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Abstract 
 

Cellulose nanocrystal (CNC), a rod-shaped nanoscale material isolated from the 

most abundant cellulose, has attracted a considerable research interest because of its 

distinct advantages including biocompatibility, biodegradability, lightweight, high 

tensile strength, stiffness and aspect ratio and low toxicity.  

 

This project aims to develop the synthetic methodology to prepare CNC-based 

composite particles and explore the potential application for enhancing mechanical 

properties of the epoxy resin. The CNC/polymer particles have been synthesized 

through a graft copolymerization of methyl methacrylate (MMA) from the 

chitosan/CNC complex through an emulsion polymerization. Material properties such 

as chemical composition, particle size and size distribution, as well as morphology have 

been carefully characterized using various advanced analytical techniques. Potential 

application of the PMMA/CTS-CNC composite particles for enhancing mechanical 

performances of the epoxy resin has been explored. Results show that the composite 

particles can improve the toughening performance of the epoxy as compared to those 

PMMA/CTS particles and pure CNCs. Thus, this type of CNC-based composite particle 

is a promising epoxy toughening agent.  

 

Chapter one introduces properties of cellulose nanocrystals and CNC-based 

nanomaterials. Fabrication methods of the CNC/polymer are reviewed. This chapter 

also describes the amphiphilic core-shell particles developed by Professor Pei Li’s 

group including formation mechanism and properties. Finally, current toughening 

methods of epoxy resins using nanofillers and their toughening mechanisms are 

discussed. 
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Chapter Two presents the rationale for the synthesis of the CNC-based composite 

core-shell particles and its potential use in epoxy toughening. Specific objectives of this 

project are listed in detail. 

 

Chapter three focuses on the synthesis and characterization of CNC-based 

composite particles. The particles were synthesized through a two-stage reaction: 1) 

Preparation of CNC/chitosan complexes through an electrostatic interaction and a 

hydrogen bonding; 2) Free-radical polymerization of MMA from the chitosan/CNC 

complexes, generating PMMA/CTS-CNC core-shell particles. Properties of CNC, 

CNC/chitosan complexes and composite particles were systematically investigated 

using Fourier transform infrared spectroscopy (FT-IR), dynamic light scattering (DLS), 

ξ-potential, X-ray diffraction (XRD) and scanning electron microscopy (SEM). The 

CNCs have rod-like morphology with an average particle dimension of 202.9±34.5 nm 

in length and 18.1±5.4 nm in diameter, giving rise to an aspect ratio (L/d) of around 

11.2±2.8. The measured ζ-potential of CNCs is -35.3 ±5.3 at pH 4.5, due to the presence 

of sulfuric acid groups on the surface of CNC. XRD results show that the CNC has high 

crystallinity (crystallinity index = 81.2 %). Complexation between the negatively 

charged CNCs and positively charged chitosan was carefully investigated through 

varying the CNC to chitosan weight ratios. Increasing the CNC to chitosan ratio 

resulted in increasing the complexed size and size distribution, as well as decreasing 

the positive surface charges of the particles.  

 

The CNC-based composite particles were then synthesized using MMA to CTS 

weight ratio of 4:1. Stable emulsions of the PMMA/CTS-CNC particles with high 

monomer conversations (> 90% ) were obtained. Chemical structure of the 

PMMA/CTS-CNC particles was identified by the FTIR. The hydrodynamic diameter 
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of composite particles vary from 230 to 290 nm with different CNC contents in particles, 

and have narrow particle size distributions (PDI <0.1). Scanning electron microscopy 

(SEM) images reveal that resulting composite particles have an oval-shaped 

morphology with an aspect ratio (length/width) of 1.34. The results indicate that the 

presence of CNC can influence the particles shape formation. AFM images further 

illustrate the unique morphology of PMMA/CTS-CNC composite particles. XRD 

profile detects two characteristic peaks of CNCs, confirming the presence of CNC in 

the resulting composite particles. 

 

Chapter Four explores the application of CNC-based composite particles in 

enhancing epoxy mechanical properties. The CNC-based hybrid particles show 

improved mechanical properties including the strain, strength, Young’s modulus and 

toughness of epoxy composites.  

 

The last chapter provides conclusions of this thesis work and recommendations 

for further study. Significance and implications made in this project were also 

highlighted.  

 

  



vi 
 

List of Publications 

Conferences and Symposia 

1. Yiwa Wang, Cheng Hao Lee, Yuan Yao, Pei Li*. “Developing of Novel Cellulose 

Nanocrystal/Polymer Core-Shell Particles as a Renewable Biomaterial”. Abstract of 

Papers, International Polymer Colloids Group (IPCG) Research Conference, Spain, 

June 25-30,2017. 

  



vii 
 

Acknowledgement 

 

Firstly, I would like to express my sincere gratitude to my supervisor, Professor 

Pei Li, for her kind supervision and support during my MPhil study. Her remarkable 

leadership, creative ideas and professional guidance made my study a valuable 

experience. Thanks to her I had the opportunity to study at the Hong Kong Polytechnic 

University and worked in a professional chemical laboratory.  

I would like to thank all the members in Prof. Li’s group, including Dr Yongzheng 

Ma, Dr. Jinfeng Liao, Dr Wenbei Situ, Dr. Lianghui Chen, Miss Suqin Tan, Miss 

Liangyu Zhou, Mr. Koster Ng and Miss. Joyce Luo. I especially thank Dr Yuan Yao for 

helpful discussion and inspiration in many ways. I would like to acknowledge Dr. 

Cheng Hao Lee for his help with the XRD and AFM measurements throughout my 

research project. 

