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ABSTRACT 

Biopolymer nanofiller is an approachable reinforcement agent of emerging interest to 

protect metals against corrosion due to its ability as a renewable, biodegradable and 

biocompatible polymer resource in the earth. In this study, a series of nanocomposites 

based on nanocellulose (NC) and nanochitosan (NCH) with an undiluted clear difunctional 

bisphenol A/epichlorohydrin derived liquid epoxy resin (EP) were prepared and applied on 

mild steel under room temperature. Furthermore, the composition was cured with 

isophorone diamine with a constant ratio of 70:30 for all systems. Each system consists of 

neat epoxy with 1.0 wt.%, 1.5 wt.% and 2.0 wt.% of epoxy/nanocellulose (ENC) 

nanocomposites and 0.5 wt.%, 1.0 wt.% and 2.0 wt.% of epoxy/nanochitosan (ECH) 

nanocomposites. The thickness of the dry film was measured by using coating thickness 

gauge and found to be about 60 ± 5 µm for all systems. Nanofiller and nanocomposite 

samples were characterized by X-ray diffraction (XRD), Field Emission Scanning Electron 

Microscope (FESEM) and Fourier transform infrared (FTIR). The thermophysical 

properties of the nanocomposites were determined using differential scanning calorimetry 

(DSC) and thermogravimetric analysis (TGA). Moreover, the transparency of the 

nanocomposite specimens was examined by UV-vis spectroscopy at a range of 300 - 800 

nm. Corrosion protection properties of coated mild steel substrate in 3.5 wt.% NaCl 

solution was comparatively studied by Electrochemical impedance spectroscopy (EIS) for 

30 days. The anticorrosion performance of nanocomposite contains with 1.0 wt.% of NC 

and 0.5 wt.% of NCH contents revealed the most pronounced anticorrosion performance 

and also influenced the degradation, thermal stability and transparency of coating film. In 

accordance with that, all the results showed that the nanocomposite coatings with nanofiller 

noticeably influenced the epoxy-diamine liquid pre-polymer, both physically and 

chemically. 
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ABSTRAK 

Pengisi biopolimer bersaiz nano adalah sebuah agen pengukuhan yang mewujudkan 

kepentingan kepada saduran pelindung terhadap pengaratan berdasarkan kepada 

kelebihannya sebagai sumber polimer yang boleh diperbaharui, terbiodegradasikan dan 

terbioserasikan di muka bumi. Dalam kajian ini, satu siri komposit nano berasaskan 

nanoselulosa dan nanokitosan berserta dengan cecairan resin epoksi yang diubahsuaikan 

dengan bisphenol A/epiklorohidrin telah disediakan dan disadurkan ke atas keluli lembut 

di bawah suhu bilik. Formulasi ini dikukuhkan dengan menggunakan isoforon diamina 

dalam nisbah 70:30 bagi semua sistem saduran. Setiap sistem terdiri daripada epoksi 

berserta 1.0wt.%, 1.5wt.% dan 2.0 wt.% bagi nanokomposit epoksi/nanoselulosa juga 0.5 

wt.%, 1.0 wt.% dan 2.0 wt.% bagi nanokomposit epoksi/nanokitosan. Ketebalan filem 

saduran bagi semua spesimen diukur menggunakan alat ukur ialah dalam anggaran 60 ± 5 

µm.  Pencirian pengisi nano dan nanokomposit  adalah dengan menggunakan XRD, 

FESEM dan FTIR.  Sifat-sifat termofizikal bagi nanokomposit telah dikenalpasti dengan 

menggunakan DSC dan TGA. Ketelusan spesimen nanokomposit telah diuji menggunakan 

spectroskopi UV-vis dalam julat 300 - 800 nm. Sifat-sifat pelindung pengaratan ke atas 

substrat keluli lembut yang telah disadurkan telah dikaji dengan menggunakan EIS selama 

30 hari di dalam larutan 3.5 wt.%. Prestasi anti kakisan nanokomposit yang mengandugi 

1.0 wt.% daripada NC dan 0.5 wt.% daripada NCH telah mendedahkan hasil yang 

memberangsangkan terhadap sifat anti kakisan dan juga mempengaruhi degradasi, 

keseimbangan haba dan ketelusan lapisan. Dengan itu, hasil kajian telah membuktikan 

bahawa penambahan pengisi nano biopolimer ini telah mempengaruhi sifat epoksi secara 

fizikal mahupun tindakbalas kimia. 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Corrosion leads to profound consequences to our society such as industrial resources, 

health and safety, economics and technologies. It is well known that environment plays the 

key role that affects the corrosion rate on many types of materials. When metallic materials 

such as iron are exposed to a natural atmosphere, corrosive agents such as oxygen or water 

interact with iron atoms and form an iron oxide with brownish layer appeared on the 

surface. We usually called this brownish forming as rust but phenomenon knew it as 

corrosion. Moreover, a corrosion reaction can be defined as the destruction of the material 

due to interaction with the environment. Many actions have been taken to reduce corrosion 

rate such as monitoring the environment, controlling the use of reactive materials and 

inventing protective layer on the material surface. 

Generally, protective coatings are applied onto the material surface to prevent the 

detrimental effects of corrosive species. With consists of binders, pigments and additives 

are all required for blending a protective coating. In this study, a new formulation of 

protective coating against corrosion was developed in which nanocellulose (NC) and 

nanochitosan (NCH) were chosen to be the pigments or as an inhibitor used in an 

epoxy/diamine pre-polymer solution. 

Along with the development of organic coatings, nanocellulose and nanochitosan are 

believed to intensify the performance of protective coatings. With the various processes 

for generating biopolymer nanofiller, it is possible that it can enhance epoxy elastomer and 

act as a good reinforcement for transparent composite coatings.  

The inclusion of nanocellulose in epoxy remarkably improves the thermal and 

mechanical behaviour of the composite films, as well as its transparency (Cross et al., 2013; 

James et al., 2012). Because of the hydrophilic surface of NC, conversion of the 
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congeniality and curtailing the hygroscopicity must be performed. Because of the reactive 

surface of the OH side groups, grafting of chemical species can be done to functionalize 

the NC surface. Herein, NC was obtained from MCC via acid hydrolysis method using 

sulfuric acid. Generally, the nanocellulose particles resulting from sulfuric acid treatment 

are easily dispersible in water due to the presence of negatively charged sulphate half-ester 

groups that result from a reaction of sulfuric acid with the –OH groups on the cellulose 

surfaces (Wang et al., 2007). Under the controlled condition, NC can be obtained by this 

treatment purposely to remove high amorphous region and release single form of NCs. 

Moreover, chitosan nanoparticle can be used as an inhibitor for corrosion protection on 

cold-rolled mild steel. With the capability of more polar function in chitosan molecules 

such as N and O, it was believed that this organic biopolymer is efficient for corrosion 

protection. For instance, El-Haddad and Fekry and Mohamed have reported chitosan as an 

effective corrosion inhibitor for copper and mild steel substrates in acidic medium (El-

Haddad, 2013; Fekry & Mohamed, 2010). The inhibition efficiency increased with 

increasing the concentration of chitosan. Freky et al., 2012 have studied the stability and 

corrosion inhibition of chitosan on mild steel in medium sulphuric acid concentration, 

resulting in better corrosion protection as well as enhanced inhibition efficiency in acid.  

On the other hand, Zheludkevich et al., 2011 have reported a type of corrosion 

protective self-healing coating which was constituted by a chitosan-based pre-layer coating 

onto a metal surface. The corrosion protection properties were studied using 

electrochemical impedance spectroscopy and resulted in good corrosion protection coating 

with the presence of inhibitor-doped chitosan. 

Epoxy/diamine pre-polymer are extensively used as a coating in many industrial 

applications especially onto the metal surface. When applied this mixture to the metal 

surface, a chemical bond between epoxy/amine with metal oxide and hydroxide will be 
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formed. This phenomenon creates an interphase between the coating and metal surface 

which is practically increased the adhesion of the coating layer. Roche et al., 2002 have 

investigated the formation of epoxy/diamine with metal interphase. Ionised metal atom 

diffused within epoxy/diamine prepolymer solution and reacts with the amine group of the 

diamine monomer which then forming organometallic complexes by coordination.  

The investigations describe some parts of the properties of protective coating that may 

guide to the development of anticorrosion performance with the presence of biopolymer 

enhancement agent. The development of new corrosion non-toxic inhibitor can be a 

promising environmental friendly reagent for coating protection which does not contain 

harmful substances such as chromate or nitrate based that widely used as a corrosion 

inhibitor. Applying biopolymer inhibitor as nanofiller in an organic coating system can 

also be another enhancing product due to their superior potency and structural versatility 

leading biodegradable compound (John et al., 2015; Truong et al., 2000). The application 

of polymer as a protective coating for metal is commonly found in manufacturing 

industries. To improve the interaction of this coating material with the metal substrate, 

there will be a need of obtaining suitable inhibitor agent to be incorporated into the 

polymer. 
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1.2 Advantages 

 Protecting metal surfaces with an anti-corrosive agent incorporates with the organic 

coating is an alternative way to enhance the mechanical properties of the metal and prevent 

it from eroding quickly. By introducing natural resources as a basis for biopolymer coating 

can reduce erosion corrosion activity and more durable. As an instance, cellulose and 

chitosan are renewable biopolymers abundantly found in the world, have attracted much 

attention such as an interesting structure which is allowing optimisation on their 

physicochemical properties. Moreover, their promising characteristics including 

hydrophilic, chirality, biodegradability and the ability to form semi-crystalline 

morphological fiber have attracted significant increase and promoted interdisciplinary 

research worldwide on biopolymer and its products over the past few decades. With a 

modified binder system as an additional source of biopolymers for corrosion protection has 

increased the performance of surface protection layer when there is damage. Also, increase 

the adhesion layer on the steel substrate to prevent delamination of the defect and the 

complexion of iron or oxygen. 

Hence, to reduce the corrosion rate with the use of biological and environmentally 

friendly anticorrosive layer at the interface between the metal, it is crucial to use the excess 

supply of renewable natural biopolymers and biomass-based economy of assorted sizes 

around the world. This is because it also has a lower density, lower cost and save energy 

consumption. It has a high specific strength, modulus and reactive surface that can be used 

to graft a certain group in the future. 
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1.3 Objectives of the study 

To achieve a good protective coating against corrosive environment on a metal surface, 

this study aims to develop a new formulation of the organic coating by using an enhancing 

agent from biopolymer resources. In that regard, nanocellulose and nanochitosan were 

prepared from their raw sources which later be blended with epoxy/diamine pre-polymer 

solution. The composite coating systems were then characterised and evaluated.  

The aims of the study are summarised as follows; 

a. To develop the biopolymer anti-corrosive agent to be used in the organic coating. 

b. To study the method of preparation and characterization of biopolymer anti-

corrosive agents. 

c. To evaluate the physical and thermal properties of the developed coating against 

corrosion. 

d. To examine the corrosion protection performance of the developed coating using 

electrochemical impedance spectroscopy. 
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1.3 Outline of the thesis 

This part summarises the outline of the thesis: 

• Chapter 1 consists the background that briefly introduced the purpose of this 

work and the advantages of the study. This section also describes the aims of 

this work. 

• Chapter 2 summarised the literature study including the common knowledge of 

coating types and corrosion, synthesize methods of nanocellulose and 

nanochitosan and the review of nanocomposite coatings. Previous works that 

have been established in this study area also have been discussed. The 

methodology of two types of filler preparations and coating designations will be 

discussed in Chapter 3. This section also describes the materials and explains 

the equipment used for characterization and anticorrosion performance. 

• Chapter 4 presents the results and discussion of the nanocomposite coating by 

using nanocellulose as an enhancing agent. This section consists of the analyses 

on morphology and chemical bonding, thermal analyses and transparency 

testing. Foremost, the evaluation of anticorrosion performance has also been 

discussed in this section. In the other hand, the developed coating by using 

prepared nanochitosan will be discussed in Chapter 5 with same analysed 

results in Chapter 4. 

• Chapter 6 compiles overall discussion of all results obtained in this project. The 

conclusion for the results obtained and further suggestions on this work were 

discussed in Chapter 7. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction 

This chapter covers the effects of corrosion protective methods and the recent 

developments in coating technology. The performance of organic inhibitors is associated 

with the chemical structure and physical or mechanical properties of the coating systems. 

Corrosion inhibition may be due to the adsorption of molecules or ions on the 

anodic/cathodic sites, increase in the cathodic/anodic overvoltage and forming a protective 

barrier film. Some of the factors that contribute to inhibitor action is a long chain, 

molecular size, bonding, aromatic/conjugated, bond strength to the substrate, the ability to 

cross, solubility in the environment (Rani & Basu, 2012). 

Organic coating is important as proper surface treatment, a simple mode coating and 

cost effective of corrosion protection for metal objects and low structure must be 

emphasised. The outer surface of metal rust like iron and aluminium alloys need to be 

protected from their environment with coating systems. The coating system is one of the 

oldest histories of the layer to be performed, so the problem of understanding how and why 

a layer of corrosion control is a key issue for environment control. 

 Herein, general studies and reviews that have been done were summarised 

intensively to propose the development of this work. Information was extracted from 

various literatures and resources as the references before beginning the actual work.  
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2.2 Corrosion 

Corrosion can be defined as the deterioration of a metallic surface because of interaction 

with their surrounding environment. Material such as metal reacts chemically with the 

external environment and as time elapsed the structure will deteriorate slowly until can 

cause damage to itself. Metal surface will undergo oxidation reaction usually with oxygen 

in the atmosphere whenever exposed to the external environment (Davis, 2000).  The basis 

of the corrosion process on the metal surface can be explained by electrochemical reaction.  

There are three essential constituents for corrosion process:  

i. An anode 

The anode is the site at which the metal atoms lose electrons and the part where metal 

is corroded. When metal is corroded (anode) the metal is oxidized, forming metal ions and 

free electrons. 

ii. A cathode 

The cathode is the site where reduction takes place and electrons are transferred to the 

reduced part. At this point, the free electrons can reduce the oxygen and most of the times 

forming hydroxide. 

iii. An electrolyte  

The electrolyte is the corrosive medium such as water, salt water, or any conducting 

medium. Hence the corrosion current between the anode and the cathode consists of 

electrons flowing within the metal and ions flowing within the electrolyte (Zhang et al., 

2010). 
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The anodic reaction is where oxidation occurs, meaning electrons are removed from the 

anode site. In corrosion process, metal atoms are ionised to an electrolyte as positively 

charged ions, releasing electrons to oxygens molecules and form metal ions (Levy, 1995; 

McCafferty, 2010; Uhlig, 2008). 

 

Metal Anodic Reaction: Fe(s) → Fe2+ + 2e-           (2.1) 

The produced electrons are used up in the cathodic reaction. At the cathodic site, the 

hydrogen ions reduced to their atomic form which then reacts with electrons and forms 

hydrogen gas. 

Oxygen Reduction: 2H2O(l) + O2(g) + 4e- → 4OH-
(aq)          (2.2) 

or 

In hydrogen evolution: 2H+
(aq) + 2e- → H2(g)           (2.3) 

Hydration reaction usually occurs in acidic medium within pH value range 6 - 8. 

