angle at the high frequency limit 

showed lower average values of 56° after one day and 43° after two days as shown in 

phase plot in Figure 23. At the same time, a continuous decrease in the value of the 

impedance modulus |Z| at the low-frequency limit took place, with average values of 

1.57E+7 Ω.cm2 and 2.3E+6 Ω.cm2 after one day and two days respectively, as shown 

in the impedance diagram in Figure 24. Such early signs indicated degradation in the 

protective properties of the control Zinc Phosphate alkyd-based enamel coating [83-

84]. 
 

 

 

Figure 22. Nyquist plot of control Zinc Phosphate enamel coating immersed in 0.5 

molar NaCl solution 
 

 

 

Figure 23. Impedance plot of control Zinc Phosphate enamel coating immersed in 0.5 

molar NaCl solution 
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Figure 24. Phase plot of control Zinc Phosphate enamel coating immersed in 0.5 

molar NaCl solution 
 

The close-up view in the Nyquist plot in Figure 22 shows the development of 

the second time constant in the Nyquist plot, which started to show clearly at seven 

days. At this time, the insulation effect of the film was somewhat lost in random areas, 

letting the metal substrate come in direct contact with the electrolyte[41]. This 

eventually allowed the corrosion process to commence at the interface between the 

metal surface and the coating in the defected areas. This process is represented by the 

change in resistance in the charge transfer process between the metal and the 

electrolyte, which is in our case the Rcor. The comparative decrease in impedance 

modulus |Z|, pore resistance Rpor, and charge transfer resistance Rcor after seven days of 

immersion were suggestive of high permeability of the electrolyte to the coating[42]. 

This was also confirmed by the clear presence of the second time constant in the 

Nyquist plot and the water uptake volume (Ø) calculated at seven days compared to 

one day immersion [86-87]. Subsequently, the impedance modulus |Z| and all other 

parameters continue to change unfavorably until the end of immersion at 21 days as 

shown in Table 4. The change in water uptake (Ø) and Rcor values during the immersion 

period are shown in Figure 25 and Figure 26, respectively.  

 

Figure 25. Water uptake (Ø) during 21 days of immersion in 0.5 molar NaCl solution 

for the different coatings. 
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Table 4. Evolution of Electrical Elements from Equivalent Circuit of Alkyd-based 

Enamel Coatings 

 

 Time (days) Cc (F/cm2) Rpo (Ω cm2) CCor (F/cm2) RCor (Ω cm2) 

Standard 

Enamel 

Coating 

0 day 1.49E-11 8.52E+05 3.14E-10 2.44E+08 

1 day 9.72E-09 1.29E+05 3.86E-09 1.92E+07 

2 days 8.98E-08 2.76E+04 4.40E-08 3.57E+06 

7 days 3.19E-08 1.22E+03 6.06E-06 3.76E+04 

14 days 6.01E-08 1.17E+03 1.45E-05 2.32E+04 

21 days 1.48E-07 1.45E+03 3.40E-05 7.14E+03 

Nano 

Enamel 

Coating 

0 day 1.76E-12 4.27E+05 3.43E-10 9.75E+08 

1 day 6.65E-10 1.42E+06 2.40E-09 1.58E+07 

2 days 5.78E-09 1.57E+04 1.14E-07 5.68E+05 

7 days 6.56E-10 1.61E+03 1.22E-05 1.04E+05 

14 days 2.54E-09 1.34E+03 5.51E-05 6.78E+04 

21 days 1.46E-08 1.38E+03 2.08E-05 2.00E+04 

Nano 

Enamel 

coating 

with 

Glass 

beads 

0day 1.35E-10 8.79E+06 1.05E-09 1.22E+09 

1 day 5.14E-10 7.08E+04 1.45E-06 1.45E+08 

2 days 1.11E-09 3.95E+04 7.54E-06 2.39E+07 

7 days 7.20E-09 2.53E+04 9.11E-06 1.42E+05 

14 days 2.19E-09 2.58E+04 7.22E-06 3.11E+05 

21 days 3.14E-09 2.24E+04 1.66E-05 4.95E+05 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 26. Change in coating capacity during 21 days of immersion in 0.5 molar 

NaCl solution for the different coatings. 