Thanks to the financial support from The Hong Kong Polytechnic University for 

my two-year postgraduate study. 



viii 
 

Table of Contents 

Certificate of Originality ............................................................................................. ii 

Abstract ....................................................................................................................... iii 

List of Publications ..................................................................................................... vi 

Acknowledgement ...................................................................................................... vii 

Abbreviation and Symbols ........................................................................................ xii 

 

Chapter 1   Introduction ........................................................................................... 1 

1.1 Cellulose nanocrystals (CNCs) ................................................................ 1 

1.1.1  Introduction to cellulose ....................................................................... 1 

1.1.2  Cellulose nanocrystal ........................................................................... 3 

1.1.3  Properties of cellulose nanocrystals ..................................................... 6 

1.1.3.1  Dispersion and self-assembly in solvent ................................... 6 

1.1.3.2  Optical properties ...................................................................... 8 

1.1.3.3  Mechanical and crystal properties ........................................... 12 

1.1.4  Nano-reinforcer in composite materials ............................................. 13 

1.1.4.1  Processing techniques ............................................................. 13 

1.1.4.2  Reinforcement of CNCs .......................................................... 14 

1.2 Amphiphilic core-shell polymer particles .............................................. 18 

1.3  Toughening epoxy resins ............................................................................. 21 

1.3.1  Epoxy resin ......................................................................................... 21 

1.3.2  Current methods to toughen epoxy resins .......................................... 23 

1.3.2.1  Use of elastomers .................................................................... 24 

1.3.2.2  Use of inorganic nanoparticles ................................................ 25 

1.3.2.3  Use of block copolymers ......................................................... 27 

1.3.2.4  Analysis of toughening mechanisms ....................................... 28 



ix 
 

1.3.3  Factors influencing the epoxy toughness using nanofillers ............... 34 

1.3.3.1  Volume fraction of fillers ........................................................ 34 

1.3.3.2  Filler particle size .................................................................... 37 

1.3.3.3  Modulus and strength of fillers ............................................... 39 

1.3.3.4  Resin-filler adhesion ............................................................... 40 

 

Chapter 2   Rationale and Objectives .................................................................... 42 

2.1  Research Rationale ...................................................................................... 42 

2.2  Objectives .................................................................................................... 43 

 

Chapter 3   Synthesis and Characterization of CNC/Polymer Hybrid Particles

 ..................................................................................................................................... 44 

3.1  Experimental ................................................................................................ 44 

3.1.1  Materials ............................................................................................. 44 

3.1.2  Characterization of the physical and chemical properties of CNCs .. 44 

3.1.3  Studies of chitosan/CNC complexes in various weight ratios ........... 45 

3.1.4  Synthesis of PMMA/CTS-CNC hybrid particles ............................... 45 

3.1.5  Characterization of CNC hybrid particles .......................................... 47 

3.1.5.1  Chemical composition ............................................................. 47 

3.1.5.2  Particle size and ξ-potential measurement ............................. 47 

3.1.5.3  Particle morphologies .............................................................. 49 

3.1.5.4  Crystallinity of particles .......................................................... 50 

3.2  Results and Discussions .............................................................................. 50 

3.2.1  Properties of cellulose nanocrystal .................................................... 50 

3.2.2  Properties of chitosan/CNC complexes ............................................. 56 

3.2.2.1 Particle size and ξ-potential measurement ................................ 57 



x 
 

3.2.2.2 Morphologies of CTS/CNC complexes ..................................... 59 

3.2.3  Synthesis of CNC-based hybrid particles .......................................... 61 

3.2.3.1  Chemical composition ............................................................. 62 

3.2.3.2  Particle size and ξ-potential of the composite particles .......... 63 

3.2.3.3  Particle morphologies .............................................................. 64 

3.2.3.4  Crystallinity of particles .......................................................... 67 

3.3  Conclusions ................................................................................................. 68 

 

Chapter 4   Application of CNC-based nanoparticles in enhancing mechanical.  

properties of epoxy .................................................................................................... 70 

4.1  Experimental ................................................................................................ 70 

4.1.1  Materials ............................................................................................ 70 

4.1.2  Preparation of reinforced epoxy composites using CNC-based hybrid 

particles ......................................................................................................... 71 

4.1.2.1  General fabrication procedures ............................................... 71 

4.1.2.2  Effect of different types of nanofiller ...................................... 73 

4.1.3  Tensile test ......................................................................................... 73 

4.2  Results and Discussion ................................................................................ 74 

4.2.1  Effect of types of nanofillers ............................................................. 74 

4.2.1.1  Effect of CNC .......................................................................... 74 

4.1.1.2  Effect of PMMA/CTS particles ............................................... 77 

4.1.1.3  Effect of PMMA/CTS-CNC hybrid particles .......................... 80 

4.2.2  Studies of fractured surfaces of the hybrid particle-reinforced epoxy

 ....................................................................................................................... 86 

4.3  Conclusions ................................................................................................. 92 

 



xi 
 

Chapter 5   Conclusions and Future Study ........................................................... 95 

5.1 Conclusions .................................................................................................... 95 

5.2  Recommendation for future study ............................................................... 96 

5.2.1  Synthesis and characterization of CNC-based particles with different 

CNC content in particles ............................................................................... 96 

5.2.2  Evaluation the particles/epoxy composites using Dynamic mechanical 

thermal analysis (DMTA) .............................................................................. 96 

5.2.3  Developing the model studies for the particles/epoxy composites and 

making a comparison of theoretical prediction with the experimental results.