Besides, oxidation reduction is the most important reaction. 

Formation of iron(II) hydroxide: Fe2+
(aq) + 2OH-

(aq)⟶Fe(OH)2(s)        (2.4) 

Normally, iron(II) hydroxide is greenish since it oxidised partially in the air and 

produced by corrosion in the first place. 

Hydrated iron(III) oxide: 4Fe(OH)2(s) + O2(g) + 2H2O(l) ⟶ Fe(OH)3(s)        (2.5) 

Eventually, the reddish or brownish rust formed from the further oxidation or hydration 

reactions. This rust usually seen on the material surface attributed to the corrosion attacked 

the surface. 
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The electrochemical reaction can be illustrated as shown in Figure 2.1 below. 
 
 

 
Figure 2.1: Anode and Cathode reactions on metal surface. 

 

Most metallic materials are prone to corrosion. Generally, uniform attack corrosion is 

the most common corrosion occurred on the metal surface. It causes an electrochemical 

reaction that results in damage to the material surface or deterioration of the entire surface 

that exposed to the environment or anticorrosive species (Cornell & Schwertmann, 2003; 

Jones, 1993). Nevertheless, there are many types of corrosion such as galvanic corrosion, 

intergranular corrosion and localised corrosion. Also, many proper ways to slow the rate 

of corrosion depending on the circumstances and the environment of the metal being 

corroded.  

As an instance, a protective coating method, where damage is prevented by 

mechanically isolating the package contents from aggressive caustic by using a protective 

film, layer, paint or coating. Since this method is known as a passive corrosion protection, 

it does not alter the aggressiveness of corrosive species. Corrosion may occur 

instantaneously if the protective layer or film is destroyed. The protective coating isolates 

the metal surface from aggressive media. 
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2.3 Corrosion Protection 

2.3.1 Cathodic Protection: 

Cathodic protection (CP) is a technique used to control the corrosion rate of a metal 

surface by converting the anodic sites to the cathodic site in an electrochemical cell 

(Ashworth, 2010; Bahadori, 2014). Two methods can be performed in this technique; 

i. Sacrificial Anode - This method sacrifices another metal to act as anode and can be 

introduced to the electrolyte then corrodes to protect the metal surface on the cathode. The 

metal ions move from the anode to the cathode where the anode will corrode fast. Because 

of that, the anode or sacrificial metals can be replaced regularly. Sacrificial metals or 

anodes are generally made of reactive metal such as aluminium, zinc or magnesium. These 

metals have the most negative electro-potential of metal. 

ii. Impressed Current - this method requires an impressed current which is applied in an 

alternate direction to invalidate the corrosion current and convert the corroding anode to 

the cathode. Usually, an alternative source of direct current is used to the electrolyte, the 

metal is connected to the negative terminal, while an auxiliary anode is attached to the 

positive terminal. However, the auxiliary anode would not sacrifice as in sacrificial anode 

system. 

Cathodic protection techniques usually applied on pipelines, ships and boats, steel in 

concrete, marine, etc. It mostly protects the metallic structure from galvanic corrosion in 

the various environment, especially in seawater. This galvanic corrosion occurs when two 

different metal submerged in a corrosive electrolyte or in close proximity on moist soils 

and often attacks oil and gas pipelines and offshore rigs (Ahmad, 2006). 
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2.3.2 Corrosion Inhibitor: 

Corrosion inhibitors are chemical compound that reacts with the corrosion species or 

with the metal's surface, thereby, decreased the rate of corrosion on the metal's surface. 

The chemical compound is so-called inhibitors which absorbing onto the metal's surface 

and acts as a protective coating or a barrier (Granath, 2010; Saji, 2010).  

However, rate of corrosion could be slow down by the following process of the 

inhibitor; 

i. Decreasing the diffusion of corrosive species to the metal's surface. 

ii. Changing the polarisation behaviour at the cathodic or anodic site. 

iii. Increasing the resistance or impedance of the metal's surface. 

 

The advantage of using corrosion inhibitor technique is that it can be simply applied 

directly to metals or in-situ method and form as a passivation layer (Aliofkhazraei, 2014; 

Lamaka et al., 2007). This technique is applied most in oil and gas exploration, petroleum 

refining or in chemical production.  

Nevertheless, polymer coatings are vastly applied for metal surface protection against 

corrosion. They can form a barrier against the corrosive species which are providing the 

passive protection. Simultaneously, they also serve as a polymeric matrix for the 

interaction of anticorrosive agents, which are responsible for an active anticorrosive action 

to embed within the matrix and crosslinked. 
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2.3.3 Protective Coating: 

Protective coatings are covering layer that applied on the material surface to protect 

from the corrosive environment (Stratmann et al., 1994). Paint, tar and varnish are 

commonly used for protective coating. However, organic coatings are very prominent 

protective paints to protect the material from the degradation effect of corrosive 

environment.  

The binder of the coating can be in many forms such as solvent-based or water-based 

anticorrosion resins. Solvent-based is a very high-quality protective coating but have a long 

drying process which may take a week for fully cured film. In contrary, water-based 

systems have short curing time but highly temperature dependent (Elmore et al., 2002). 

Another type of protective coating is dipping waxes and oils without solvent. They are 

relatively complex and inadequate quality of coating, however, can achieve a good quality 

of coating with the addition of the inhibitor. 

The composition of organic coating depends on the formulation of materials component 

(Bierwagen, 1996; Zorll, 1985). These components have specific functions due to the use. 

The four important components in an organic coating are: 

i. Pigment 

The main function of pigment is to provide colour in organic coatings and not only that, 

it also works beneath of the layer to protect the surface within. Moreover, pigment helps 

to hold together the paint system together. The amount of pigments content embedded into 

the paint system might change the physical and mechanical properties of the paint. 
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ii. Binder 

Binders are usually the major component of a paint system. They are sometimes called 

the backbone of coating component which leads to stick together and hold the pigment to 

the surface of the substrate. Generally, they are polymeric substances such as polyurethane, 

epoxy resin and alkyd resin. They can be dissolved by certain solvents. 

iii. Additives 

Additives are chemicals that must be chosen to be dried quickly and capable of 

dissolving the binder but would not polymerize. Additives, however, able to modify the 

properties of the paint system, as an instance, the drying or curing period of the resin. 

iv. Solvents 

In coating formulation, solvents are used to dissolve or disperse any additional 

components such as pigments. By adding solvent in the coating system, it helps to achieve 

the desired consistency such as the viscosity of the solution. Once the coating is applied 

on the material surface, the solvent evaporates and allowing the coating layer to dry.  

These four components are cooperating where pigments are essentially dispersed in 

binder medium or resin. The proportion of pigments in the resin can change the properties 

of the medium physically and chemically due to the nature behaviour of the present 

pigments (Galliano & Landolt, 2002). Also, be advantageous of the solitary function of the 

solvent in the medium helps to control the viscosity of the coating system for ease of the 

subsequent applications. 
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2.3.4 Metal Surface and Environment Protection: 

No metal is resistant to corrosion in most of the environments, hence, by changing the 

type of metal and through monitoring the environment can lead to control the corrosion 

rate significantly (Pots & Hendriksen, 2000; Uhlig, 2008).   

More understandings are needed in making material selection especially on the 

composition and the specification of the components. As an implementation, the 

development of new type of alloys are designed to protect the surface of the material 

against the corrosion in certain environmental but are still under control due to the expenses 

and the contribution to the friendly environment scales (Presuel-Moreno, Jakab, Tailleart, 

Goldman, & Scully, 2008). Monitoring the environmental condition also helps to limit the 

contact with corrosive species and avoid the high exposure of sulphur, oxygen or chloride 

content (Zhang et al., 2010).  

Moreover, the deterioration of surface can also be caused by the result of manufacture 

production. As an instance, crevices and cracks on the surface may come from the 

operational process (McMurray & Williams, 2010). Surface failures can cause corrosion 

to occur beneath the painted substrate due to the presence of corrosive species within the 

process. Therefore, proper monitoring is what manufacturing really needs to eliminate 

vulnerable surface on materials and prevention the use of reactive metal in the operational 

compositions. 
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2.4 Metallic Surface - Mild Steel 

Mild steel is used mostly in the manufacturing industry especially for mounting 

equipment applications like machine parts, cook wares, vehicles and all-purpose 

engineering materials. This type of steel is often used because of the ease handled metal 

such as annealing and forming due to low carbon contains which making it become very 

durable, weldable and malleable (Li & Wang, 2011). In order to be good in structural 

integrity, mild steel also inherent with good its conductivity properties where electricity 

can flow easily through without impacting its structure. In contrary, high carbon steel is 

extremely hard, it requires heat treatment or high stress for structuring the shape and special 

operational in welding. 

Ideally, the chemical composition of mild steel consists 0.16 - 0.18 % of carbon, 0.40 

% of silicon at the maximum amount, 0.70 - 0.90 % of manganese, 0.40 % of sulphur and 

phosphorus at maximum amount to meet the grade type. In cold drawn condition will 

determine the mechanical properties. They consist of 400-560 n/mm2 of maximum stress, 

300-440 n/mm2 min of yield stress, 280-420 n/mm2 min of 0.2 % proof stress and 10 - 14 

% min of elongation. These mechanical progressions are all dependent on the ruling 

section. 

Unfortunately, with its good tensile strength, mild steel, however, is poor corrosion 

resistance and it must be sealed or painted with a protective coating such as grease or oil. 

Protective coatings might help the metal surface from exposure to the wet environment and 

prevent from rusting (Dehri & Erbil, 2000; Tan & Blackwood, 2003). Since, most daily 

products made from mild steel materials and least expensive types of metal available, they 

become a most popular choice in the wide market. Protect it from degradation, rust and 

damage becomes the main priority to keep their quality and prolonged to use. 

 

Univ
ers

ity
 of

 M
ala

ya



17 
 

2.5 Cellulose and Chitosan as Pigment 

The addition of nano-material to the coatings is believed to help to enhance the 

properties of the neat coatings and improving functional coating due to their small size of 

the particle. This study proposes two different types of the nanofiller act as a pigment into 

epoxy/diamine prepolymer systems. 

Now, we can ask about the factors that make cellulose and chitosan such an important 

substance. The appeal of cellulose and chitosan arises from its specific structure. Its 

macromolecules are composed of repeating glucose units that produce surprising 

specificity and impressively diverse function, structure and reactivity. They also have been 

regarded as a biomaterial in the fields of biomedicine and biotechnology due to 

biocompatibility, biodegradability and biological activity. 

Some important parameters make cellulose a unique material, that are, the reaction and 

properties of cellulose are determined by the isolation process used, the number of inter- 

and intra-molecular hydrogen bonds, chain length, chain length distribution, the degree of 

crystallinity and distribution of functional groups along the polymer and the polymer chain.  

On the other hand, the reasons for the versatility or difficult-to-decompose properties of 

chitosan as hard crystal structure with the presence of acetamide or primary amino group 

residue, which is important for forming conformance features via internal or intermolecular 

hydrogen bonds. These properties make chitosan become another special kind material. 
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2.5.1 Cellulose 

The suitability of using biopolymer materials, such as polysaccharides, proteins and 

lipids, in film production has been intensively studied recently to produce biodegradable 

packaging materials. The development of biomaterials holds great promise to alleviate 

many sustainability problems and offers the potential of renewability, biodegradability and 

a path away from harmful additives. Compared with other materials, cellulose is the most 

abundant natural carbohydrate biopolymer on earth that is renewable, biodegradable and 

non-toxic. It is a hydrophilic polymer composed of repeating β-1,4-linked-D-

glucopyranose units and consists of three hydroxyl groups per anhydroglucose unit (AGU), 

which allows the cellulose molecule to establish strong hydrogen bonds (Zugenmaier, 

2008). 

Knowledge of the molecular structure of cellulose is crucial, as it explains the 

characteristic properties of cellulose, such as hydrophilicity, chirality, biodegradability and 

high functionality. The morphology and the properties of the cellulose nanocrystals are 

influenced by its preparation and the dissolution methods used (Chang & Zhang, 2011; 

Chang et al., 2010; El-Wakil and Hassan, 2008). As a renewable material, cellulose and its 

derivatives have been comprehensively studied, with a focus on their biological, chemical 

and mechanical properties. 

 

 

Figure 2.2: General structure of cellulose. 
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Studies of cellulose in nano size and their application as reinforcing components in 

polymer composites have received considerable attention. As the size of bulk wood cells 

to nanofibrils decreases, the elastic modulus of the cellulose increases to about 10 to 70 

GPa or more and the mechanical properties of the cellulose nanofibril reinforced polymer 

composite are markedly improved. 

Nanocellulose (NC) has been generated from microcrystalline cellulose (MCC) via acid 

hydrolysis to improve the physical, mechanical and gas barrier properties of biopolymer 

films because of its attractive features, such as high aspect ratio and light weight (Peng et 

al., 2011). These remarkable physicochemical properties and wide application prospects 

have attracted significant interest from both researchers and industrialists. 

Along with the development of organic coatings, cellulose nanocrystals are believed to 

intensify the performance of protective coatings. Thus, the preparation of NC from MCC 

is important and needs to be considered. Poaty et al., 2014 implemented the modification 

of cellulose nanocrystals with various acryloyl chlorides as reinforcement derivatives for 

wood coatings, which resulted in an enhanced abrasion resistance of the coatings. 

Satyamurthy and Vigneshwaran (2013) studied the novel process of preparing spherical 

NC using anaerobic microbial hydrolysis with MCC and found that the bimodal particle 

formed by NC has potential in commercial applications. Shankar and Rhim (2016) 

prepared NC from MCC using an alkaline dissolution method, followed by the 

regeneration of cellulose, neutralisation and ultrasonication, which decreased the nano 

level as a result. 

Thus, the biodegradability, low density, worldwide availability, low cost and alterable 

surface properties of these novel materials offer the opportunity to develop new generation 

materials based on cellulose fibers. 
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2.5.2 Chitosan 

Chitosan is a naturally abundant organic polymer and a kind of polysaccharide 

composed of N-Acetylglucosamine and glucosamine units, with many special 

characteristics such as biocompatibility, biodegradability, nontoxicity and chemical 

reaction. Because of these outstanding properties, chitosan can be selected as a useful and 

effective polymer matrix in composite materials. Due to the presence of hydroxyl and 

amino groups, the reaction of chitosan much more versatile than cellulose and probably 

beneficial for the homogeneous phases in the chemical cross-linking network (Dash et al., 

2011). 

Chitosan is a weak base and is insoluble in water and organic solvents. However, it is 

soluble in dilute aqueous acidic medium (pH <6.5). It precipitates in an alkaline solution 

or in a polyanion and forms a gel at low pH. Almost all are soluble in diluted acids but 

insoluble in sulfuric acid and water. 

Many studies had investigated that the chemical reactions of chitosan in an aqueous 

solution of acids, N-acylation and N-alkylidinations. Under of acidic condition, chitosan 

will be hydrolysed and dissolved in water due to the unstable reaction. This because of the 

presence of glycosidic unit in chitosan is hemiacetal which caused it not stable in acid. 