1.E-12

1.E-11

1.E-10

1.E-09

1.E-08

1.E-07

1.E-06

0 day 1 day 2 days 7 days 14 days 21 days

Lo
g 

C
C
, F

/c
m

2

Neat Enamel
Coating

Nano Enamel
Coating

Nano enamel
coating with
glass beads



45 

 

4.3.2.2 Fe3O4 nano-modified Zinc Phosphate enamel coating. 

As shown in Figure 27, the impact of incorporating 1% wt. nano-Fe3O4 particles 

resulted in an increase in the impedance modulus at the low-frequency limit |Z|0.3 Hz to 

an average value of 9.00E+8 Ω.cm2[43]. As immersion continued, the penetration of 

the corrosive electrolyte into the coating increased in the following 48 hours, the 

capacitive behavior in the Bode diagram was observed; the maximum phase angle at 

the high frequency limit showed lower average values of 80° and 44° as shown in phase 

plot in Figure 28, which are higher than the values of the control enamel coating[41]. 

At the same time, a continuous decrease in the value of the impedance modulus |Z| at 

the low-frequency limit took place[43], with average values of 1.65E+7 Ω.cm2 and 

9.00E+5 Ω.cm2. 

 

 

 

 

 

 

 

Figure 27. Phase plot of nano modified Zinc Phosphate enamel coating immersed in 

0.5 molar NaCl solution 
 

 

Figure 28. Impedance plot of nano modified Zinc Phosphate enamel coating 

immersed in 0.5 molar NaCl solution 
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The zoomed-in view in the Nyquist plot is shown in Figure 29. It also shows the 

development of two time constants in the Nyquist plot, which started to be prominent 

at seven days. However, by comparing the values of the different parameters in Table 

4, it might be concluded that the nano-modified coating has better corrosion resistance 

properties than the standard one. This can also be concluded by comparing the water 

uptake and Cc values in Figure 25 and Figure 26, respectively [86-87]. 

 

 

 

Figure 29. Nyquist plot of nano modified Zinc Phosphate enamel coating immersed in 

0.5 molar NaCl solution 

 

4.3.2.3 Fe3O4 nano-modified Zinc Phosphate enamel coating prepared with 

glass beads during the grinding stage. 

This coating showed a different behavior compared to former coatings. Figure 

30 shows a lower impedance modulus |Z|0.3 Hz after one day and two days. However, 

this trend was reversed after seven days of immersion, showing 153% and 96% higher 

|Z|0.3 Hz values than control and nano-modified coatings. At 21 days, the impact was 

even more dominant, showing 483% and 275% higher |Z|0.3 Hz values than the control 

and nano-modified coatings, respectively [32].This was also confirmed by the sudden 

change in the rate of change in Rcor values at the 7th day[38]. The use of glass beads 

during the grinding phase of the coating resulted in an Rcor, after 21 days that is 2373% 
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and 6832% higher than the control and nano-modified coating, respectively as shown 

in Table 4. It also led to lower water uptake values during the 21-day immersion period, 

an average of 35% reduction in the water uptake compared to the other two coatings as 

shown in Figure 25.  

 

 

Figure 30. Impedance plot of Fe3O4 nano-modified Zinc Phosphate enamel coating 

prepared with glass bead immersed in 0.5 molar NaCl solution 

 

Figure 31. shows surface condition of the exposed area immediately after the 

21-days immersion. The surface for nano-modified Zinc Phosphate enamel coating 

prepared with glass bead shows less corrosion products and discoloration. It was also 

noticed that it was more difficult to remove this coating compared to the other two 

coatings, which might indicate better adhesion. Such behavior can be attributed to the 

assumption that by using glass beads during the grinding phase, we decrease the size of 

the nanoparticle agglomerates, resulting in better distribution across more surface area, 

leading to more resin being absorbed on their surfaces and reducing the interspaces that 

will eventually enhance the density of the coatings and reduce the transport paths that 

the corrosive electrolyte must pass through to the coating system[44]. Another 

observation is that it took this coating about one week to start to supersede the 

performance of the two other coatings. This might be attributed to a diffusion and 

redistribution process of the nano-particles in the coating matrix with time.  