 ....................................................................................................................... 97 

References ................................................................................................................... 98 

 



xii 
 

Abbreviation and Symbols 
 

Symbol     Description 

Np         Nanoparticles 

CNC       Cellulose nanocrystal 

CTS       Chitosan 

MMA      methyl methacrylate 

H2O2      Hydrogen peroxide 

FT-IR      Fourier transform infrared 

DLS       Dynamic light scattering 

SEM      Scanning electron microscopy 

XRD      X-ray diffraction spectroscopy 

AFM      Atomic force microscope 

W        Weight 

V         Volume 

w.t.%      Weight percentage 

 

 



1 
 

Chapter 1  

 

Introduction 

This chapter introduces the properties and mechanical behaviors of cellulose 

nanocrystals (CNCs) and CNC-based nanomaterials. It also describes mechanical 

behaviors of CNC-filled polymeric matrix and the amphiphilic core-shell nanoparticles. 

Current toughening methods for epoxy resin are also reviewed. Finally, the main factors 

that influence the toughness of epoxy resins are presented.  

 

1.1  Cellulose nanocrystals (CNCs) 

1.1.1  Introduction to cellulose 

Cellulose is the most abundant biopolymer on earth with a global production of 

1.5 x 1012 tons per year. It is widely distributed in plants, animals, fungi, algae and 

minerals (see Figure 1.1) [1]. As a renewable and biodegradable raw material, cellulose 

can be used in various fields such as paper, food, clothing and construction et al. 
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Figure 1.1. Major cellulose sources: (a) hard wood, (b) bamboo, (c) cotton, (d) sisal, 

(e) tunicine, (f) gluconacetobacter xylnum [1]. 

  

Cellulose is a carbohydrate polymer which consist of repeating units of two β-D-

glucopyranose units linked together through β-1-4 glucosidic bond that results in an 

alternate turning of cellulose chain axis by 180o. The chemical structure is shown in 

Figure 1.2. The molecular weight of cellulose ranges from 10000 to 15000 for the repeat 

unit (C6H10O5)n with different extraction sources.  

 

Figure 1.2. The chemical structure of cellulose, which consists of monomers jointed 

together by glycosidic oxygen bridges [2]. 



3 
 

The linear configuration of cellulose is attributed to the interchain hydrogen 

bonding. The hydrogen bonding can be formed in various states, such as blends, gels, 

amorphous and liquid crystal by using regioselectivity substituted methylcellulose like 

2,3-di-O-methylcellulose and 6-O-methylcellulose as cellulose model compounds [3]. 

The bonds are generated between adjacent cellulose molecules located along the (002) 

plane in the crystal lattice of cellulose I (native cellulose), mainly between the oxygen 

atom in C3 and the OH at C6. Besides, the cellulose I and cellulose II organize different 

bonding systems as illustrated in Figure 1.3a and b. Because of the intermolecular 

hydrogen bond between the OH groups of C6 and C2 of another chain, the 

intramolecular bonding of OH in C2 is avoided and an intermolecular hydrogen bonds 

of OH–C2 to OH–C2 of the next chain are formed.  

 

 

Figure 1.3. Scheme of hydrogen bonding formed between (a) cellulose I and (b) 

cellulose II [4]. 

 

1.1.2  Cellulose nanocrystal 

Cellulose Nanocrystal (CNC) is a kind of renewable nanoscaled material that is 

mainly produced by acid hydrolysis from cellulose-rich sources. Figure 1.4 shows the 
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extraction processes of CNC from raw materials, which involves acid permeation into 

the cellulose fibers, resulting in decomposing their amorphous domains. The glyosidic 

bonds of cellulose chains are broken up to form rob-like cellulose nanocrystals [5]. 

Therefore, acid hydrolysis is an effective method to rapidly decrease in the degree of 

polymerization.  

 

 

Figure 1.4. The extraction process of cellulose nanocrystals. (a) Structural   hierarchy 

of the cellulose fiber component from the tree to the anhydroglucose molecule. (b) 

Preparation of nanocrystals through acid hydrolysis of cellulose microfibrils [6]. 

 

A variety of acids used to extract CNCs from cellulose-rich sources have been 

reported such as sulfuric acid, hydrochloric acid, hydrobromic acid, hydrogen peroxide, 

phosphoric acid and maleic acid [7]. Different acids can introduce various functional 

groups on the CNCs surface as shown in Figure 1.5. Sulfuric acid is the most commonly 

used for isolation of CNCs and introduces sulfate ester groups. The sulfated CNCs 
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possess negative charges from the dissociated surface sulfate groups (pKa= 2.46) [8] 

with high colloidal stability in water due to the electrostatic repulsion forces. 

Hydrochloric acid generates hydroxyl groups, resulting in neutral CNCs. Thus, 

hydrochloric acid- hydrolyzed CNCs often easily undergo self-aggregation.  

 

 

Figure 1.5. Functionalized CNC chemistries by different acids [9]. 

 

The cellulose sources can influence the size, crystallinity index (CRI) and yield of 

CNCs. Leung et al. prepared CNCs via ammonium persulfate (APS) oxidation [10]. 

Different cellulosic materials were heated to 60 °C in 1 M APS for 16 h with vigorous 

stirring. The reaction time was substrate-dependent, ranging from 3 h for bacterial 

cellulose to 16 h for complex substrates. Table 1.1 shows that size, CRI and yield of 

CNCs are varied based on the isolation sources.  