Dutta et al., 2004 discovered that N-acylation of chitosan with acyl halides introduced 

amido groups at the chitosan nitrogen while N-alkylidination with aldehydes produced N-

alkyl chitosan upon hydrogenation (Dutta et al., 2004; Lim & Hudson, 2004; Rinaudo, 

2006), resulting in decreased molecular weight and viscosity of chitosan. Henceforth, the 

increased in degree of degradation caused increase in crystallinity index and 

decomposition temperature, also decrease in molecular weight of chitosan and the water 

absorption (Yuan et al., 2011) 
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Figure 2.3: General structure of chitosan. 
 

In a recent study, the nanoparticle of chitosan has been discovered by many studies as 

an attracted attention for their broad applications due to their ability such as degradability, 

biocompatibility and nontoxicity. Many methods have been studied to prepare chitosan 

nanoparticles and its characterization (Dudhani & Kosaraju, 2010). Huang et al., 2009 has 

degraded chitosan into lower-weight-chitosan using different concentrations of phosphoric 

acid and then prepared nanochitosan with concentrations of sodium tripolyphosphate, 

resulting in the lower potential surface of optimal crosslinked ratio of low molecular weight 

chitosan and sodium tripolyphosphate. Sudha et al., 2014 used ionic gelation method for 

ionically cross-linked chitosan with sodium tripolyphosphate in dilute solution to 

synthesise nanoparticle. The ionotropic gelation method is an ionic interaction between the 

negatively charged groups of sodium tripolyphosphate (TPP) and the positively charged 

primary -NH2 of chitosan. TPP is a polyanion used as an ion crosslinking agent due to its 

multivalent properties. It helps the cross-linking process to avoid possible toxicity of 

chemical or biological reagent and prevent from any other undesirable effects (Fan et al., 

2012; Tsai et al., 2011; Vijayalakshmi et al., 2014). 
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2.6 Epoxy as Binder 

Since epoxy resin was introduced in the paint industry in the late 1940's, epoxy resin 

occupied a prominent position among paint chemists' available materials. This is because 

these resins are very versatile and it is possible to formulate a wide variety of coating 

systems. These epoxy coatings are widely used for industrial baking finishes that 

demonstrate maximum performance in solvent resistance and chemical resistance to 

maintenance systems for corrosive environments. 

Epoxy polymer or resin are characterized by the presence of epoxide groups which is a 

three-membered oxide ring. This resin contains more than one epoxide group per molecule 

and can be polymerised with the crosslinking agent (Materne et al., 2012; Zhang et al., 

2000). The crosslinking agent also known as curing agent or hardener will react with the 

epoxide or hydroxyl groups to form a three-dimensional network. Generally, epoxy resin 

is the forming reaction of diglycidyl ether of bus-phenol A (DGEBA) or the product of the 

reaction between epichlorohydrin and of bisphenol A (BPA) in sodium hydroxide (NaOH). 

It has the general structure as illustrated in Figure 2.2. 

 

Figure 2.2: General structure of DGEBA Source (Sales & Brunelli, 2005). 

 
The chemical characterization of epoxy can be determined analytically with curing 

agents as the starting material and followed with the crosslinking process. Finally, the 

determination of the cured product properties such as forming of the network chain and 

chemical bonding.  
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The most common type of curing agent or hardener for the epoxy resin is an amine. It 

can be primary,  secondary or tertiary amines, they react with the epoxy ring through the 

ether linkages from the active sites of the curatives (Fraga et al., 2008).  

Primary amines - It has two active hydrogens that react with an epoxide group. Network 

chain is developed when more than one primary amine per molecule are used in this 

curative. The reaction of epoxide group and primary amine is illustrated in Figure 2.3 

 

Figure 2.3: Molecular reaction of epoxide group and primary amine. 

 
Secondary amines - It reacts with only another one epoxide group and the rate of reaction 

is much slower compared to the primary amine curing agents. The reaction of secondary 

amine with epoxy group can be illustrated as in Figure 2.4 

 

Figure 2.4: Molecular reaction of epoxide group and secondary amine. 

 

Tertiary amines -  this type of curative have no active hydrogens and not react with epoxy 

resins. However, it can cure epoxy resins in homopolymerization by the catalytic system 

and helps to accelerate the curing rate of between epoxy resins and primary and secondary 

amines. Figure 2.5 illustrates the reaction of a tertiary amine with an epoxy group. 
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Figure 2.5: Molecular reaction of epoxide group and tertiary amine. 
 

 

Figures above represent the reaction curing of epoxy resin with glycidyl amine. 

However, there are many reactivities can be occurred in epoxy matrices due to the dictation 

of curing agents. Therefore, the selection of curative or curing agents is depending on the 

desired properties or processing methods. In most cases, the ratio of epoxy-curative must 

be considered stoichiometrically. This because it may affect the properties of the cured 

resins such as kinetic and mechanical properties. 

Achilias et al., 2006 have studied the cured kinetic of epoxy systems by using diamine 

curative, isophorone diamine based. They claimed that the reactions on curing process of 

epoxy resins can be varied, either sequentially or simultaneously and reactivity rate due to 

temperature or reactants. The reaction may take place at the epoxide ring, end of the epoxy 

chains with amine groups and the etherification of the oxirane ring with a hydroxyl group 

(Karayannidou et al., 2006). 

 

Figure 2.6: General structure of isophorone diamine (IPDA). 
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Also, Roche et al., 2002 have investigated the interphase formation between epoxy-

diamine and the metal surface. The interaction between diamine and metal surface 

chemically formed and practically increase the adhesion of the cured epoxy-diamine 

prepolymer. Moreover, they claimed that chemical bonding of diamine-metal parallel 

orientated on the metal surface which leads to improving the chemical and physical 

properties epoxy-diamine as good primary layer on the metal surface (Roche, Bouchet, & 

Bentadjine, 2002). 

Moreover, polymer-clay nanocomposite coatings have been studied using epoxy-

diamine prepolymer in which isophorone diamine (Figure 2.6) as a curative (Zaarei et al., 

2010). Incorporation of nanolayer clay which has plate-like shape into epoxy-diamine 

prepolymer decreased the corrosion receptivity of coating attribute good corrosion 

protection performance.  

 
2.7 Nanocomposite Coating 

A nanocomposite coating can be defined as a coating composed of two or more non-

miscible phases which means one of the components is restricted to the nano size 

dimension. The nanoscale component is known as filler in nano size, so called, nanofiller. 

Hence, to form a nanocomposite coating, this nanofiller must fill or disperse into a 

monomer matrix (Lince, 1991). 

The properties may vary depends on the chemical and physical nature of each 

component in the composition. For an instance, the type and size of the filler can enhance 

the adhesion of pre-polymer solution. This filler can be a nanoparticle and it is highly 

affirmed to investigate the structure, morphology and the size of the nanoparticle and they 

can be nanotube or nanofiber. 
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Figure 2.7: Nanocomposite coating formed by (a) nanoparticles, (b) nanotubes and (c) 
nanolayer (Wang & Chung, 1991). 

 

Moreover, incorporation of nanofiller in polymer matrix lead to advantageous of 

application in coating industry such as self-healing and antifouling coatings. Swati Gaur 

and Khanna (2015) have investigated the functional coating created through incorporation 

with nanoparticles. In the first place, a hydrophobic surface was created with fluorosilane 

and then different nanoparticles were added in according to application mechanisms. Zinc 

oxide nanoparticles and nanosilica were used for self-cleaning and anti-fouling coatings, 

respectively (Gaur & Khanna, 2015). 

According to Musil (2000) in order to protect the most material from unsafe 

environment, the significant formation of hard and superhard coating single layer of 

nanocomposite coating become a new attention in which a strong correlation was 

developed between hardness and nanocomposite coatings. He also suggested that 

nanocomposite of MeN/a-nitride and MeN/metal are two types superhard film. As a result, 

a superhard film composed of two cases, first is composed of two hard phases and second 

is a composition of one hard phase and another is a soft phase (Musil, 2000). 
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Notably, introducing nanofiller into polymers promising to improve the 

physicochemical properties such heat resistance, adherence, tensile strength and 

mechanical properties (Bagherzadeh & Mahdavi, 2007; Lin et al., 2014; Yeh et al., 2006). 

Due to their small size and large specific surface area, nanofiller tend to occupy empty 

pore in pre-polymer molecules and thus acts as a bridge to connect intermolecularly. Apart 

from that, incorporating of nanofiller in nanocomposite coating enhance the corrosion 

protection performance (Ammar et al., 2016; Palimi et al., 2014; Shi et al., 2009). 
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CHAPTER 3: METHODOLOGY 

3.1 Introduction 

This chapter explains the preparation of nanofillers, namely, nanocellulose and 

nanochitosan, which later used for nanocomposite coating prepared with epoxy/diamine 

pre-polymer.  As it has been notified, the purpose of this study is to develop epoxy based 

nanocomposite coating systems. This part also explains briefly the analytical methods that 

have been used in this study to measure the physical, chemical and structure properties of 

the coating systems. Moreover, several techniques also have been used to evaluate the 

thermal stability and corrosion performance of each coating system. The overall 

nanocomposite coating systems and its characterizations are illustrated as in Figure 3.1. 

 

Figure 3.1: Flow chart of nanocomposite coating systems. 
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3.2 Materials 

The following raw chemicals were used for the preparation of nanofiller. 

• The raw microcrystalline cellulose (MCC) extracted from softwood pulp was 

purchased from R&M Chemicals (Essex, U.K.) with 50 µm of particles size. 

 
 Table 3.1: Chemical properties of Microcrystalline Cellulose. 

 
 

 

 

• High molecular chitosan (CHI) extracted from shrimps in form of coarse ground 

flakes and powder without further purification was purchased from Aldrich 

Chemistry (USA). 

 
 Table 3.2: Chemical properties of High Molecular Chitosan. 

 

 

 

 

 

 

    Molecular Formula (C6H10O5)n 

Appearance White lap sheet 

Thermal Decomposition (ºC) 260 – 270 (500 ºF – 518 ºF) 

Solubility Insoluble in water 

Molecular Formula C12H24N2O9 

Appearance Off-White to beige 

Molecular weight (Da) 310000-375000 

Solubility Insoluble in water Univ
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The following resins were used as binder and additives for coating systems. 

• The medium-viscosity liquid epoxy was produced from bisphenol A and 

epichlorohydrin with an unsaturation concentration of approximately 5260 to 5420 

mmol/kg and a molar mass of 184 to 190 weight per equivalent was supplied by 

ASAChemicals (Selangor, Malaysia) and used as received without any further 

modification.  

 
 Table 3.3: Properties of Epoxy Resin. 

 

 

 
• The ASAChemicals also supplied the isophorone diamine (IPDA) curing agent, 

which was 3-aminomethyl-3,5,5-trimethylcyclohexylamine, 99.7 wt.% solute 

content in water solution with a molar mass of 170.30 g/mol and a pH value of 

11.6.  

 
 Table 3.4: Properties of curing agent Isophorone Diamine. 

 

 

 

 

Viscosity at 25 ºC (Pa.s) 12.0 - 14.0 

Density at 25 ºC (kg/l) 1.16 

Diluents No 

Colour (Pt-Co) 100 max 

Viscosity at 20 ºC (mPa.S) 18 

Density at 20 ºC (g/cm3) 0.92 

Odour Amine-like 

Colour  Colourless to yellow 
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The lists of solvents used in preparation of nanofillers; 

 

i. Sulfuric acid (H2SO4) (98 wt.%) was purchased from Fisher Scientific 

(Selangor, Malaysia).  

 

ii. Sodium hydroxide (NaOH) (0.5 w/v%) was purchased from Bendosen 

Laboratory Chemicals (Selangor, Malaysia).   

 

iii. Ultra-pure water (18 MΩ•cm, 25 °C) was provided by INFRA Analytical 

Laboratory (Kuala Lumpur, Malaysia). 

 

iv. 99 % acetic acid (CH3COOH) from Shikmayu’s Pure Chemical (Selangor, 

Malaysia). 

 

v. 99.6 % absolute ethanol (EtOH) was purchased from Fisher Scientific 

(Selangor, Malaysia). 

 

vi. 85 % phosphoric acid (H3PO4) was purchased from Friendemann Schmidt 

(Selangor, Malaysia). 

 

vii. Sodium Tripolyphosphate (Na5P3O10) was purchased from Sigma Aldrich 

(Selangor, Malaysia). 
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3.3 Method of Preparations  

3.3.1 Preparation of nanocellulose 

Firstly, the microcrystalline celluloses (MCCs) powder was dried in a vacuum at 70 °C 

for 24 hours. Nanocellulose (NC) were prepared according to a modified method of Johar 

et al., 2012 and Shankar and Rhim (2016). For this, three gram of the MCC has then added 

to a 40 wt.% H2SO4 solution and the solution was vigorously stirred at 60 °C for 1 h. Then, 

the suspension was quenched with type-1 ultra-pure water, which was removed by 

successive centrifugation at 6000 rpm for 10 min. The treated MCC was collected and 

washed 4 to 6 times with 50 w/v% NaOH and EtOH, followed by centrifugation to remove 

any remnants of NaOH. After washing, the treated MCC was suspended with EtOH until 

the suspension reached a pH value of 8 to 10. The suspension was stirred at 400 rpm for 

30 min and sonicated for 2 min using a 2 mm probe at 60 % amplitude. The dispersed NC 

was dried overnight and desiccated until further use. 

 

Figure 3.2: Preparation of nanocellulose. 
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3.3.2 Preparation of epoxy/nanocellulose nanocomposite coatings 

The epoxy paint was formulated by directly adding various amounts of dried NC 

powder (1.0 wt.%, 1.5 wt.% and 2.0 wt.%) to the epoxy/diamine pre-polymer solution. The 

mixtures were stirred mechanically with a glass rod for 2 mins and then sonicated for 30 s 

at 60% amplitude for dispersion. The blended solution was not held in the sonication probe 

longer than 30 s to prevent overheating; thus, stirring and sonicating were alternately 

repeated 3 to 4 times. The diamine curing agent was then added to the mixture with an 

epoxy/hardener ratio of 4:1 at close to vacuum. The mixture was then coated onto mild 

steel via brushing. The steel panels were abraded with a sand blaster, followed by acetone 

degreasing. They were kept in a desiccator until use. Furthermore, the free films of the 

coating were cast on a Teflon® Petri dish for analytical measurements and the coated mild 

steel samples were then dried and cured for seven days at room temperature, which lead to 

the formation of uniform protection coating for the anticorrosion test. Moreover, the 

thickness of the film was measured by using coating thickness gauge (elcometer® 456, 

Manchester, England) and purposely to be about an average of 60 ± 5 µm for further 

characterization measurement.  The designation of the nanocomposite coating systems is 

tabulated in Table 3.5. 

 Table 3.5: Epoxy/nanocellulose nanocomposite coating systems. 