4.3.3 Scanning electron microscopy for alkyd-based coatings. 

Figure 32. shows the SEM micrographs of unexposed samples of alkyd-based 

enamel coating. On the left is the control sample and on the right is the nano-modified 

alkyd-based enamel coating prepared with glass beads during the grinding stage. By 

comparing both micrographs, the coating prepared with glass beads shows a more 
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crystalline structure compared to the control sample. However, nothing much could be 

concluded about the microstructure or the presence of the nano-particles. 

 

 

 

 

 

 

(a)                                           (b) 

            

(c) 

 

 

 

 

   

 

(d)          (e)              (f) 

Figure 31. Enamel coating samples before and after EIS respectively (a) and (d) 

control; (b) and (e) nano-modified; and (c) and (f) nano-modified prepared with glass 

beads. 
 

 

Figure 32. SEM surface morphology (a) unexposed control sample; (b) nano-

modified alkyd-based enamel coating. 

(a) (b) 
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4.4 Zinc Phosphate Water-based Acrylic Coating 

4.4.1 Coating characterization using XRF technique. 

A Horiba X-ray analytical microscope, with X-Ray diameter of 1.2 mm, X-ray 

tube voltage of 50 kV, and 1 mA current, was used to acquire the XRF spectra for all 

the different coating samples. Table 5 summarizes the XRF elemental analysis for the 

alkyd-based enamel coating. By comparing the control samples and the nano-modified 

ones, the presence of iron particles from Fe3O4 is confirmed. 

 

Table 5. XRF Elemental Analysis for Water-based Coating 
 

 

4.4.2 Electrochemical impedance spectroscopy. 

The protective capacity of the water-based coatings was evaluated by observing 

the behavior of three replicates of neat coating and nano-modified coating samples in 

immersion tests, using the EIS technique. For this, the three electrochemical cells were 

used with an exposed area of 30.18 cm2. The mild steel substrate served as the working 

electrode. A saturated calomel electrode was used as the reference electrode, and 

platinized titanium as the auxiliary electrode. An ACM Gill AC potentiostat was 

utilized to acquire the electrochemical measurements. Electrochemical impedance 

spectra were gathered over the course of 21 days for the coated samples, observing the 

degradation of the system over a maximum period of 230 days. The range of 

frequencies employed for recording the impedance spectra was from 1×10−3 Hz to 30 

kHz, and the amplitude of the signal was 10 mV. 

4.4.2.1 Neat Zinc Phosphate water-based acrylic coating. 

Figure 33 through Figure 35 show the Nyquist and Bode plots for the neat Zinc 

Phosphate water-based acrylic coating. At zero time the impedance modulus |Z| at the 

low-frequency limit displayed an average value of 3.06E+3 Ω.cm2. Two time constants 

could be detected from the inspection of the Nyquist plot Figure 33, which is an 

indication of the poor barrier characteristic of the coating. The low value of |Z| 0.3Hz, 

below 1E+6 Ω.cm2 as shown in Figure 34, and the presence of the two time constants 

in the Nyquist plot may direct us to conclude that the coating is not protecting the 

 Na  Al Si P S K Ca Ti Fe Zn Zr 

Control coating 7.87 2.21 0.69 7.00 1.06 0.32 6.11 45.32 0.10 29.13 0.17 

Nano-modified Coating  4.81 2.00 0.47 6.43 0.87 0.29 5.01 44.74 3.65 31.54 0.19 
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substrate adequately [45]. Bethencourt, et al. [40] suggests that EIS technique does not 

become sensitive enough for detecting the start of the degradation process in coatings 

showing initial impedance values less than 1E+6 Ω.cm2. This might explain the 

difficulty in generating the best fit curves and obtaining the values for Rcor and Ccor. 

Therefore, an attempt was made to generate best fit using Randle’s circuit in Figure 1.  

 

 

Figure 33. Nyquist plot of standard water based acrylic bead immersed in 0.5 molar 

NaCl solution 

 

Figure 34. Impedance plot of standard water based acrylic bead immersed in 0.5 

molar NaCl solution 
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Figure 35. Phase plot of standard water based acrylic bead immersed in 0.5 molar 

NaCl solution 
 

Table 6 summarizes the values for coating capacity, Cc, and the pore resistance, 

Rpor, for the neat water-based coating. The values show that the pore resistance is 

inversely proportional to the immersion period, where it continuous to decrease with 

time, indicating coating film. Another indication for the permeation of water is the 

increase in Cc values throughout the immersion time.  