 

 

 

 

 

 

Table 1.1 The dimensions, crystallinity index (CRI) and yield of CNCs isolated from 
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various cellulosic materials [10] 

CNC Source Length (nm) Diameter (nm) CRI (%) Yield (%) 

Flax 144±5 3.8 ± 0.1 75 28 

Flax shives 296±16 5.1 ± 0.1 64 22 

Hemp 148±3 5.8 ± 0.1 73 36 

Triticale 134 ± 5 4.2 ± 0.1 73 31 

MCC 128 ± 4 5.5 ± 0.1 83 65 

Whatman paper 121 ± 3 6.7 ± 0.3 91 81 

Wood pulp 124 ± 6 6.0 ± 0.2 81 36 

Bacterial 

Cellulose 

88 ± 5 6.5 ± 0.2 70 14 

 

1.1.3  Properties of cellulose nanocrystals 

1.1.3.1  Dispersion and self-assembly in solvent 

The colloidal stability in CNC suspension highly depends on electrostatic 

interactions which is in turn affected by the surface functional groups. Owing to the 

hydrophilic nature and high surface area, strong inter-molecular hydrogen bonds cause 

CNC aggregation. To improve the dispersibility of CNCs, various surface modification 

methods have been developed to covert surface hydroxyl groups to other functional, 

thus weakening the hydrogen bonding. Figure 1.6 shows the chemistry of surface 

modification methods: (1) sulfuric acid introduces sulfate ester, (2) carboxylic acid 

halides create ester linkages, (3) acid anhydrides provide ether linkages, (4) epoxides 

provide ether, (5) isocyanates create urethane linkages, (6) TEMPO-mediated oxidation 

provides carboxylic acids, (7) acetic acid introduces carboxymethyl group, (8) 

chlorosilanes create an oligomeric silylated layer [6]. 
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Figure 1.6. Chemistry surface modification methods: (1) sulfuric acid introduces 

sulfate ester, (2) carboxylic acid halides create ester linkages, (3) acid anhydrides 

provide ether linages, (4) epoxides provide ether, (5) isocyanates create urethane 

linkages, (6) TEMPO-mediated oxidation provides carboxylic acids, (7) acetic acid 

introduces carboxymethyl group, (8) chlorosilanes create an oligomeric silylated layer 

[6]. 

 

Some solvents were also reported to weaken the intermolecular bonding between 

CNCs. Chang et al. investigated the mechanism of dispersity CNCs into H2O, DMF 

and H2O /DMF co-solvent [11]. The N atoms in the DMF structure can form new 

hydrogen bonds with hydroxyl groups of CNCs, providing better CNC dispersibility. 

 

1 

2 

3 

4 
5 

6 
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8 
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Figure 1.7. Proposed mechanism to disperse CNC into H2O /DMF co-solvent (Black 

bars, CNCs; Red spheres, H2O; Green spheres, DMF) [11]. 

 

1.1.3.2  Optical properties 

Liquid crystal behavior is expected of any asymmetric rob-like and plate-like 

particles. Due to their stiffness and aspect ratio, CNCs can be considered as rigid-rods, 

and therefore, one could expect nematic behavior where the rods align under certain 

conditions. CNC suspension is isotropic and CNC particles are randomly oriented at 

low concentration. When reaching the critical concentration, CNC particles have a 

helical twist behavior along the long axis (Figure 1.8a), which results in a chiral nematic 

phase of CNC suspension (Figure 1.8b).  
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Figure 1.8. Schematic representation of a) screw-shape packing of CNC due to the 

helical twist [9] and b) chiral nematic ordering in CNC suspension and the half-helical 

pitch P/2 (∼150–650 nm) [12]. 

 

Chiral-nematic phases are usually applied for optical materials with two strategies. 

(1) When the ordered CNCs are dried slowly, the chiral-nematic structure can be 

preserved to result in iridescent films. (2) Templating the liquid crystalline CNCs into 

inorganic materials makes renewable materials. For example, MacLachlan et al. 

prepared a series of silica optronic films from CNCs with iridescent colors as shown in 

Figure 1.10 [12]. 

 

b) 



10 
 

 

 

Figure 1.9. Schematic illustration of the chiral nematic structures of CNCs and their 

utilizations. (a) The chiral nematic phases of CNC and the SEM image of CNC helix 

fractures. (b) The produced iridescence films. (c) Titanium dioxide was incorporated 

into CNCs for making novel porous films [13]. 

 

When an unpolarized light enters CNC suspension, the light would be divided into 

two beams and vibrated into two perpendicular planes. Therefore, birefringence 

behavior of CNC appears after passing through two crossed polarizers. In addition, 

birefringence is an indicator to assess the dispersibility of CNCs in solvents [14]. Otto 

et al. evaluated the sulfate-CNC dispersibility in different solvents by birefringence 

phenomena and the results are shown in Table 1.2 [15]. The sulfate-functionalized 

CNCs were prepared by sulfuric acid hydrolysis of pulp derived from tunicates with 

negative surface charge. Figure 1.10 shows birefringence-based dispersibility tests in 

water, DMF, DMSO, N-methyl pyrrolidone, formic acid, and m-cresol.  
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Figure 1.10. Acid hydrolysis of CNC suspensions in water, freeze-dried, re-dispersed 

in water, DMF, DMSO, N-methyl pyrrolidone, formic acid, and m-cresol from left to 

right viewed through crossed polarizers.[15] 

 

Table 1.2  Summary the CNC dispersibility of CNC in polar solvents [15] 

Solvent Dispersibility of CNCs 

water ++ 

N,N-dimethyl formamide + 

dimethyl sulfoxide + 

N-methyl pyrrolidone ++ 

formic acid ++ 

m-cresol ++ 

“++” means dispersed after 6 h. 

 “+” meaning dispersed after 24 h of sonication at 60 °C. 

 

Size, shape, dispersity, surface charge of CNCs and external stimulation have 

strong effect on the birefringence behaviors and ordering. Dong et al. [16] investigated 

the effect of ionic strength on the isotropic-chiral nematic phase transition of 

suspensions of CNCs using different concentrations of acid hydrolyzed CNCs. Figure 

1.11 shows that the anisotropic phase increased with increasing CNCs suspension 

concentrations from 5.78 to 8.78%.  
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Figure 1.11. Image of CNC suspensions in different concentrations (CNC 

concentrations are 8.78, 7.75,6.85,5.78% from left to right) as viewed through crossed 

polarizers [16]. 