 

 

Epoxy (wt.%) IPDA (wt.%) Nanocellulose (wt.%) Designation 

80 20 - ENC0 

80 20 1.0 ENC1.0 

80 20 1.5 ENC1.5 

80 20 2.0 ENC2.0 
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3.3.3 Preparation of nanochitosan 

Chitosan (CHI) was hydrolyzed by a method based on Huang et al., 2009 and followed 

by the preparation of nanochitosan with acetic acid and sodium tripolyphosphate (TPP). A 

5 g of chitosan was added into 100 g of 85 % phosphoric acid. The solution was stirred up 

at 60 °C for 4 hours and was precipitated in excess ethanol at 600 rpm for 24 hours. The 

solution was then decanted to remove the unreacted phosphoric acid. 1 % triethylamine 

was added to remove salt from hydrolysed chitosan. Mixtures were centrifuged with 

ethanol for several times and then were washed with 1 litre of ultrapure water at room 

temperature for 48 hours.  For the complete removal of phosphate ions, an aqueous NaOH 

was added until reached pH 10 - 11 range and then were further washed with ultra-pure 

water. Collected chitosans were dried overnight in vacuum. For the preparation of 

nanochitosan (NCH), 0.5 g of collected chitosan was dissolved in 0.2 wt.% acetic acid and 

stirred for 30 min at 400 rpm. Then, 100 ml of the solution was added to 40 ml of TPP 0.2 

g/L, stirred for 2 hours at ambient temperature and then centrifuged at high speed. The 

isolated nanochitosan was rinsed with distilled water, dried and analysed. 

 

Figure 3.3: Preparation of nanochitosan. 
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3.3.4 Preparation of epoxy/nanochitosan nanocomposite coating 

The epoxy paint was formulated by addition of dried NCH powder (0.5, 1.0 and 1.5) 

wt.% to the solution of epoxy/diamine pre-polymer solution. The mixtures were stirred 

mechanically by using glass rod for 2 mins and were sonicated for 30 seconds at 60 % 

amplitude for dispersion. The blended solution cannot be held longer in the sonication 

probe to prevent overheating, thus, stirring and sonicating are repeated 3 - 4 times 

alternately. The diamine curing agent was then added to the mixture with an 

epoxy/hardener ratio of 4:1 and close to vacuum before coated on mild steel by brushing 

method. The steel panels were abraded with sand blaster followed by acetone degreasing 

and kept in a desiccator for further used. The free films and coated samples of the coating 

were cast on a Teflon® Petri dish and evaporated at room temperature for seven days to 

obtain a uniform coating. Moreover, the thickness of the film was measured by using 

coating thickness gauge (elcometer® 456, Manchester, England) and purposely to be about 

an average of 60 ± 5 µm coated of mild steel for further characterization measurements. 

Samples were labelled as EP for controller and ECH0.5 followed with 1.0 and 1.5 

correspond with particular amount the of nanofiller. The designation of the nanocomposite 

coating systems is tabulated in Table 3.6. 

 
 Table 3.6: Epoxy/nanochitosan nanocomposite coating systems. 

 

Epoxy (wt.%) IPDA (wt.%) Nanochitosan (wt.%) Designation 

80 20 - ECH0 

80 20 0.5 ECH1.0 

80 20 1.0 ECH1.5 

80 20 1.5 ECH2.0 
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3.4 Characterization 

3.4.1 Surface morphology and structural characterization  

3.4.1.1 Field Emission Scanning Electron Microscopy (FESEM) 

The surface morphology and the behaviour of the treated filler products and 

nanocomposite film samples were examined by field-emission scanning electron 

microscopy (FESEM) (Quanta FEG 450, EDX-OXFORD, Eindhoven, Netherland) after 

being coated with gold by using gold sputter coater (Bio-Rad, Watford, England). FESEM 

is a microscope that operates using a high-energy electron beam irradiated to a sample 

(powder or film) and forms an interaction between incident electrons and constituent atoms 

in the sample to generate various output signals. 

 
Figure 3.4: Field emission scanning electron microscopy (Jusman et al., 2014). 
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The electrons are released from the field emission source and accelerated with a high 

electric field gradient. In the high vacuum tower, these so-called primary electrons are 

focused and deflected by an electron lens which produces a narrow scanning beam 

impinging on the object. 

As a result, secondary electrons are emitted from each spot on the object. The angle and 

velocity of these secondary electrons are related to the surface structure of the object. The 

detector captures the secondary electrons and generates an electronic signal. This signal is 

amplified, converted to a video scanned image on the monitor or in the digital image and 

can be further saved and processed. 

The primary electron beam interacts with the sample in several key ways; 

i. Primary electrons generate low energy secondary electrons, which are related to 

the topographical nature of the sample. 

 
ii. Primary electrons can be backscattered and if there is a contrast between atomic 

number, an advanced image can be obtained. 

 
iii. Ionised atoms can be relaxed by shell-to-shell transitions of electrons leading to 

either X-ray radiation or Auger electron emission. The emitted X-rays are 

characteristic of elements of several micrometres at the top of the sample 
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3.4.1.2 X-Ray Diffraction (XRD) 

The crystalline nature of the treated filler product and the crystalline phases present in 

the nanocomposite film samples were determined by X-ray diffraction (XRD) 

(EMPYREAN, PANalytical, EA Almelo, Netherland) at room temperature. XRD is a non-

destructive and rapid analytical technique that provides detailed information such as unit 

not only the chemical composition but also about the crystallographic structure or unit cell 

dimensions of the materials. Figure 3.5 illustrated the powder X-Ray Diffraction 

spectroscopy. 

 

 

Figure 3.5: X-ray diffraction (Paper et al., 2011). 

 
All diffraction methods are based on the generation of X-rays in an X-ray tube which 

beam directed at the sample and the diffracted rays are collected. The principle of powder 

x-ray diffraction experiments is the random orientation of powder sample for all sets of 

planes (h k l) will be in the horizontal orientation with respect to the X - ray source to 

satisfy Bragg’s law for the proper angle  .    
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X - ray diffraction is based on constructive interference of monochromatic X - rays from 

a powder sample. When a focused X - ray beam interacts with these planes of atoms, the 

beam undergoes various modifications like absorption, transmission, scattering, refraction 

and diffraction.  

A key component of all diffraction is the angle between the incident and diffracted rays. 

The diffracted beam can provide information about the d - spacing by applying Bragg’s 

law given by,  

  n λ = sin2d                         (3.1)  

where n is an integer, λ is the wavelength of the incident wave, d is the spacing between 

the planes in the atomic lattice and   is the angle between the incident ray and the 

scattering planes. 

The spectra were recorded using Cu Kα radiation at 40 kV and 30 mA with scanning at 

a 2θ of 10° to 50°. The crystallinity index (CI) was calculated using the Segal method, 

given by Equation 3.2, 

CI (%) = (I200 - Iam) / I200 * 100             (3.2) 

where I200 is the intensity of the (2 0 0) peak and Iam is the intensity of the amorphous 

minimum region between the (2 0 0) and (1 0 1) peaks.  

The crystallite size (CS) was calculated using Scherer’s equation, given by Equation 3.3, 

CS = Kλ / β1/2cosθ               (3.3) 

where K is the Scherer constant (0.94), λ is the X-ray wavelength (0.154060), β1/2 is the 

full width at the half maximum (FWHM) of the deflection peak and θ is the Bragg’s angle 

(°). 
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3.4.1.3 Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier transform infrared spectroscopy (FTIR) was performed using FTIR 

spectrometer (FTIR-Spectrum 400, Perkin Elmer, Wokingham, UK) at a resolution of 4 

cm-1 and in the range of 400 to 4000 cm-1.  Figure 3.6 illustrates the diagram of FTIR used 

in this study. Fourier transform infrared spectroscopy is an analytical technique used to 

identify functional groups present in the sample by standard KBr pellet method. By 

analysing the features of a recorded infrared spectrum, the composition or the structure of 

chemical components can be determined. 

 

Figure 3.6: Fourier transform infrared spectroscopy (Gable, 2013). 

 

When infrared light passes through a sample of organic compounds, some frequencies 

are absorbed and other frequencies are transmitted without being absorbed. The transition 

involved in infrared absorption is related to the change in vibration in the molecule. 

Functional groups have different oscillation frequencies and therefore the presence of these 

bonds in the molecule can be detected by identifying this characteristic frequency as an 

absorption band of the infrared spectrum. As the results, the plot of the transmittance versus 

frequency is called the infrared spectrum which analysed by using Ohmic32 software 

programmer.  
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3.4.2 Ultraviolet-Visible (UV-Visible) analysis of nanocomposite films 

Ultraviolet-visible (UV-Vis) analysis of the nanocomposite films was performed using 

a UV-3101PC (Shimadzu, Kyoto, Japan) UV-Vis spectrometer in transmission mode and 

a wavelength range of 300 to 800 nm. Slit size was 2 nm in width and medium speed as 

set in the parameter. Noted that the film samples were coated on a glass plate and dried for 

7 days at room temperature. The main purpose of UV-vis measurement was to evaluate the 

percentage changed of the film transparency due to additional of nanofiller. The UV-

3101PC is illustrated in Figure 3.7. 

 

 

Figure 3.7: Ultraviolet-visible spectroscopy (Reusch, 2015). 
 

An optical spectrometer records the wavelengths at which light transmittance occurs 

with the percentage of transmission at each wavelength. The resulting spectrum is 

presented as a graph of percentage versus wavelength. The optical properties of materials 

can be studied with the help of UV - Vis spectra. 
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3.4.3 Thermal properties analyses of nanocomposite films 

3.4.3.1 Thermogravimetric Analysis (TGA) 

The thermal stability of the nanocomposite samples was analysed by thermogravimetric 

analysis (TGA). The TGA tests were conducted using a Mettler Toledo TGA Q500 

(Columbus, USA). The samples were heated from room temperature to 800 °C at a rate of 

heating of 50 °C/min under nitrogen gas with a flow rate of 60 mL/min. Free film samples 

were cast from Teflon® after 7 days cured at room temperature. The instrument is 

illustrated as shown in Figure 3.5. 

 

Figure 3.8: Thermogravimetric analysis (Prime, 2014). 

 

Thermogravimetric analysis is a method for evaluating decomposition temperature, 

absorbed moisture content, levels of inorganic and organic components in materials, 

decomposition point of solvent residue and corrosion kinetics at high temperature. TGA 

measures increasing or decreasing weight of a sample as the sample is cooled or heated. 

Subsequently, the mass is monitored in a controlled atmosphere and at a controlled 

temperature. 
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3.4.3.2 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) analysis was performed to investigate the 

influence of the reinforcement filler on the thermal properties of the coating systems. The 

DSC tests were performed using a TA Instruments Q200 DSC (New Castle, USA) under 

nitrogen flow. Free film samples were cast from Teflon® after 7 days cured at room 

temperature. The instrument is illustrated as shown in Figure 3.6. Each sample was heated 

from -30 to 300 °C at a heating rate of 10 °C/min.  

 

Figure 3.9: Differential scanning calorimetry (Steinmann et al., 2013). 

 

The thermal behaviour of polymers can be studied based on differential scanning 

calorimetry (DSC) analysis. This technique provides information on heat flow, miscibility, 

crystallinity and transition temperature in a controlled atmosphere as a function of time. 

DSC measurements also provide information on physical changes such as melting, 

depolymerization and decomposition. Moreover, chemical changes such as heat of fusion 

or enthalpy in the form of heat of reaction can also be analysed. The curve obtained by 

DSC describes all endothermic or exothermic processes involved in the material analysed. 
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3.4.4 Electrochemical Impedance Spectroscopy (EIS) 

The electrochemical response, barrier performance and corrosion protection of all the 

prepared coating systems with up to 30 days of immersion in 3.5 % NaCl solution were 

investigated using EIS. Figure 3.10 illustrates a set electrochemical cell with an exposed 

area of 3 cm2 as the working electrode (WE), a saturated calomel electrode as the reference 

electrode (RE) and a graphene electrode as the counter electrode (CE) were utilized to 

perform the EIS tests after placement in a Faraday cage to reduce the noise during 

measurement.  

 

Figure 3.10: Set of an electrochemical cell. 

 

A Gamry PC14G300 potentiostat (Warminster, PA, USA) with a frequency range of 

300 kHz to 10 MHz and an amplitude of the sinusoidal voltage at 10 mV was utilised for 

data measurement. All the EIS data were analysed by the software Gamry Echem Analyst, 

Version 6.03 (Warminster, PA, USA). 
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Figure 3.10: Schematic diagram of the experimental setup for EIS (Choe et al., 2015). 

 
EIS is an electrochemical technique with the involvement of an AC potential to an 

electrochemical cell which obeys Ohm’s law equation and then measuring the current 

through the cell. Ohm’s law defined as resistance, R in terms of the ratio between voltage, 

V and current, I as show in Equation (3.4); 

I
VR                  (3.4) 

EIS is useful when we want to tailor the system parameter in order to obtain a desirable 

effect on a surface such as applications in corrosion and coating characterization. The 

advantages of using EIS, it is useful on high resistance materials such as paints and coatings 

and the collective data dependent on time. However, it goes gives complex data analysis 

for qualification. 
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CHAPTER 4: RESULTS AND DISCUSSION OF EPOXY/NANOCELLULOSE                                                                                                                             

NANOCOMPOSITE COATING SYSTEMS 

 
4.1 Introduction 

This chapter presents the results for the preparation of nanocellulose (NC) from 

commercial microcrystalline cellulose (MCC) and used as an enhancing agent in 

epoxy/diamine pre-polymer solution which then used for coating on mild steel surface. 

The contents of nanocellulose loaded into epoxy/diamine were designed as ENC0, 

ENC1.0, ENC1.5 and ENC2.0 for neat epoxy, 1.0 wt.%, 1.5 wt.% and 2.0 wt.% of NC, 

respectively. The mixing ratio of epoxy/diamine is 4:1 and followed by corresponded NCs 

content and dried at room temperature for seven days.  

This chapter consists of discussion on the surface morphology by FESEM, chemical 

structure by FTIR and XRD for prepared nanofillers and epoxy/nanocellulose (ENC) 

nanocomposite samples. Also, thermal analysis employed by TGA and DSC test on free 

film of nanocomposite samples, transparency test by UV-Vis spectroscopy on coated glass 

plates and electrochemical impedance study for all nanocomposite coated on mild steel 

panels. All these analysis methods are to investigate the effect of NC in the neat epoxy 

matrix and to evaluate the corrosion performance within 30 days immersed in 3.5 wt.% 

NaCl solution. 
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4.2 Field Emission Scanning Electron Microscope (FESEM) Analysis 

4.2.1 Preparation of nanocellulose from raw microcellulose 

Figure 4.1 shows the morphology by FESEM images of raw microcrystalline with 

different magnifications. Note that the raw MCC was extracted commercially from 

softwood pulp and the particle size is estimated to be in an average of 50 µm. As shown in 

Figure 4.1(a), substantial agglomerations of raw MCC granules were observed and they 

were seemingly in fiber form. This indicated the strong composition of the hydrogen 

bonding within the cellulose microfibrils (Kumar et al., 2014) and partially amorphous 

nature of MCC can be seen as the magnification of FESEM images were enlarged (Figure 

4.1(b) and (c)). 