4.4.2.2.Fe3O4 nano-modified Zinc Phosphate water-based acrylic coating. 

By comparing Figure 36 through Figure 38, which show the Bode and Nyqusit 

plots for the nano-modified Zinc Phosphate water-based acrylic coating to those of the 

standard coating and Table 6, we may be able to conclude that the addition of 1% wt 

Fe3O4 nano particles to the formulated water-based acrylic coating did not achieve the 

anticipated positive impact on the protection properties of the coating under 

consideration. This could be due to the fact that the standard coating matrix itself is 

weak to the extent that it does not allow the EIS technique to detect the changes. 

 

 

Figure 36. Impedance plot of nano- modified water based acrylic bead immersed in 

0.5 molar NaCl solution 
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Table 6. Evolution of Electrical Elements from Equivalent Circuit of Water-based 

Acrylic Coatings 
 

 Time (days) Cc (F/cm2) Rpo (Ω cm2)   

Standard Enamel Coating 0 day 8.81E-05 3.34E+03   

1 day 1.03E-04 1.93E+03   

2 days 1.14E-04 1.25E+03   

7 days 9.50E-05 9.67E+02   

14 days 1.23E-04 7.67E+02   

21 days 1.52E-04 6.54E+02   

Nano-modified  

water-based  

coating 

0 day 7.85E-05 1.95E+03   

1 day 7.60E-05 8.32E+02   

2 days 1.29E-04 1.46E+03   

7 days 6.36E-05 7.90E+02   

 

 

 

 

Figure 37. Phase plot of nano- modified water based acrylic bead immersed in 0.5 

molar NaCl solution 
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Figure 38. Nyquist plot of nano- modified water-based acrylic bead immersed in 0.5 

molar NaCl solution 

4.4.3 Scanning Electron Microscopy for water-based coatings 

Figure 39. SEM surface morphology of unexposed control sample (a) water-

based acrylic coating; (b) nano-modified water-based acrylic coating shows the SEM 

micrographs of unexposed samples of the water-based acrylic coating, for both the 

control and the nano-modified water-based acrylic coating. However, both images look 

similar and very little, if any; can be inferred about the presence and distribution of the 

nano-particles. 

4.4.3.1 Nano-modified Zinc Phosphate water-based acrylic coating exposed to 

magnetic field. 

Sabzi, and Dhoke stressed the importance of uniformly distributing the nano-

particles in the coating matrix. The magnetic nature of Fe3O4 nano-particles created an 

interest in examining the effect of exposing those particles to a magnetic field and 

determining its effect on improving the barrier properties of the water-based acrylic 

coating [13] [32].   
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The first step was to study the effect of the magnetic field of a permanent magnet 

on the distribution of the nano-particles dispersed in water using an optical microscope. 

Figure 0 demonstrates the effect of the magnetic field on the distribution of the 

magnetic agglomerates, which clearly indicates the possibility of using the magnetic 

field to affect the distribution of the particles in the coating matrix. This can result in 

covering more surface area and reducing the ionic paths in the composite coating 

achieving a more protective coating.  

 

Figure 39. SEM surface morphology of unexposed control sample (a) water-based 

acrylic coating; (b) nano-modified water-based acrylic coating 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 40. Nano agglomerates at ×100 magnification (a) before exposure to the 

magnetic field; (b) during the exposure to the magnetic field. 
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The Fe3O4 nano-modified water-based acrylic coating was applied on a mild 

steel disc measuring 2 cm in diameter and 1 mm thick. The coated samples were left to 

cure while exposed to a magnetic field with a magnetic flux density of about 10 mT, as 

shown in Figure 41. Another sample was left to cure on the mild steel disc without 

being exposed to the magnetic flux. After drying, they were tested using the EIS 

technique and impedance spectra were collected over 48 hours. Figure 42 and Figure 

43 show the Nyquist and Bode plots for both samples compiled. The impedance and 

Nyquist plots below show that the sample that was exposed to the magnetic field 

demonstrated lower performance compared to the sample that was not exposed. This 

can be attributed to the fact that the flux density was too strong, which pulled the 

particles away from the center of the disc where it was exposed to the 0.5 Molar NaCl 

solution.  