 

1.1.3.3  Mechanical and crystal properties 

Theoretically, crystallinity (mass ratio of crystalline domains to the nanocrystals) 

is relate to the stiffness of CNCs. Nanoparticles with high crystallinity have good 

mechanical properties. The crystalline structure of CNCs depends on the van der Waals 

and hydrogen bonding between the adjacent hydroxyl groups to form an ordered 

crystalline structure. Limited by the incomplete removal of amorphous regions, the 

degree of crystallinity is often in the range between 54 and 88% for CNCs [9]. 

The elastic modulus of CNCs has been investigated by theoretical evaluation, 

wave propagation, XRD, Raman spectroscopy and AFM and the reported values are 

summarized in Table 1.3. These values have a broad range owing to the different 

crystallinity fraction of CNCs 

The most impressive feature of CNC is its excellent mechanical property, 

especially for the high strength to weight ratio. The typical Young’s modulus of CNC 

is 100-130 GPa with a density of 1.5-1.6 g/cm3, which is much higher than that of glass 

fiber, whose modulus is 70 GPa with 2.6 g/cm3 density. The CNC has similar modulus 
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with Kevlar (60-125 GPa with density of 1.45 g/cm3) and is potentially stronger than 

steel (200-220 GPa with density of 8 g/cm3) [5]. 

 

Table 1.3 Longitudinal modulus (EL) of CNCs 

Material Technique EL (GPa) 

Cellulose I Calculation 77-121 

Cellulose II Calculation 155 [17] 

Cellulose Iβ Calculation 136-155 [18] 

Cellulose Iβ Calculation 156 at 300K; 117 at 500 K [19] 

Cellulose I (Ramie fibers) XRD 122-135 [20] 

Cellulose II (Fortisan H fibers) XRD 70-90 [21] 

Cellulose I Raman 57-105 [22] 

Cellulose Iβ Raman 143 [23] 

Wood AFM 18-50 [24] 

Acid hydrolyzed Cellulose Iβ AFM 150 [25] 

 

1.1.4  Nano-reinforcer in composite materials 

1.1.4.1  Processing techniques 

The choice of processing techniques would significantly influence the properties 

of the resulting composites. Three processing including electrospinning, casting-

evaporation, and layer-by-layer assembly have been developed to homogeneously mix 

CNCs with polymeric matrix. 

 Electrospinning is a method of preparing composite fibers from 100 nm to 

micrometers. In this processing, CNCs are first dispersed into the suitable solvent and 

then mixed with the polymer solution. In general, the polymer/CNC suspension is 

placed in an insulated syringe with a metallic needle under 10-30 kV voltage and certain 
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pressure, a jet of solution is accelerated out. However, the dispersion of CNCs is a 

challenge. Electrospun CNCs in water soluble polymers such as PEO [26] and PVA [27] 

have been reported to result in fibers with diameters in the nanoscale range. Casting-

evaporation has been widely used for the preparation of CNC/polymer composites. By 

controlling the CNC/polymer ratio, different compositions (0/100 to 100/0) can be 

prepared. In general, this processing cannot achieve a scale-up production as it is 

limited by inherent incompatibility and thermal stability of CNC. Layer-by-layer 

deposition is also used to produce CNC-based composites [28]. Positively and 

negatively charged samples are sequentially absorbed by alternatively dipping into the 

solution.  

 

1.1.4.2  Reinforcement of CNCs 

To improve the mechanical properties of CNC/polymer nanocomposites, CNCs 

distribution in the polymer matrix, and interfacial interaction between the CNCs and 

polymer matrix are important. When CNCs are welled dispersed in polymer matrix and 

have a good interaction with polymer, the polymer matrix could be able to effectively 

transfer applied load to the strong reinforcement phase [29]. Mechanical properties of 

the CNC reinforced polymer nanocomposites improves due to the CNCs stiffening 

effect at low concentration. The CNC modified polymer matrix obtain both stiffness 

and increased toughness (Figure 1.12).  
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Figure 1.12. Schematic of stress–strain curves of nanocellulose, polymer matrix, and 

polymer nanocomposite [29]. 

 

Figure 1.13 compares the Young’s modulus of crystalline cellulose Iβ, cellulose 

nanocrystal reinforced polymer matrix composites, and cellulose nanocrystal neat and 

modified composite films with other materials. Cellulose nanocrystals have high axial 

properties (E ∼ 150 GPa), which are fully exploited in CNC neat films and composites. 

Therefore, CNC is a good candidate for reinforced nanocomposites.  
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Figure 1.13. Young’s modulus verses density diagram showing crystalline cellulose Iβ 

(axial and transverse directions) regions, BC neat and modified/composite films, CNC 

neat or modified/composite films of various cellulose particle types (CNC, t-CNC, 

MFC, and NFC), and CNC reinforced polymer matrix composites (less than 30 wt% 

CNC) [9]. 

 

The chemically modified CNCs improves their compatibility in polymer matrix, 

providing effective reinforcement effects to polymeric matrix. Etzael et al. studied the 

effect of surface modified cellulose nanowhiskers (CNW) and pure CNW on the 

mechanical properties of poly(lactide)- based nanocomposites [30]. The sulphuric acid 

hydrolyzed- CNW was modified by chemically grafting n-octadecyl isocyanate (ICN). 

Figure 1.14 shows the casting-evaporating composite films made from PLA/CNW and 

PLA/CNW-ICN. Visual examination of the composites showed that the 2.5 wt% CNW 

and CNW-ICN were well-dispersed in the PLA matrix. The transparency of these 
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composites was close to that of pure PLA films. With increasing of CNW and CNW-

ICN contents, unmodified CNWs were aggregated and a granular structure appeared in 

the matrix, while no aggregates presented into PLA/CNW-ICN composites and the 

films Therefore, the improved compatibility of CNW and PLA can be confirmed after 

making suitable modification.  