 

Figure 4.1: FESEM images of MCC at scale (a) 10 000× (b) 50 000× and (c) 100 000× of 
magnification. 
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Nanocellulose were prepared from raw MCC by an acid hydrolysis treatment with 

sulfuric acid solution. The morphology of the prepared NC was observed by FESEM, as 

shown in Figure 4.2, in which, after the acid hydrolysis treatment, the size of MCC 

decreased and NC was produced with an average length and width of 80 to 100 nm and 10 

to 70 nm, respectively. Also, Figure 4.2 shows that the NC had a rod-like shape due to 

losing of an amorphous region on the microfibrils of MCC and as the image magnifications 

were enlarged, wrinkled rod-like shapes were seen attributed to amorphous nature of NC 

and strong bonding within the molecules. Consequently, the results indicated a favourable 

reaction due to the acidic treatment. 

 

Figure 4.2: FESEM images of NC at scale (a) 50 000× (b) 100 000× and (c) 150 000× of 
magnification. 
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4.2.2 Epoxy/nanocellulose nanocomposite coating systems 

Subsequently, the NC in powder form was incorporated into the epoxy/diamine 

polymer, hence, the morphology of the epoxy/nanocellulose (ENC) nanocomposite films 

were further characterized by FESEM, as shown in Figure 4.3 and Figure 4.4. Note that 

the neat epoxy coating was designed as ENC0 and followed by additional NC content as 

ENC1.0, ENC1.5 and ENC2.0 corresponds to 1.0 wt.%, 1.5 wt.% and 2.0 wt.% of NC 

contents, respectively. 

Figure 4.3(a) shows a featureless surface of the neat epoxy film and reveals a rough 

surface characteristic of the film in which the NC particles were embedded in the epoxy 

matrix (Shi et al., 2009). 

 

Figure 4.3: FESEM images of ENC at scale 20 000× of magnification (a) neat epoxy,        
(b) 1.0 wt.%, (c) 1.5 wt.% and (d) 2.0 wt.% NCs. 
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The surface of the ENC nanocomposites was observed to be relatively rough and 

eventful compared to the neat resin. The reason may have been that the NCs embedded in 

the resin caused a cross-linking reaction, which resulted in the matrix surface to become 

more abrasive during dispersion. Because of this changed in abrasiveness, the NCs may 

have limited the smoothness of the surface of the nanocomposite films as clearly seen in 

Figure 4.4, the enlarged magnification scale on FESEM images of Figure 4.3. The surface 

roughness indicated the occurrence of deformation when NCs were added with some forces 

applied during the dispersion through sonication. As shown in Figure 4.3(b), the surface 

roughness was homogeneous and less aggregated, which meant that the dispersion of 1 

wt.% of NCs were good enough for the NC to be embedded within the EP matrix.  

 

Figure 4.4: FESEM images of ENC at scale 30 000× of magnification (a) neat epoxy,  
(b) 1.0 wt.%, (c) 1.5 wt.% and (d) 2.0 wt.% NCs. 
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That, in turn, could be considered as a straightforward evidence of the competence of 

the sonication process in developing an acceptable level of nanoparticles dispersion within 

the utilised polymeric matrix. 

In spite of that, the agglomeration of nanoparticles can be due to the heterogeneous 

reaction between the NC and epoxy matrices when more NC was added. This was because 

the resin had enough force to strengthen the bonding in the NC, which caused difficulty 

with dispersion in the epoxy surface. Moreover, as the loading ratio of NC filler exceeded 

1.0 wt.% up to 1.5 wt.% and 2.0 wt.%, the number of the nanoparticles in the unit area 

increased (Figure 4.3(c) and 4.4(c)), therefore, the tendency of the utilised nanoparticles to 

be attracted to each other increased. 

It is worth mentioning that a good dispersion of nanoparticles in the epoxy matrix led 

to have a stabilised cross-linking network (Kadhim et al., 2013) when more nanoparticles 

were added. However, this explanation does not fully clarify the nanocellulose systems 

seen in Figure 4.3(d). The surface morphology of the 2.0 wt.% NC nanocomposite 

(ENC2.0) was found to be relatively smooth and rough in the same vicinity. This 

observation indicated that the stiffness of the surface, which led to the adhesion behaviour 

of the films, was increased due to the strong intermolecular bonding within the cross-

linking networks (Lu & Hsieh, 2010; Preghenella et al., 2005). 

However, agglomeration remained within the matrix, even though both the mechanical 

mixing and ultrasonication were performed in this work. Sufficient energy force to disperse 

the particles could not be exerted. The ultrasonic mixing technique could help dispersion 

of NCs into epoxy and blend them homogeneously if the compatibility between the NC 

surfaces and matrix was adequate. Thus, only ENC1.0 showed good dispersion in 

epoxy/diamine pre-polymer. 
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4.3 Structural Analysis 

4.3.1 X-ray Diffraction (XRD)  

 

The crystallite size and nature of the NC produced from the MCC were determined by 

XRD and the materials further characterised with ENC nanocomposite coatings, as shown 

in Figure 4.5. The MCC and NC exhibited characteristic crystalline peaks around a 2θ of 

14.6°, 16.5°, 20.0°, 22.6° and 34.6°, which are considered to be characteristic peaks of 

typical cellulose structures that correspond to (-110), (110), (102), (200) and (004) on the 

lattice plane, respectively (Ciolacu et al., 2011; Johar et al., 2012; Sheltami et al., 2012).   

Furthermore, the crystalline index of the MCC and NC were 88 % and 79 %, 

respectively, which showed that the NC possessed a greater crystalline index because of 

the isolation from water dispersion during acid hydrolysis and alkaline neutralisation (Nam 

et al., 2016; Shankar & Rhim, 2016). 

The crystallinity index (CI) of the MCC and NC was calculated using the Segal method, 

given by Equation (4.1), 

CI (%) = (I200 - Iam) / I200 * 100             (4.1) 

where I200 is the intensity of the (2 0 0) peak and Iam is the intensity of the amorphous 

minimum region between the (2 0 0) and (1 0 1) peaks. 

 
On the other hand, the crystallite sizes (CS) of the MCC and NC, calculated using 

Equation (4.2), were 18.39 and 11.03 nm, respectively. This indicated that the crystallite 

size of the MCC decreased after treatment with acid hydrolysis using sulfuric acid 

dissolution. The Scherer’s equation, given by Equation (4.2), 

CS = Kλ / β1/2cosθ               (4.2) 
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where K is the Scherer constant (0.94), λ is the X-ray wavelength (0.154060), β1/2 is the 

full width at the half maximum (FWHM) of the deflection peak and θ is the Bragg’s angle 

(°). 

XRD micrographs were also obtained for ENC nanocomposites with variation in NC 

contents (Figure 4.5). The control film of the neat epoxy showed a broad amorphous peak 

from 12.2° to 28.5°, thus exhibiting the amorphous nature of epoxy. However, no change 

in the peak position of the neat epoxy was observed with the presence of NCs in the 

nanocomposite systems, which might have been because of the smaller concentration of 

NCs in the epoxy matrix. Pan et al., 2012 reported that no obvious peak was seen in the 

2.0 wt.% ENC nanocomposite spectra because of the low content of nanofiller and visible 

peaks were observed in the nanocomposites that were 4 wt.% to 8 wt.% of loaded 

nanofiller. The disappearance of all the maxima (2θ = 14.6°, 16.5°, 20.0°, 22.6° and 34.6°) 

from the layered structure of the NC indicated the intercalation or exfoliation of the 

nanofiller to form the nanocomposite with the EP matrix. 

 

Figure 4.5: XRD spectra of MCC, NC and ENC nanocomposite coating systems. 
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4.3.2 Fourier Transform Infrared (FTIR) 

FTIR was performed to understand the change in the chemical structures of the NC, 

neat epoxy and ENC nanocomposite samples, as shown in Figure 4.6. In general, the 

change in the crystalline structure of the cellulose led to the disappearance or reduction in 

intensity of certain FTIR peaks of the crystalline domains of the cellulose. In the functional 

region of the FTIR, the broad band located in the ranges of 3000 to 3500 cm-1 and 2790 to 

2982 cm-1 correspond to the hydroxyl (O-H) and aliphatic alkyl (C-H) stretching 

vibrations, respectively (Lani et al., 2014). 

In contrast, the amorphous band was assigned to the peak at 895 cm-1, which was 

attributed to the C-O- C stretching vibration at the β-(1,4)-glycosidic linkages of cellulose 

(Ciolacu et al., 2011; Xu et al., 2013) and the disappearance of the band at 1062 cm-1 was 

attributed to the symmetrical C-O- S vibration resulting from the presence of H2SO4 in the 

acid hydrolysis treatment. 

All of the infrared-active modes, such as deformation, twisting and wagging of the 

anhydroglucopyranose unit, were observed in 1800 to 700 cm-1 regions. The absorption 

peaks at 1315, 1160, 1108 and 1054 cm-1 were due to H-C-H wagging, the C-C ring 

stretching band, the C-O-C glycosidic ether band and the C-O-C pyranose ring stretching, 

respectively (Kumar et al., 2014; Lu & Hsieh, 2010; Sheltami et al., 2012; Voronova et al., 

2012). The peak at 1642 cm-1 was attributed to the OH bending of the absorbed water, due 

to the strong water interaction in the cellulose (Flauzino et al., 2013; Morán et al., 2008). 

No difference was found in the spectrum of the NC compared with that of the MCC, which 

suggested that in the case of acid hydrolysis, the molecular structure of the cellulose did 

not undergo any vital changes. However, a slight reduction in the absorption number 

indicated that the change in the size of the NC was accompanied by a decreased degree of 

crystallinity, as shown by the XRD and FESEM. 
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In the fingerprint region, the crystallinity band at 1428 cm-1 was attributed to the CH2- 

bending vibration, which indicated the reduction in the degree of crystallinity of the 

cellulose due to the decrease in the absorption. Figure 4.6 depicts the FTIR spectra obtained 

from the unreacted epoxy, IPDA and neat cured epoxy (ECH0). The absorption peaks at 

950 and 3100 cm-1 were attributed to the presence of the C-O deformation and the C-H 

stretching of the oxirane group in the epoxy matrix, respectively. The bands located at 1032 

cm-1 corresponded to a C-O-C linkage because of the unreacted epoxide group. Fraga et 

al. (2008) reported that the bands at 1507 and 820 cm-1 could be assigned to the p-

phenylene groups in the unreacted epoxide group. The disappearance of bands, as observed 

in the neat epoxy (ENC0), indicated that all of the epoxide groups reacted during curing 

and were well blended with the isophorone diamine curing agent (Fraga et al., 2008). 

In the ENC nanocomposites, the epoxide group could react with the hydroxyl groups 

on the NC surfaces. If an epoxide group reacted with a NC hydroxyl group, the result would 

be an ether group and a hydroxyl group. The band at 3200 to 3450 cm-1 of the ENC 

nanocomposite spectrum confirmed that an interaction occurred within the hydroxyl group 

and suggested there was an increase in hydrogen bonding between the NC nanofiller and 

epoxy matrix. The band at 1606 cm-1 was possibly due to the overlapping of the C=C 

stretching of the epoxide group and the -NH2 scissoring of the amine group. It is worth 

noting that the observed peaks of the N-H stretching (3283 cm-1) and the N-H deformation 

(1602 cm-1) of the diamine group quantitatively appeared because of the strong -OH 

absorption bands and corresponded to the other organic band region.  

Also, the peak at 1032 cm-1 clearly showed a change in the peak intensity attributed the 

stretching of ether linkage between the epoxy matrix and the glycosidic ether linkages of 

the NC. Other bands at 895, 1229, 1455 and 1606 cm-1 increased in intensity after the 

addition of the NC nanofiller and these bands were attributed to the C-O-C stretching 

vibration, H-C-H wagging, CH2- bending vibration and C=C stretching, respectively. Since 
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the band at 895 cm−1 was attributed to the C-O-C stretching vibration of NCs due to the 

presence of β-(1,4)-glycosidic linkages, so it can be considered as an “amorphous band” 

(Shankar & Rhim, 2016). Therefore, the result on the different in the CS of NCs as 

measured by the XRD test settled too by FTIR test. 

 

Figure 4.6: FTIR of the MCC, NC, IPDA, Epoxy and ENC nanocomposite coating 
systems. 
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4.4 UV-Visible Spectroscopy 

The UV-Vis transmittance spectra of the neat epoxy/nanocellulose nanocomposite 

specimens in the visible wavelength range of 300 to 800 nm at 2.0 nm intervals are shown 

in Figure 4.7. The transmittance of the 2.0 wt.% NC nanocomposite (ENC2.0) was the 

lowest, with less than 20 % light transmittance. Incidentally, the specimen with 1 wt.% NC 

nanocomposite (ENC1.0) was clearly transparent, with the highest light transmittance of 

73% at 400 nm. The transparency of the nanocomposites was dependent upon the amount 

of the nanofillers. The light transmission rates of the specimens with 1.5 wt.% and 2.0 

wt.% NC nanocomposite (ENC1.5 and ENC2.0) were reduced to 43 % and 45 %, 

respectively. It has been reported be Pan et al., 2012 that the transmittance of 

epoxy/nanocellulose nanocomposites was reduced with the increase of the content of 

cellulose nanocrystalline and claimed that all nanocomposites still retained high 

transparency at above 60 % of transmittance. Hence, only ENC1.0 and ENC1.5 are 

considered to be transparent film while ENC2.0 can be classified as a translucent film due 

to the homogeneity of nanocellulose and epoxy matrices. 

Figure 4.7 shows the drop off on the light transmission for all of the samples was 

observed at approximately 300 to 350 nm, which meant there was high light absorption at 

this point and that no light reflection occurred in the ultraviolet region (300 to 400 nm). 

The high transparency of the 1.0 wt.% NC in the ENC nanocomposite possibly resulted 

from the difference in the refractive index between the nanofiller and the epoxy matrix, 

which suppressed light transmission through the epoxy/NC interphase. This indicated that 

the difference in the refractive index of the filler and matrix also played a significant role 

in controlling the optical transmittance of the composite films. According to Shimazaki et 

al., 2007, the high transparency of the nanocomposites results from the small diameter of 

nanofibril of cellulose which leads to a small difference in refractive index between the 
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nanofibers cellulose and the epoxy matrix, as result suppressed scattering of the photons at 

the interface of nanocellulose/epoxy resin.  

Furthermore, a nanocomposite film due to the incorporation of nanocellulose with its 

superior properties such as small diameter, high strength and modulus that utilised the 

transparency film are believed to improve in mechanical properties relative to the optical 

properties (Iwamoto et al., 2005; James et al., 2012). Since the fibrical shape-like was 

aggregated in nanocellulose chains, this morphology kind actually contributes to a 

significant improvement in the thermal stability properties as will be discussed in the next 

section of this chapter. Therefore, the size effect plays such an important role in this study 

of how a biopolymer nanofiller can lead to better improvement of many kinds of properties. 

As one of the most abundantly organic resources on earth plants, celluloses in nanoscale 

size enormously have potential as a future resource. 