 

 

Figure 41. Coated sample between 2 permanent magnets producing a flux density of 

10 mT 
 

 

 

Figure 42. Impedance plot of nano- modified water-based acrylic coating showing 

effect of magnetic field 
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Figure 43. Nyquist plot of nano- modified water-based acrylic coating showing effect 

of magnetic field 
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Chapter 5: Conclusion 

The study showed that fig leaves extract works as a corrosion inhibitor for 

protecting bare mild steel in 0.5M NaCl solution, and perhaps as a corrosion-inhibiting 

additive to water-based coatings. The use of fig leaves extract decreased the corrosion 

rate of bare mild steel in 0.5M NaCl solution and resulted in average inhibition 

efficiency over the test period of 69%. The reduction in the corrosion rate can be 

attributed to the adsorption of the inhibitor molecules onto the metal surface and the 

formation of a protective barrier of one or several molecular layers. This protective 

molecular layer is believed to replace water molecules and decrease the diffusion rate 

of the reactant elements into the metal surface. It is also believed that this layer changes 

and suppresses the kinetics of cathodic and anodic reactions. It is also worth mentioning 

that the inhibition effect of the extract appeared to be stable over the three-week period. 

The study has also shown that adjusting the pH value from 5.2 to 7 increased the 

average corrosion inhibition efficiency over the 21 days from 69% to 82%. The fig 

leaves extract was also incorporated into a water-based acrylic coating during the 

grinding phase. This addition increased the average Rpo values of the coating over the 

test period from 5041 Ω.cm2 to 8773 Ω.cm2. It also showed lower values for Cc 

compared to the control coating, indicating that fig leaves extract may have a corrosion-

inhibitive effect. The inhibitive effects of the fig leaves extract are believed to provide 

corrosion protection by decreasing the activity of both anodic and cathodic reactions by 

releasing passivating ions. 

The effect of Fe3O4 nano-particles on the corrosion protection properties of an 

alkyd-based enamel coating was investigated. It was found that the addition of 1% wt. 

of nano- Fe3O4 particles might improve the corrosion resistance and adhesion of alkyd-

based enamel coatings, provided that a proper distribution of nano-particles is achieved. 

The impact of incorporating 1% wt. nano-Fe3O4 particles resulted in an increase in the 

impedance modulus at the low-frequency limit |Z|0.3 Hz from an average value of 

2.44E+8 Ω.cm2 to 9.00E+8 Ω.cm2. The maximum phase angle at the high frequency 

limit also showed higher values than the control enamel coating, indicating a better 

performance. This was also to be concluded by comparing the water uptake and Cc 

values of both coatings. Introducing the use of glass beads during the grinding phase 

resulted in enhancing the performance of the nano-modified coating. This coating 

showed lower impedance modulus |Z|0.3 Hz after one day and two days. However, this 
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trend was reversed after seven days of immersion, showing 153% and 96% higher |Z|0.3 

Hz values than the control and nano-modified coatings. At 21 days, the impact was even 

more dominant, showing 483% and 275% higher |Z|0.3 Hz values than the control and 

nano-modified coating, respectively. This was also confirmed by the sudden change in 

the rate of change in Rcor values at the seventh day. The use of glass beads during the 

grinding phase of the coating resulted in an increase in Rcor, after 21 days, which is 

2373% and 6832% higher than the control and nano-modified coatings, respectively. It 

also led to lower water uptake values during the 21-day immersion period, an average 

of 35% reduction in the water uptake compared to the other two coatings. This might 

be linked to achieving better distribution of the nano-particles throughout the coating 

matrix. Nevertheless, optimizing the loading percentage and improving the dispersion 

of nano-Fe3O4 using other grinding mediums can further improve the performance 

properties of the coating. 

The incorporation of Fe3O4 nano-particles into the water-based coating required 

preparing an aqueous dispersion of the particles. However, the very weak protective 

properties of the formulated water-based acrylic coating made the EIS technique 

insensitive to the changes in the coating system due to the degradation process. 

Therefore, it was difficult to infer the impact of the nano-particles on the water-based 

coating. 

Finally, an attempt to investigate the effect of exposing the Fe3O4 nano-

modified coating to a magnetic field on its protective properties was made. No clear 

effect on the performance was observed. This can be attributed to the weak coating 

matrix in which the particles were impregnated and the lack of ability to determine the 

flux density required to achieve suspension of the particles rather than a pulling effect 

from the matrix.  
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