 

 

 

Figure 1.14. Photographs of PLA films reinforced with unmodified CNWs at (a) 0, (b) 

2.5, (c) 7.5, (d) 15 wt% content and with chemically modified CNWs at (e) 2.5, (f) 7.5 

and (g) 15 wt% content [30]. 

 

The mechanical properties of prepared films were examined and results are shown 

in Table 1.4. The neat PLA film was brittle and the addition of non-compatible CNW 

decreased the tensile strength and elongation, while the strength and elongation 

increased with the loading of CNW-ICN. The best reinforcement results were achieved 

at 2.5 wt% CNW-ICN. The results can be explained by the dispersibility and 

compatibility of CNW in the PLA matrix.  

 

 

 

(I) (II) 
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Table 1.4 Dynamic mechanical analysis of PLA films [30] 

Sample Tensile strength (MPa) Elongation at break (%) 

PLA 40 ± 1 4.3 ± 0.3 

PLA/CNW 2.5% 40 ± 1 5.3 ± 0.6 

PLA/CNW 7.5% 32 ± 2 4.0 ± 0.8 

PLA/CNW 15% 15 ± 1 3.4 ± 0.4 

PLA/CNW-ICN 2.5% 51 ± 2 5.6 ± 1.2 

PLA/CNW-ICN 7.5% 44 ± 1 5.4 ± 0.3 

PLA/CNW-ICN 15% 47 ± 2 7.7 ± 0.9 

 

1.2  Amphiphilic core-shell polymer particles 

The synthesis of amphiphilic core-shell particles has been developed by Li’s group 

which involves graft copolymerization, self-assembly and emulsion polymerization. 

The mechanism of particle formation has been well studied and the reaction scheme is 

shown in Figure 1.15. Alkyl hydroperoxide (ROOH) first interacts with the amino 

groups on the water-soluble polymer and forms a redox pair. Amino radical and alkoxyl 

radical are formed by subsequent electron transfer and loss of a proton. The resulting 

amino radical then initiates graft polymerization of vinyl monomer dissolved in water. 

As the grafting side chains grow, the grafted copolymer reaches a hydrophilic-

hydrophobic balance, and the copolymer is able to self-assemble to form micelle-like 

microdomains. The domains are polymerization site of vinyl monomers, which is 

similar to the emulsion polymerization. Besides, the generated alkoxyl radical can also 

initiate homopolymerization of vinyl monomer inside the domains or abstract a 

hydrogen atom from the polymer backbone to create a backbone radical that also can 

initiate graft polymerization of vinyl monomer. Consequently, the core-shell particles 
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with hydrophobic cores and a water-soluble polymer shell are generated in water with 

uniform size and high stability. 

 

 

Figure 1.15. Mechanism of formation amphiphilic core-shell nanoparticles in Prof. Li’s 

group [31] 

 

The unique properties of the amphiphilic core-shell particles include that the 

hydrophilic shells provide different surface functional groups, and allow further surface 

modifications and bio-conjugation. The shell polymer can also provide different surface 

charge and colloidal stability. The hydrophobic cores provide versatile structures and 

mechanical properties. It can also encapsulate different functional materials for specific 

applications [32]. This simple method enables the preparation of a variety of 

amphiphilic core-shell particles with different structure, morphology, composition and 

functionality. Selected examples of core-shell particles prepared by this approach are 
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shown in Figure 1.16. The core-shell particles have many distinct properties [33, 34]. 

The particles with different compositions have a well-defined core-shell nanostructure 

with a narrow particle size distribution. The core diameter and shell thickness are 

controllable by altering reaction conditions. Moreover, the properties of the core vary 

from hard, soft, and temperature-sensitive to hollow.  

 

 

Figure 1.16. Examples for core-shell particles prepared by Prof. Li’s group [34] 
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1.3  Toughening epoxy resins 

1.3.1  Epoxy resin 

Epoxy was first discovered in the 1900s by Proleschajew and has been offered 

commercially since 1946 [35]. It is regarded as a polyol for the preparation of synthetic 

drying oils and its chemical structure is shown in Figure 1.17. The most important stage 

in the developing of epoxy was the viscous liquid product stemmed from epoxidation 

of bisphenol-A. 

 

Figure 1.17. The chemical structure of early epoxy resin. 

 

The global epoxy resin market is valued at $6826 million in 2015 and is expected 

to reach at $10264 million by 2022. Epoxy resin is used as a dominant matrix in the 

composite material due to its superior properties of high strength, strong adhesion, low 

shrinkage, high chemical stability and good insulate property with high dielectric [36]. 

Therefore, epoxy resin is widely used in paints and coatings, adhesives, composites, 

and electronic encapsulation and others. Moreover, it is used across various end user 

industries such as building and construction, transportation, consumer goods, wind 

power, aerospace, marine, and others (Figure 1.18). 
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Figure 1.18. Global epoxy resin market analysis from application and end-user 

aspects. 

 

Epoxy resins have high reactivity due to the strained three-membered ring 

structures known as the epoxy group (Figure 1.19) which can react with electrophilic 

and nucleophilic reagents. Various curing agents with active hydrogen atoms can be 

applied as a curative, such as amines, phenols, anhydrides, thiols and carboxylic [37]. 

The curing reaction between epoxy group and amine curing agent are illustrated in 

Figure 1.20. After a crosslink reaction, the epoxy becomes a hard-infusible material 

with a network structure. Epoxy resin system can be cured at the temperature range 

between 5 and 260 oC by selecting different curing agents [38].  

 

  

Figure 1.19. General chemical structure of epoxy group (left) and diglycidyl ether of 

bisphenol A (DGEBA) (right). 
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Figure 1.20. Crosslink reaction of between epoxy group and amine curing agent. 