 

Figure 4.7: UV-Vis spectra for the ENC nanocomposite specimens. 
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4.5 Thermal Analysis 

4.5.1 Thermogravimetric Analysis (TGA) 

The TGA results of the neat epoxy and ENC nanocomposite coating samples are given 

in Figure 4.8, which consists of weight loss and derivative thermogravimetric (DTG) 

versus temperature. The initial degradation temperature (TIDT), the temperature at the 

maximum weight loss rate (Tmax) and residue at 700 °C were extracted using TA universal 

analysis programme. By the action of heat, carbonisation removes hydrogen and oxygen 

from the solid and the remaining residue predominantly consists of carbon (Kumar et al., 

2014).  

Herein, TIDT is used as the thermal stability indicator and defined as the temperature 

corresponded to the 5 wt.% loss in weight. Figure 4.8 shows that there was less than 5 % 

weight loss at approximately 65 to 160 °C of all coating systems and the water or small 

molecule loss in this range was considered to be minimal. The NC nanocomposite coating 

samples exhibited about 5 wt.% weight loss in between approximately 300 and 390 °C, 

which corresponded to the initial degradation temperature, but the overall thermal stability 

showed slight change due to the NC contents. Also, the thermal decomposition of the neat 

epoxy consisted of one step (Ammar et al., 2016).  

Furthermore, the TIDT for thermal degradation for the ENC nanocomposite coating 

samples increased from approximately 367 to 384 °C, which was relatively high compared 

to the neat epoxy coating. The change in the temperature may have been due to dehydration 

and decomposition of the glycosyl unit accompanied by char formation. The drastic weight 

loss that occurred up to 460 °C could be attributed to the breakdown and oxidation of the 

char residue. 
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Many studies have been done on the thermal properties of NC and reported that at lower 

temperature corresponds to the dehydration of the cellulose network chains catalysed by 

the acidic groups present during the sulfuric hydrolysis. Meanwhile, at higher temperature 

attributed to the decomposition of the solid unsulfated interior and residues (Pan et al., 

2012; Shimazaki et al., 2007; Xu et al., 2013).  

Figure 4.8 also show DTG curves, as the NC content increased, the temperature at the 

maximum weight loss rate for the first degradation step decreased, but overall was still 

greater than for the neat epoxy coating. Thus, the maximum decomposition temperature of 

nanocomposites was insignificantly increased compared to neat epoxy resin. 

 

 

Figure 4.8: TGA thermograms of the (a) neat epoxy (ENC0) and ENC nanocomposite 
coating systems (b) ENC1.0, (c) ENC1.5 and (d) ENC2.0. 
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Figure 4.8: Continued. 
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Figure 4.8: Continued. 

 

 

4.5.2 Differential Scanning Calorimetry (DSC) 

The DSC thermograms with glass transition temperature (Tg) values for the second cycle 

scanning of the endothermic measurement for all of the coating systems are shown in 

Figure 4.9. Note that, the two-cycle scanning was adopted to eliminate the moisture content 

of the samples, which might affect the DSC measurements or the thermal degradation. Data 

information and graphs were extracted by using TA universal analysis software 

programme.  

In this study, the Tg was approximately 135 to 150 °C, although the baseline step was 

somewhat small. The baseline step may have been small because of the 

anhydroglucopyranose units in the NC. From the changes of Tg due to the additional NC 

may infer more information about the component interactions.  
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A maximum increase of approximately 15 °C of the Tg was observed at a NC loading 

of 1.0 wt.% and 1.5 wt.% and the Tg slightly decreased for the 2.0 wt.% loading. Overall, 

the Tg of nanocomposite samples were insignificantly increased relative to the neat epoxy 

samples. This trend of an increased Tg corresponded with the good bonding system 

between the polymer network and reinforced filler. This indicated the good physical or 

chemical mobility interactions between the epoxy matrix and the inclusion of NC particles. 

Nonetheless, associated with polysaccharide based material concerned to their high 

moisture absorption which can affect the epoxy physical properties. Investigate the 

behaviour of water contact to the coating surface or measure the water content being 

absorbed by the films are much necessary for the future study to know the impact of the 

coating properties. 

Xu et al., 2013 have concluded that the presence NC did not introduce any additional 

water or moisture to the composite systems even though neat NC consist 60 % water 

content compared to the neat epoxy resin. It was found that the water content of the 

composites decreased insignificantly with the additional of NC contents. This suggested 

that the interaction of nanocomposites is able to block the access of water to the hydrophilic 

hydroxyl groups on the surface.  

However, other possibilities should be noted. Firstly, the possibility that the inclusion 

of NCs in epoxy surface might prevent or delay the diffusion of water due to the 

aggregation. Next, it is possible that NC provides barriers to water transport that prevent 

them from accessing with moisture in the time scale of measurements. Unfortunately, it is 

not possible to differentiate these alternatives due to limit of collected data and probably 

bring the investigation on the furtherance. 
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Figure 4.9: DSC thermograms of the (a) neat epoxy (ENC0) and ENC nanocomposite 
coatings (b) ENC1.0, (c) ENC1.5 and (d) ENC2.0. 
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Figure 4.9: Continued. 
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4.6 Electrochemical Impedance Spectroscopy (EIS) 

Figures 4.10 and 4.11 present the Bode plots of the epoxy coating and the coatings 

reinforced with various amounts of NC after 1 day and 30 days of immersion, respectively. 

To study the influence of NCs as the filler on the corrosion protection performance of the 

epoxy, EIS measurements were conducted periodically after exposing the coated steel 

panels to the 3.5 % NaCl solution. The obtained results were expressed graphically using 

Bode plots fitted by using two models of the equivalent circuit.  

After 1 day of immersion, as shown in Figure 4.10, the electrochemical responses of all 

prepared coating systems, revealed that only the neat epoxy coating system, ENC0, 

demonstrated a Bode plot with two-time constants. The ENC0 also demonstrates lower 

phase angle at on frequency range (Figure 4.10(b)). This finding could be considered as a 

clear evidence that the coating film of the unmodified polymeric matrix suffered 

penetration of electrolytes towards the substrate surface with the weakest barrier ability. 

The electrochemical behaviour of the ENC0 coating system at this stage of degradation 

could be perfectly described with model A of the equivalent circuit (Figure 4.12).  

In contrast, all of the prepared coating systems reinforced with different loading rates 

of NCs demonstrated better corrosion protection properties after the 1 day of immersion. 

The good anticorrosion performance of the NC nanocomposite coatings was confirmed by 

the Bode plots illustrated in Figure 4.10. The impedance plots demonstrated an one-time 

constant and the EIS data was fitted with model A of the equivalent circuit (Ammar et al., 

2016; Mostafaei & Nasirpouri, 2013).  
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Figure 4.10: Representative Bode plots in terms of (a) impedance and (b) phase angle of 
the neat epoxy (ENC0) and ENC nanocomposite coating after 1 day of immersion. 

Univ
ers

ity
 of

 M
ala

ya



68 
 

 

 

Figure 4.11: Representative Bode plots in terms of (a) impedance and (b) phase angle of 
the neat epoxy (ENC0) and ENC nanocomposite coating after 30 days of immersion. 
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To further investigate the ability of the NCs to enhance the corrosion protection 

performance of the epoxy coating systems, the EIS studies continued up to 30 days of 

immersion and the Bode plots were recorded and illustrated in Figure 4.11. Also, shown 

in Figure 4.11, the plotting of the ENC0 coating system continued to demonstrate two-time 

constants with the lowest coating resistance and phase angle, which indicated that the 

unmodified polymeric matrix of the epoxy did not withstand the exposure to the aggressive 

corrosive medium. This resulted in the creation of diffusion pathways and the penetration 

of the corrosive agents towards the substrate surface and therefore, corrosion occurred.  

However, the 1.0 wt.% NC and 1.5 wt.% NC coating systems demonstrated a 

remarkable stability against the corrosion initiation over up to 30 days of immersion, as 

their respective Bode plots continued with the one time constant and remained well-fitted 

with model A of the equivalent circuit. Ammar et al., 2016b and other researchers 

(Ramezanzadeh et al., 2016; Zhou et al., 2014) have attributed the better corrosion 

protection performance of the nanocomposite coating systems, compared to the 

unmodified polymeric systems, to the ability of the NCs to fill up the porosity of the 

polymeric matrices and further enhance the quality of the coating film by promoting the 

possibility of achieving the optimal defect-free coating film. This forced the corrosive 

agents to travel longer distances to reach the surface of the substrate. However, it is worth 

noting that as the loading ratio of the NCs increased up to 2.0 wt.%, the coating resistance 

value decreased and two-time constants were observed with the impedance plot after 30 

days of immersion. This was due to the degradation of the film coating and was a sign that 

the corrosion occurred at the coating-substrate interface. The performance of the 2.0 wt.% 

NC coating system could be attributed to the tendency of NCs to agglomerate at high 

loading ratios (Ammar et al., 2016c, d). 
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Figure 4.12: The equivalent circuits used for fitting the EIS Bode plots. 

 

As aforementioned, Figure 4.12 highlights two different model of the equivalent circuit 

were utilised to achieve the best numerical fitting of the recorded EIS data over the 

different periods of immersion and the corresponded coating resistance values for all the 

resistance components of the utilised equivalent circuit models are tabulated in Table 4.1 

and Table 4.2. Model A consists of two resistances, which known as solution resistance 

(Rs), coating resistance (Rc) and the charge transfer resistance (Rct). Also, two capacitors, 

that is, CPEc is the constant phase element of coating capacitance, CPEdl is the constant 

phase element of double layer capacitance. As an extension of Model A, equivalent circuit 

Model B was created, which includes CPEdiff is the constant phase element of diffusion 

capacitance and Rdiff is the diffusion resistance. 
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Table 4.1: Fitted parameter values of the equivalent circuit elements along with the utilised 
model for ENC nanocomposite coatings after 1 days of immersion. 

 

Table 4.2: Fitted parameter values of the equivalent circuit elements along with the utilised 
model for ENC nanocomposite coatings after 30 days of immersion. 

 

 

 

 

 

 

 

 

System Rc (Ω cm2) Rct (Ω cm2) 
The equivalent circuit 
model used in fitting 

EIS data 

ENC0 (1.58 ± 0.05) × 107 (2.56 ± 0.34) ×107 A 

ECH0.5 (3.55 ± 0.05) × 109 (1.99 ± 0.12) ×109 A 

ENC1.0 (2.60 ± 0.34) × 107 (1.10 ± 0.01) ×109 A 

ENC1.5 (5.06 ± 0.13) × 107 (0.18 ± 0.02) ×109 A 

System Rc (Ω cm2) Rct (Ω cm2) Rdiff (Ω cm2) 
The equivalent circuit 
model used in fitting 

EIS data 

ENC0 (4.55 ± 0.18) × 104 (8.69 ± 0.23) ×105 (7.32 ± 0.98) ×105 B 

ENC1.0 (2.28 ± 0.27) × 108 (1.52 ± 0.04) ×109 - A 

ENC1.5 (1.33 ± 0.97) × 107 (5.47 ± 0.34) ×108 - A 

ENC2.0 (6.24 ± 0.95) × 105 (3.87 ± 0.14) ×107 (1.96 ± 0.03) ×108 B 
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CHAPTER 5: RESULTS AND DISCUSSION OF EPOXY/NANOCHITOSAN 

NANOCOMPOSITE COATING SYSTEMS 

 
5.1 Introduction 

This chapter presents the results for the preparation of nanochitosan (NCH) from the 

high molecular weight of chitosan (CHI) and used as enhancing agents in epoxy/diamine 

pre-polymer solution. The contents of NCH loaded into epoxy/diamine were designed as 

ECH0, ECH0.5, ECH1.0 and ECH1.5 correspond to neat epoxy, 0.5 wt.%, 1.0 wt.% and 

1.5 wt.% of NCH contents, respectively. The mixing ratio of epoxy/diamine is 4:1 and 

followed by corresponded NCHs load. Accordingly, all the results obtained are discussed 

analytically as in chapter 4 followed by corrosion study in an electrolyte, 3.5 wt.% NaCl, 

for 30 days. 

This chapter consists of discussion on the surface morphology by FESEM, chemical 

structure by FTIR and XRD for prepared nanofillers and epoxy/nanochitosan 

nanocomposite (ECH) samples. Also, thermal analysis employed by TGA and DSC test 

on free film of nanocomposite samples, transparency test by UV-Vis spectroscopy on 

coated glass plates and electrochemical impedance study for all nanocomposite samples 

coated on mild steel panel. All these analyses methods are to investigate the effect of NC 

in the neat epoxy matrix and to evaluate the corrosion performance within 30 days 

immersed in 3.5 wt.% NaCl solution. 
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5.2 Field Emission Scanning Electron Microscope (FESEM) Analysis 

5.2.1 Preparation of nanochitosan from high molecular weight of chitosan 

Figure 5.1 shows the morphology at different magnification scales of commercial 

chitosan exhibited irregular plain membrane-like shape.  Unlike cellulose, chitosan 

consists of amino and hydroxyl group as reactive sites which make it more versatile in a 

chemical reaction (Dutta et al., 2004). Chitosan is one of the most abundant biopolymers 

on earth and it contains primary amine and hydroxyl groups exhibit chelating agent 

properties. For morphological images, CHI in coarse ground flakes and powder form were 

used without further purification and commercially extracted from shrimp crustacean shell 

with a molecular weight of 310 000-375 000 Da. 

 

 

Figure 5.1: FESEM images of CHI scale at (a) 10 000× (b) 50 000× and (c) 100 000× of 
magnification. 
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This CHI was then hydrolyzed with 85 % of phosphoric acid with further treatment for 

purification was implemented to obtain the low molecular weight of chitosan. 

Subsequently, loosen chitosan molecular weight can help in scissoring particle size of 

chitosan due to the intermolecular entanglement of hydrogen bonding. According to Jia 

and Shen (2002), the homogeneous hydrolysis of chitosan with 85 % phosphoric acid was 

dependent on temperature and time of reaction. They also claimed that 19 000-200 000 Da 

of CHI molecular weight can be obtained through this acid hydrolysis method within 1-15 

hours at 60 ℃. Hence, in this study, hydrolysed CHIs with 85 % of H3PO4 at 60 ℃ for 4 

hours were believed yield molecular weight in range 70 000 - 200 000 Da which can be 

considered as a low range of molecular weight chitosan (Jia & Shen, 2002). 

 

 

Figure 5.2: FESEM images of NCH at scale (a) 50 000× (b) 100 000× and (c) 150 000× 
of magnification. 
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Nanochitosans (NCHs) were prepared using acetic acid and sodium tripolyphosphate 

(TPP) which carry five negative charges per molecule which crosslinked with the reactive 

sites of chitosan. In this method, TPP solution is added to acidic chitosan solution in a 

dropwise manner upon a constant motion for homogeneity mixture. Apparently, spherical 

shape particles are formed spontaneously during the mixing. Huang et al., 2009 were 

degraded low weight CHI using different concentrations of H2O2 and of TPP for the 

preparation of NCHs. They concluded that the formation of NCH depended on the TPP 

concentration. When the TPP concentration was excessively low or high, it failed to react 

with the chitosan to form nanochitosan. A lower molecular weight of low weight CHI led 

to a tailored the particle. Hence, with the incorporation of TPP cross-linked with CHI 

resulting reduction in size and morphology. 

As shown in Figure 5.2, spherical morphology of NCHs was formed well and fine, 

whereabouts, the size of NCHs in the range of 80 – 120 nm. This result exhibit the NCHs 

were derived from the CHI and TPP reaction due to the association of the charge stability 

of the hydrogen bond of CHI particles. Worth to note that chitosan contains cationic 

polysaccharide of (1,4)-linked 2-amino- 2-deoxy-β-D-glucose and 2-acetamido-2-β-D-

glucose units which interact with negative charges of TPP. Hence, with the presence of 

these glucosic units, NCHs tend to agglomerate due to strong hydrogen bond attraction to 

the water during the gelation process and swelling still can form in the trend of 

compactness as shown in Figure 5.2(c) with respect to the initial particles of NCHs. As a 

consequence, swelling can be caused by osmosis of water inflow with the presence of TPP 

and agglomeration might be due to the nature of the rendered size of NCHs. 
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5.2.2 Epoxy/nanochitosan nanocomposite coating systems 

 

Figure 5.3: FESEM images of ECH at scale 20 000× of magnification (a) neat epoxy,            
(b) 0.5 wt.%, (c) 1.0 wt.% and (d) 1.5 wt.% NCHs. 

 
Figures 5.3 and 5.4 show the FESEM images of epoxy/nanochitosan at scale 20 000 and 

50 000 of magnification, respectively, for all coating systems. Figure 5.3(a) and 5.4(a) 

indicate the featureless of neat epoxy coating morphology in which can be attributed to its 

surface behaviour as the cured film coating. In these figures, (b) and (c) belonging to 

epoxy/nanochitosan nanocomposite with 0.5 wt.% and 1.0 wt.% NCHs contents, 

respectively, describe the cross section of NCH presence in an epoxy matrix. NCHs were 

incorporated into epoxy/diamine, apparently, homogeneous nanocomposites were 

produced, resulted smooth surfaces were obtained.  
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Figure 5.4: FESEM images of ECH at scale 50 000 of magnification (a) neat epoxy,            
(b) 0.5 wt.%, (c) 1.0 wt.% and (d) 1.5 wt.% NCHs 

 
It is worth to note that NCH is versatile due to the presence of glucosamine units and 

reacts homogeneously with the epoxy matrix as a binder, thus, the appearances of NCH on 

epoxy surfaces cannot be observed clearly. However, it is very difficult to avoid the 

agglomeration of NCHs corresponds to their amount loaded. Figure 5.3(d) and 5.4(d) 

related to the epoxy/nanochitosan nanocomposites of 1.5 wt.% NCH contents, evinced the 

occurrences of agglomeration at a certain part of the epoxy surface. 
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5.3 Structural Analysis 

5.3.1 X-ray Diffraction (XRD) 

Figure 5.5 shows the X-ray diffraction patterns of chitosan and nanochitosan. Chitosan 

gives characteristic peaks at 2θ = 20⁰. In contrary, XRD spectra of nanochitosan showed 

the disappearance of the peak at 20⁰ from the raw chitosan indicating the increased of its 

amorphous nature, thus the crystal structure of chitosan is decreased after cross-linking 

with sodium tripolyphosphate (TPP). Moreover, there are no apparent peaks on neat epoxy 

spectra, however, the difference in EP/NCH nanocomposite can be observed as the broad 

band at range 10⁰ - 23⁰ varied with the amount of nanochitosan attributed the amorphous 

nature of nanocomposite systems increased with the additional NCHs. 

 

Figure 5.5: XRD spectra of CHI, NCH and ECH nanocomposite coating systems. 
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5.3.2 Fourier Transform Infrared (FTIR) Spectroscopy   

Figure 5.6 depicts the FTIR images of all main components in nanocomposite coating 

systems. The absorbance peak at 826 cm-1 is very probable, as the peak is increased with 

the additional of NCH loaded into each coating system. This peak attribute to C-O-C 

stretching. The absorbance peak at 915 cm-1 corresponds to the C-O deformation in the 

oxirane group of epoxy resin. The band at 1032 cm-1 correspond to the stretching vibration 

of C-O-C linkages in the ether linkage of the epoxy matrix and glucosamine ring of 

nanochitosan.  

NCH shows an absorption peak at 1235 cm-1 which is related to stretching of phosphate 

group also attributed of C = C wagging in epoxide group. At 1383 cm-1 and 1362 cm-1 are 

related to the C - CH3 deformation in amide groups and the oscillations of OH and CH 

groups. These peaks can be observed in IPDA and NCH spectra confirming that amino 

groups involved in nanocomposite matrices with additional of NCH.  

The NCH spectrum shows peaks at 1608 and 1582 cm-1 correspond to the reaction of 

free -NH2 group due to the acetylated residues and pyranose ring structure (Dudhani & 

Kosaraju, 2010; Zheludkevich et al., 2011), which indicate strong intermolecular bond is 

formed between epoxy and NCHs. This can be seen as the intensity band increases with 

the additional NCHs contents where the intermolecular bonding inherently allowing to 

some extent. 

The band at 2790 - 2982 cm-1 related to the symmetrical and asymmetrical -CH 

stretching in neat epoxy and overlapping with NH3
+ of nanochitosan for the composite 

matrix. The absorption band at about 2900 cm-1 is attributed to methoxyl groups presence 

in both epoxy and NCH. Meanwhile, shoulder peak at 3400 cm-1 is associated with O-H 

stretching due to hygroscopic properties of NCHs. 
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Nevertheless, it is difficult to differentiate the peaks of nanochitosan and epoxy in the 

FTIR analysis because both are polymers and, thus, some of the epoxy bands may overlap 

with nanochitosan bands correspond to their individual characteristics as an organic 

compound. It shows new peaks appeared for chitosan after crosslinking reaction indicating 

that epoxy has reacted with the hydroxyls of the glucosamine rings due to acetalization and 

in good agreement with other studies. Overall, the aforementioned bands indicate the 

existence of good miscibility between epoxy and NCHs, which is most likely caused by 

the formation of intermolecular hydrogen bonds between the amino and hydroxyl groups 

in NCHs and the hydroxyl groups in epoxy. 

 

 

Figure 5.6: FTIR of the CHI, NCH, neat epoxy and ECH nanocomposite coating systems. 
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5.4 UV-Visible Spectroscopy  

The UV-vis transmittance spectra of the ENC nanocomposite specimens in the visible 

wavelength range of 300-800 nm at 2.0 nm slit intervals are shown in Figure 5.7. ECH 0.5 

shows the highest light transmittance, 72 % at 400 nm which indicates most transparent 

specimen than the neat epoxy and nanocomposite specimens. However, the transparency 

of ECH nanocomposite specimens reduced with more additional NCH contents as 

observed in Figure 5.7 whereas ECH1.0 and ECH1.5 reduced to 60 % and 50 % of light 

transmittance, respectively.  

Up to 500 nm of visible wavelength showing that all the nanocomposite films are at 60 

to 80 % of transmittance. This indicated even at high loading of NCH contents, the films 

optically transparent probably due to the spherical morphology of NCH. The size effect of 

NCH allowed light to pass and transmit more light. On the other hand, the drop off in the 

light transmission at 350 - 300 nm attributed to the high light absorption at this range. 

Hence, the NCH nanofiller enhanced the optical transmission of the neat epoxy resin due 

to its capability influencing the transparency of epoxy matrix. 

 

 

Figure 5.7: UV-Vis spectra for the ECH nanocomposite specimens. 
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5.5 Thermal Analysis 

5.5.1 Thermogravimetric Analysis (TGA) 

The TGA results of the neat epoxy and ENC nanocomposite coating samples are given 

in Figure 5.8, which consists of weight loss versus temperature and also included the 

derivative thermogravimetric (DTG) graph. The initial degradation temperature (TIDT), the 

temperature at the maximum weight loss rate (Tmax) and residue at 700 °C were extracted 

using TA universal analysis software programmer. The TGA curves in Figure 5.8 show 

that there was about 1 % weight loss, corresponding to water loss that occurred at first 

stage, below 100 °C, which is associated with the loss of moisture in the nanocomposite. 

The second stage of the TGA curves at the range after 200 °C corresponds to the 

degradation of the molecular networks of the nanocomposite due to the decomposition of 

the composite. These results suggest that the entire polymer network was present in the 

epoxy matrix so that the NCH remained stable without aggregating.  

Herein, TIDT is used as the thermal stability indicator and defined as the temperature 

corresponded to the 5 wt.% loss in weight. The highest TIDT and Tmax corresponded to the 

temperature at which the rate of weight loss reaches degradation and a maximum 

pronounced on ECH 0.5, that is, 380.13 °C and 396.79 °C, respectively.   

Also, Figure 5.8 (b – d) shows that less than 9 % of the sample remains as a residue at 

700 °C attributed to the dissociation process of NCH molecules in the resin matrix at a 

higher temperature. These results demonstrate that the present of NCH increased the 

degradation temperature due to the strong interchain bonding in the polymer matrix. 

Hence, it is noteworthy that the significant changes with NCH loaded were more thermally 

stable compared to neat epoxy sample.  
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Moreover, TG curve is a smooth curve with only one weight loss step and that there is 

only one peak on the DTG curve, indicating that the thermal degradation of 

nanocomposites in a nitrogen atmosphere is simple and is a one-step reaction. Both TG 

and DTG curves shift toward high temperatures along with the rising of the heating rate. 

The TGA thermogram of nanochitosan shows that around less than 7 % of the sample 

remained as a residue. On comparing results of thermogram details of nanocomposites with 

neat epoxy resin, it was concluded that the ECH nanocomposites were found to be 

thermally more stable and this was confirmed from the initial decomposition temperatures 

and the amount of residue remained at the end of the experiment. 

 

 

Figure 5.8: TGA thermograms of the (a) neat epoxy (ECH0) and ECH nanocomposite 
coating systems (b) ECH0.5, (c) ECH1.0 and (d) ECH1.5. 
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Figure 5.8: Continued. 
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Figure 5.8: Continued. 

 

5.5.2 Differential Scanning Calorimetry (DSC) 

The DSC thermograms with glass transition temperature (Tg) values for the second cycle 

scanning of the endothermic measurement for all of the coating systems are shown in 

Figure 5.9. Note that, the two-cycle scanning was adopted to eliminate the moisture content 

of the samples, which might affect the DSC measurements or the thermal degradation. Data 

information and graphs were extracted by using TA universal analysis software 

programmer. 

The differential scanning calorimetric (DSC) curves with glass transition (Tg) values of 

neat epoxy and epoxy/nanochitosan nanocomposite samples are shown in Figure 5.9, the 

DSC thermogram for second cycles scanning of endothermic measurement for all the 

coating samples for the purpose of moisture elimination and avoid insignificant thermal 

measurement. Very often, only heating measurements are performed when DSC is used to 

analyse materials.  
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In many cases, however, heating measurements alone are not sufficient to understand 

and characterise the properties and behaviour of a sample. Cooling measurements are then 

a simple way to gain valuable additional information. However, in this study, no 

information gain from cooling measurement. The rapid drop at -25 °C correspond to the 

second cycle scanning or also recycled materials which mean thermal history are not 

included in this measurement. Since there is no information of crystallisation, therefore, 

glass transition temperature of second cycle scanning has no different with thermal history. 

Herein, the glass transition temperature is about ~135 °C of neat epoxy to 154 °C with a 

maximum increased of ~ 20 °C was observed at NCH loading of 0.5 wt.% which attributes 

to the highest value of Tg as a function of NCH content compared as observed higher NCH 

contents. The increase of Tg value indicates the good incorporation of NCH in the epoxy 

matrix through their mobility interaction physically or chemically which is more 

pronounced on 0.5 wt.% of NCH loaded.  

The additional of NCH up to 1.0 wt.% shows reduction of Tg value, that is, 137.15 °C, 

at much lower to 134.17 °C of 1.5 wt.% of NCH. This reduction of Tg attributes to the 

aggregation of NCHs at the epoxy surface due to the strong interaction between the –NH2 

and –OH bonding of NCH. The embedding NCH into the epoxy polymer can cause 

aggregation as the amount of NCH contents increased. With aggregation at some part of 

the surface, increased the free volume on the vicinity surface, which then caused weak 

interaction between the network chains of NCH and epoxy. This aforementioned weak 

interaction leads to reduce the ability of nanocomposites properties. Univ
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Figure 5.9: DSC thermograms of the (a) neat epoxy (ECH0) and ECH nanocomposite 
coatings (b) ECH0.5, (c) ECH1.0 and (d) ECH1.5. 
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Figure 5.9: Continued. 
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5.6 Electrochemical Impedance Spectroscopy (EIS) 

Figures 5.10 and 5.11 present the Bode plots of the epoxy coating and the coatings 

reinforced with various amounts of NCH after 1 day and 30 days of immersion, 

respectively. 

To study the influence of NCHs on the corrosion protection performance of the EP, EIS 

measurements were conducted periodically after exposing the coated steel panels to 3.5 % 

NaCl solution. The obtained results were expressed graphically using Bode plots after 1 

day and 30 days of immersion and fitted with two models of equivalent circuits. 

Electrochemical impedance spectroscopy (EIS) is a powerful tool for studying 

anticorrosion performance and coating degradation on coated surface. When used in 

conjunction with proper equivalent circuit model, EIS can provide valuable information 

about the electrochemical behavior of the coating film such as the creation of coating 

defects and coating delamination during any time of the exposure period. 

EIS results at the first day of immersion, as shown in Figure 5.10, revealed the poor 

corrosion protection ability of all prepared coating systems as the penetration of the 

electrolyte occurred at the early stage of the immersion, first 24 hours of exposure time. 

The electrochemical responses of all prepared coating systems were recorded in the form 

of Bode plots and the numerical fitting of all the resistance components of the equivalent 

circuit was carried out via utilizing model A of the equivalent circuit and the resistance 

values were tabulated in Table 5.1. However, ECH nanocomposite coatings showed the 

barrier properties with higher coating resistance values than the neat epoxy coating. Also, 

the high frequency phase angle values also indicate that the coatings containing NCH 

remain intact. This finding could be considered as clear evidence that the electrolyte 

reaches the coating film but still not yet reached the coating/substrate interface. 
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Figure 5.10: Representative Bode plots in terms of (a) impedance and (b) phase angle of 
the neat epoxy (ECH0) and ECH nanocomposite coating after 1 day of immersion. 
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Figure 5.11: Representative Bode plots in terms of (a) impedance and (b) phase angle of 
the neat epoxy (ECH0) and ECH nanocomposite coating systems after 30 days of 
immersion. 
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Figure 5.12 shows two equivalent circuit models, that is, Model A and Model B. Model 

A consist of Rs as solution resistance, the coating resistance (Rc), CPEc as the constant 

phase element of coating capacitance, the charge transfer resistance (Rct) and CPEdl as the 

constant phase element of double layer capacitance. An extended equivalent circuit of 

Model A so-called Model B consists of CPEdiff is the constant phase element of diffusion 

capacitance and diffusion resistance (Rdiff). 

 

Figure 5.13: The equivalent circuits used for fitting the EIS Bode plots. 