 

Diglycidyl ether of bisphenol A (DGEBA) as shown in Figure 1.19 is a typical 

commercial epoxy resin. The oxirane functional group as the main feature of epoxy 

monomer is formed by one oxygen and two carbon atoms and the carbon atoms of ring 

are more electrophilic. Therefore, the atomic arrangement is highly reactive for ring-

opening reactions with nucleophiles [39].  

 

1.3.2  Current methods to toughen epoxy resins 

Epoxy is an ideal material for engineering and industrial applications, due to its 

good mechanical and thermal properties. However, there are several drawbacks that 

may limit its broad applications. High cross-linking density of epoxy resin offers good 

strength, but it also contributes to the low fracture toughness of epoxy matrix because 

of the internal stresses induced during curing of the epoxy [40, 41]. Besides, epoxy has 
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low toughness and poor crack resistance and brittle nature at room temperature. Various 

methods have been investigated to overcome these drawbacks. The modification 

methods to increase toughness can be classified into elastomer modification, rigid 

crystalline polymers modification, inorganic particles modification and block 

copolymer modification methods.  

 

1.3.2.1  Use of elastomers 

The addition of a second phase is a common method to toughening epoxy resin. 

The soft elastomer as a second phase can improve crack growth resistance. This 

approach was first applied on the brittle thermoplastic in the 1960s, then extended into 

thermosetting polymers [42]. Two methods can be applied to toughening epoxy using 

rubbers. One of the methods is introducing reactive oligomers into the system and it 

has been in use since the 1970s. The oligomer is first dissolved into the epoxy monomer, 

then curing agents are added into the system. Major oligomers used as tougheners are 

carboxyl-terminated butadiene-coacrylonitrile (CTBN) [43-45], hydroxyl-terminated 

polybutadiene (HTPB) liquid rubbers [46-48], epoxy-terminated liquid rubbers [49-51], 

amine-terminated butadiene acrylonitrile (ATBN) rubbers [52-55], acrylic elastomers 

[56-58], and other synthetic elastomers [59, 60]. The other approach for toughening 

epoxy by rubber is by using a structural core-shell particle with a rubbery core and a 

thin glass shell. The rubber core provides a toughness effect and the glassy shell makes 

particles formation easily and better adhesion with the matrix. Becu et al. [61] reported 

the effect of particle content and types of rubber core in core-shell rubber (CSR) 

particles on the fatigue fracture behavior of modified epoxy. The fracture toughness of 

epoxy matrix can be significantly improved by introducing a poly(buta-diene-co-

styrene) core/ carboxy-functionalized poly( methyl metharylate-co-styrene) shell core-

shell rubber particles when adding 24 vol% particles. Moreover, the core-shell rubber 
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particles presented better dispersion state than liquid rubber in the epoxy matrix based 

on the great improvement in fracture toughness. 

 

 

Figure 1.21. Carboxyl-terminated butadiene-coacrylonitrile (CTBN) uses as a 

toughener in epoxy resin. 

 

1.3.2.2  Use of inorganic nanoparticles 

Incorporation of inorganic particles into epoxy can enhance its toughness and the 

degree of toughness improvement depends on the volume fraction, particle size and 

shape of particles. Graphene and nanosilica have currently receiving intensive attention 

to be used as fillers to toughen epoxy.  

The graphene has a single-layered atom-thick flatbed structure and high 

mechanical stiffness (139GPa). Thus, it is a promising material for changing 

mechanical properties of the epoxy. Various graphene-based materials have attracted 

much research attention to toughen epoxy since the 1990s. Zaman et al. investigated 

the importance of chemically modification for graphene in epoxy composite to enhance 

the fracture toughness [62]. The graphene (GP) and 4,4′-Methylene diphenyl 
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diisocyanate (MDI) modified graphene (m-GP) were filled into the epoxy matrix. The 

graphene/ epoxy composites presented significant toughening effect compared with 

neat epoxy due to the fillers’ high specific surface area and high strength. At 4.0 wt%, 

GP/epoxy composite resulted in an increase in strength from 200 J/m2 to 417 J/m2, an 

increment of 104% whilst m-GP increased the toughness to 613 J/m2, which was more 

than 200%. The good dispersibility and exfoliation of graphene sheets contributed to 

the enhancement. 

Silicon is a well-known filler for achieving higher mechanical properties and 

fracture toughness of epoxy composite. Typically, fracture toughness can achieve an 

increase of 15-245% when silica particles of different content and different sizes were 

incorporated into the epoxy matrix. A 10-400% increase in fracture energy has been 

reported with the addition of silica particles as fillers. It was found that nano-silica 

particles had more efficient toughening effect than the micro-silica particles by up to 

60 wt% silica loading. This finding can be explained by a nano-effect of silica particles 

in epoxy/silica composites. The higher surface area of nano-scaled particles can 

increase the mechanical properties of epoxy composites. Over the full range of the 

studied filler loading, dispersion of silica fillers acts an important role on the variation 

of fracture toughness. The decrease of fracture toughness at high silica loading is due 

to the agglomerates of particles. Therefore, to obtain a uniform dispersion of silica in 

matrix, some surface treatments were conducted. Wichmann et al. prepared fumed 

silica particles modified with 3-aminopropyltrimethoxysilane to introduce amino-

groups on the particle surface [63]. The surface modification can annihilate the 

hydroxyl groups. Thus, the modified particles avoid aggregation via hydrogen bonds. 

Moreover, it was difficult to disperse the particles at high viscosity polymeric matrix 

and form homogeneous suspension. The amino modified silica/epoxy composite had 

relatively low viscosity which benefited its dispersion. The resulting fracture toughess 
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of epoxy/ silica composites showed an increase of 54% when adding 0.5 vol% modified 

silica particles.  