 

Technically, the decrease in coating resistance resulted during the immersion period 

could be attributed to many reasons such as the diffusion of moisture, ions and corrosive 

agents through the coating film toward the coating/substrate interface (Ammar et al., 2016). 

As the time elapsed, the electrochemical responses of all prepared coating systems were 

illustrated in Figure 5.11. Furthermore, Table 5.2 highlights the values of all resistance 

components at this stage on immersion time. Neat epoxy coating (ECH0) demonstrated a 

significant degradation as its respective Bode plot was found to be fitted perfectly with 

Model B of the equivalent circuit and the coating resistance (Rc) value drops to 

approximately 104 Ω cm2. That, in turn, indicates the delamination of the coating upon the 

interface of coating/metal surface and resulted in blister formation and corrosion initiation 

Univ
ers

ity
 of

 M
ala

ya



93 
 

(Ammar et al., 2016). Meanwhile, coating resistance of nanocomposite coating systems 

increased as shown in Figure 5.11 and Table 5.2, which could be explained as the corrosive 

species were prohibited from reaching the coating/metal interface by the coating film. 

  
Table 5.1: Fitted parameter values of the equivalent circuit elements along with the utilised 
model for ECH nanocomposite coatings after 1 days of immersion. 

 

 

Table 5.2: Fitted parameter values of the equivalent circuit elements along with the 
utilised model for ECH nanocomposite coatings after 30 days of immersion. 

 

 
As stated in Table 5.2, ECH0.5 and ECH1.0 exhibit more than 1010 Ω cm2 of Rc 

attributed to the improvement of corrosion protection for the steel substrate probably due 

to the good dispersion of NCHs embedding into the epoxy matrix. 

 

System Rc (Ω cm2) Rct (Ω cm2) 
The equivalent circuit 

model used in fitting EIS 
data 

ENC0 (1.11 ± 0.09) × 106 (2.56 ± 0.34) ×107 A 

ECH0.5 (7.53 ± 0.06) × 107 (1.11 ± 0.02) ×108 A 

ENC1.0 (1.27 ± 0.75) × 107 (1.91 ± 0.26) ×107 A 

ENC1.5 (1.31 ± 0.08) × 106 (1.16 ± 0.06) ×107 A 

System Rc (Ω cm2) Rct (Ω cm2) Rdiff (Ω cm2) 

The equivalent 
circuit model 

used in fitting EIS 
data 

ENC0 (4.55 ± 0.18) × 104 (8.69 ± 0.23) ×105 (7.32 ± 0.98) ×105 B 

ECH0.5 (2.22 ± 0.16) × 1010 (0.59 ± 0.89) ×1010 - A 

ECH1.0 (1.21 ± 0.08) × 1010 (1.19 ± 0.13) ×1010 - A 

ENC1.5 (3.36 ± 0.02) × 109 (2.49 ± 0.23) ×109 - A Univ
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Nevertheless, the higher loading of nanofiller contents is influential to the anticorrosion 

performance of protection coating. The Bode plots of ENC1.5 (Figure 5.11(a)) after 30 

days of measurement resulting in the lowest coating resistance among the nanocomposite 

coating systems. This is due to the aggregation of the epoxy/nanochitosan network chains 

which is contributed by the strong hydrogen bonding of nanochitosan leading to weakening 

the interconnection with epoxy matrix and leading to the creation of small pores at the 

matrices vicinity. As a result, allowing the diffusion of corrosive agents from the permeable 

pores to reach the coating/metal interface.  

Also, the phase angle of ECH coating systems are lower than neat epoxy (Figure 

5.11(b)) due to the occurrence of NCHs agglomeration but more stable corresponds to the 

barrier properties of nanocomposite coatings. This result confirming that the diffusion of 

electrolyte into the coating is delayed by the NCHs. 

The incorporation of nanofiller increased the Rc and the Rct values as shown in Table 

5.2 which in turn contributed to the enhancement of corrosion protection of nanocomposite 

coating systems. Hence, several advantageous can be listed through the obtained EIS 

studies. First, chitosan nanofiller not only improved the quality of the cured epoxy coating 

but also reduced the permeable of the coating matrix resulting in a decrement of porosity 

matrices. Secondly, the deferment of delamination through zigzagged the diffusion path 

by superior properties of the nanofiller against corrosive agents. As a result, leading to 

improved barrier performance of the epoxy coating. Last but not least, the inclusion of this 

spherical nanochitosan improved the of the adhesion of the neat epoxy coating to the 

underlying substrate and enhanced the physiochemical properties of the coating/steel 

interface. 
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In comparison, the nanocomposite coating samples could maintain relatively high 

values of corrosion resistance at low-frequency range throughout the whole period of 

immersion time. However, it was interesting to notice that after 30 days of immersion time 

the Bode plots of all prepared nanocomposite coating systems tend to demonstrate better 

corrosion protection properties comparing to the performance of the same coating systems 

after 1 day of immersion time. This observation can be attributed due to the vital role of 

the NCHs that assist in filling up the diffusion pathways with the assist of the corrosion 

product that resulted from the corrosion reaction after some time of exposure. This 

mechanism could be explained as the electrolyte started to penetrate within the coating 

film and at the time it reached the substrate surface, corrosion reaction started and produced 

corrosion products. These corrosion products together with the incorporated NCHs tend to 

fill the newly produced channels of the electrolyte penetration and block these pathways 

against any more transformation of ions which in turn led to stop the corrosion reaction 

and observing an increment with the resistance values after 30 days of immersion as be 

stated in Table 5.2.      
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CHAPTER 6: DISCUSSION 

In this work, the anticorrosion coatings using epoxy/diamine pre-polymer contains 

nanocellulose (NC) and nanochitosan (NCH) have been implemented. The coating systems 

were employed with the additional of nanocellulose and nanochitosan separately have been 

developed in different ratios. 

The formation of NC and NCH via acid hydrolysis and ionic gelation, respectively, were 

confirmed by the changed in the surface morphology studied by FESEM. Acid hydrolysis 

leads to the isolation of micro and nanofibers with a high degree of crystallinity by 

removing the amorphous regions of the raw cellulose material. Applying this method, a 

negatively charged surface of the cellulose fibers can be obtained, through the esterification 

of hydroxyl groups by the sulphate ions. On the other hand, ionotropic gelation method 

was used to prepare nanochitosan with the presence of tripolyphosphate (TPP) but was 

protonated in phosphoric acid for -NH3
+ formation. It is known that under acidic 

conditions, there is electrostatic repulsion between chitosan molecules due to the 

protonated amino groups of chitosan, meanwhile, there also exist interchain hydrogen 

bonding interactions between chitosan molecules. The size reduction of raw MCC and CHI 

were further characterised by XRD spectra. The disappearance of the peak decreased in 

intensity and increased broad shoulder showing the amorphous nature of nanofiller as they 

are originally polysaccharide polymer in nature. Moreover, the chemical compound of 

nanofiller shown by FTIR spectra that there are no changes of existence peak for NC and 

NCH. This confirmed the chemical bonding of the same as raw material that not affected 

by preparation methods. However, the decrease of peak intensity shows the size reduction 

of the particle.  
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Also, the surface morphology and structure of nanocomposite coating systems were 

studied by FESEM, XRD and FTIR. FESEM images show the surface cross-section with 

and without nanofiller. The agglomeration in nanocomposite systems is quite challenging 

to avoid as it increased with the additional load, strongly due to the forming of hydrogen 

bonding in the network chain (Rafieian & Simonsen, 2015). This undesirable 

agglomeration causes the nanofiller lose their large surface area and might affect the 

properties of coating (Gaur & Khanna, 2015).  

On the other hand, XRD and FTIR spectra clearly show the composition results in 

nanocomposite coating systems. As much as, 2.0 wt.% of highest nanofiller loading 

relatively shown in XRD spectra that not much different as neat epoxy indicated the 

amorphous nature of coating system (Pan et al., 2012). The crosslinking between 

nanofiller, epoxy/diamine and epoxy resin were identified by FTIR with the evidence of 

C=C stretching, CH2 stretching and wagging and C-O-C stretching clearly seen in the 

spectra. 

The thermal analyses of nanocomposite systems were evaluated by TGA and DSC 

clearly, explains the increase of the thermal stability relatively to the neat coating. The TG 

curve of all coating systems is a smooth curve with only one weight loss step and that there 

is only one peak on the DTG curve, indicating that the thermal degradation of 

nanocomposites in a nitrogen atmosphere is simple and is a one-step reaction. Thermal 

decomposition of neat epoxy is considered as one step stage as reported by Ammar et al., 

2016c which is due to dehydration, depolymerization and decomposition of the glycosyl 

unit accompanied by char formation. The little change of the initial degradation 

temperature in nanocomposite systems signified the overall thermal stability. 
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DSC is used to study the thermosetting behaviour of nanocomposite coating system by 

determining the glass transition temperature (Tg). Tg of nanocomposite systems was higher 

than neat epoxy attributed to the adherence behaviour of nanofiller incorporation. The 

increase of Tg value indicates the good incorporation of nanofiller in the epoxy matrix 

through their mobility interaction physically or chemically. However, the Tg trend 

significantly decreased up to 1.0 wt.% of nanofiller contents, this may due to the 

aggregation in the crosslinking of the network chains. Thus, the exceeding of optimum 

nanofiller contents possibly to reduce physical properties of the coating.  

The transparency of the nanocomposite films was examined by UV−vis transmission 

spectroscopy. Apparently, incorporation of biopolymer nanofiller increased the 

transparency of coating film, which means the nanocomposite film has the capability of 

transmitting light. The purpose of having transparent coating film is to obtain a clear image 

on material surface that can see by naked eyes. This show that biopolymer nanofiller has 

the effect in which allowing light passing through the films or might be due to the size of 

particle which able to scatter light and produce transparent films. However, this case is not 

that simple because light scattering is depending on the refractive index (Xu et al., 2013), 

that is, the difference between the nanofiller and pre-polymer. Subsequently, the optical 

transparency of these nanocomposite films was decreased significantly due to the 

agglomeration of those nanofillers incorporation (Cross et al., 2013; James et al., 2012). 

The transmittance of nanocomposite systems was reduced with the increase of the content 

of nanofillers, but all nanocomposites still retained more than 60 % of transparency. Thus, 

the elimination of nanocomposite films transparency percentage due to the agglomeration 

of nanofillers and the particle size of filler.  

Electrochemical impedance spectroscopy (EIS) was employed with two type of 

equivalent circuit consists Rs as solution resistance, the coating resistance (Rc), CPEc as the 

constant phase element of coating capacitance, the charge transfer resistance (Rct) and 
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CPEdl as the constant phase element of double layer capacitance. Then an extended 

equivalent circuit of which consists of CPEdiff is the constant phase element of diffusion 

capacitance and diffusion resistance (Rdiff). 

Anticorrosion behaviour was studied by EIS and tested in the 3.5 wt.% NaCl medium 

for 30 days. All nanocomposite coating systems have enhanced the protection properties 

compared the coatings without nanofiller incorporation. These results were confirmed with 

the increased of coating resistance and charge transfer resistance. Moreover, incorporation 

of NC and NCH also decreased the rate of corrosion due to their strong intercalation 

bonding with epoxy matrix delaying the diffusion flow. By their high surface area 

properties with smaller size, these nanofillers were able to fill the free volume spaces in 

the coating/metal interface which mean protection also occur at the underlying coating. 

It is interesting to note that NC and NCH were previously reported to alter the 

mechanical and thermal properties of epoxy resin as well (Cross et al., 2013; Dehnad et 

al., 2014; Dutta et al., 2004; Rafieian & Simonsen, 2015). Generally, pigment with macro- 

or micro- grain sizes was used incorporation with protective coating as corrosion inhibitor 

and resulted improve in its physical properties rather than chemical due to the mechanically 

strengthening of the coating film (Musil, 2000; Navarchian et al., 2014; Polcar et al., 2007; 

Stratmann et al., 1994; Zubielewicz & Gnot, 2004). Hence, long-term anticorrosive 

performance can be achieved with the improvement of the dispersion method either 

mechanical or sonication in the epoxy matrix. 
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CHAPTER 7: CONCLUSION AND RECOMMENDATION 

The obtained results indicated that the deposition of biopolymers can successfully 

modify the anticorrosion performance on mild steel surface. The addition of biopolymer 

nanofiller into epoxy/diamine pre-polymer improved the coating properties without 

worsening their optical properties and these improvements can be attributed to the 

thermophysical characteristics of the biopolymers used. It is worth mentioning that the 

thickness of the coatings was 60 ± 5 µm.  

The results obtained are concluded as follows; 

1. This study reported the preparation of anticorrosive reagent from the raw 

biopolymer resource, that is, cellulose and chitosan. Cellulose was treated via acid 

hydrolysis to obtain nanocellulose (NC) in form of powder, whereas, chitosan was 

hydrolyzed with phosphoric acid before undergone ionotropic gelation method to 

obtain nanochitosan (NCH). Both biopolymer nanofillers were then used to 

develop an organic coating against corrosive environment. 

2. NC and NCH in powder form acted as reinforcement nanofiller in epoxy/diamine 

pre-polymer solution. The effect of the reinforcement nanofillers on the corrosion 

protection properties of the epoxy/diamine coatings was studied.  

3. The results showed that embedding the nanofiller into the epoxy/diamine pre-

polymer enhanced not only the physical and chemical properties but also in 

thermal and optical properties.  

4. The TIDT and Tg increased as the content of nanofiller increased, corresponding to 

the thermal stability of nanocomposite coating relative to the neat coating. This 

indicated that the water content and thermal stability were not degraded and thus 

show the improvement of epoxy/diamine matrices with the presence of nanofiller. 
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5. The transparency of the film coating decreased with higher nanofiller loadings 

into the epoxy matrices due to aggregation of nanofiller. These results are worthy 

of further investigation in future studies.  

6. EIS studies were performed with immersion in a 3.5 % NaCl solution up to 30 

days to investigate the corrosion protection performance and the barrier properties 

of all the developed coating systems. The results of EIS studies revealed the 

ability of nanofiller to alter the corrosion protection performance of the coating 

film. Higher impedance values were recorded for the coating systems that contain 

NC even after 30 days of immersion time.  

7. The best barrier properties and the most pronounced enhancement over the 

corrosion protection performance were observed for the 1.0 wt.% NC and 0.5 

wt.% NCH coating systems. 

8. The nanofiller incorporated into the epoxy matrices helped to improve their 

properties physically and chemically. In that regard, epoxy/nanocellulose and 

epoxy/nanochitosan nanocomposite coatings enhanced the barrier properties as 

anticorrosion protection. 

9. Overall, these results indicated that the nanocomposite or another type of polymer 

nanocomposite might support the assertion that such structure-property 

relationships can be applied in a broad range of applications in the future. 

Faced with these encouraging results, some other possibilities for improvement on the 

incorporation of active additives in the film formulation such as scratch-resistant, 

hydrophobic or antimicrobials to produce an active pre-polymer that interacts with the steel 

surface. Moreover, looking forward to industrial scale, intensive research need to be carried 

out fast cured coating instead for seven days curing time without damaging the material 

surface. 
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