1.3.2.3  Use of block copolymers 

Block copolymers (BCPs) have been studied as a highly effective agent at 

improving the mechanical properties of epoxy. At low BCP concentration, the BCP self-

assembles into nanoscale micellar structures with three morphologies: : spherical 

micelles [64], wormlike micelles [65], and vesicles [66]. The formation of structures is 

related to the molecular weight, composition, block length and block-block interaction. 

The morphologies of BCP are shown in Figure 1.22 . Various block copolymers such 

as poly(ethylene oxide)-b-poly(propylene oxide) (PEO-PPO) diblock copolymers, 

poly(ethylene oxide)-b-poly(butylene oxide) (PEO-PBO) diblock copolymers, and 

poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) (PEO-PPO-PEO) 

triblock copolymers had been synthesized and modified the epoxy resins [64, 67-70]. 

Serrano et al. synthesized polystyrene-b-polybutadiene (PS–PB) diblock copolymers 

as modifier for DGEBA resin [71]. The cured epoxy resin presented worm-like micelles 

or hexagonally-packed cylindrical micelles depending on the content of the block 

copolymers. Hexagonally-packed cylindrical micelles blending epoxy resin got twice 

fracture toughness than the neat epoxy. Hajime et al. [63] prepared PMMA-b-PnBA-b-

PMMA triblock copolymers using living anionic polymerization. The resulting 

copolymers showed nano-cylindrical micelles, spherical micelles, and aligned cylinders 

dispersed in an epoxy-rich matrix. By blending the triblock copolymers into DGEBA 

epoxy resin, the fracture toughness reached 2530 J/m2, which was 12 times higher than 

that of the corresponding unmodified epoxy.  
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Figure 1.22. The morphologies of resultant BCPs. 

 

1.3.2.4  Analysis of toughening mechanisms 

Figure 1.23 illustrates the basic processes of plastic deformation and toughening 

mechanisms in structurally modified polymers. The enhancement of toughness of 

materials can be achieved by increasing the degree of plastic deformation. The 

improved toughness is the initiation of a very small local yield event. Figure 1.23a 

illustrates the initiation of microcracks by inorganic particles and short fibers. In Figure 

1.23b, the randomly distributed ductile particles in a brittle matrix are plastically 

stretched in the crack area. Figure 1.23c is a typical mechanism of rubber toughened 

matrix, which involves the initiation of the small plastic zones induced by stress 

concentration (crack bridging). Figure 1.23d describes the cavitation on the surface of 

or inside the particles followed by the stretching of polymeric ligaments between 

microvoids [72].  
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Figure 1.23. Schematic representations of the general micromechanical mechanisms to 

enhance the toughness of heterogeneous polymer [77]. 

 

For a rubber particle modified epoxy matrix, various toughening mechanisms have 

been descripted, including particle cavitation and void growth, shear banding, and crack 

bridging, which are illustrated in Figure 1.24.  
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Figure 1.24. Schematic representation of the major toughening mechanisms by rubber 

particles: 1. Rubber particle cavitation and matrix void growth, 2. Matrix shear banding 

and 3. Crack bridging [78]. 

 

Internal particle cavitation plays an important role in the toughening mechanism 

of rubber modified epoxy. The particles can produce large voids upon cavitation by 

coalescing the closely connected rubber particles. The cavitation mechanisms of rubber 

core-shell particles are different from those of the homogeneous rubber particles. The 

voids formed appear on the shell and plastic stretching occurs at the interface of the 

core and shell. The role of homogeneous rubber particles and rubber core-shell particles 

in epoxy matrix is highlighted in Figure 1.25.  
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Figure 1.25. The role of homogeneous rubber particles and rubber core-shell particles 

in epoxy matrix as toughening modifiers [73]. 

 

The second toughening mechanism occurs in a process zone, which involves 

particle cavitation and matrix shear band growth. These behaviors result in plasticity 

and stress whitening. Stress whitening is due to the scattering of visible light from voids 

[74]. Thus, the absence of stress-whitening region can be regarded as a sign of epoxy 

toughening.  

Crack bridging damages the rubber particles in the crack path and energy can be 

absorbed from cracking to particle deformation [75]. The absorption energy per unit 

volume of deformed rubber particles (W0) can be determined by  

$% = ' (	*+
,

-
 



32 
 

Where +  is the extension ratio, *+ = *.
.%/  (.%  and *.  represent the initial 

length and increase in length, respectively).  

 

Figure 1.26. Schematic diagram showing the stages of crack propagation in epoxy resin 

dependent on the crack bridging mechanism [76]. 

 

The toughening mechanism of rigid inorganic particles has been reported to be due 

to crack pinning, the debonding of particles and plastic void growth [77, 78]. Crack 

pinning is characterized by the motion of crack impeded by the filled rigid particles. If 

the motion of crack can be fully arrested by the particles, the cracks between the 

particles as seen in Figure 1.28. If the adhesion of the particles to is not well enough to 
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impede the cracks, the cracks will be deflected and move to the weaker interface [79]. 

This case is illustrated in Figure 1.28B [80]. 

 

 

Figure 1.27. Crack pinning occurs in a silica-epoxy composite [81]. 

 

 

 

Figure 1.28. Crack–particle interaction in a particulate system showing three possible 

fracture mechanisms, namely particle fracture, crack deflection and interface 

debonding [80]. 
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Plastic deformation of epoxy polymer is able to achieve the greatest toughening 

[82]. Although particle debonding process absorb little energy, it reduces the constraint 

at the crack tip, allowing inelastic deformation the epoxy polymer via a void-growth 

mechanism [82]. Particle-matrix debonding occurs around the tip of the crack of wedge-

loaded specimens. Application of extra force on the composites leads to the plastic 

deformation of the matrix, which enlarge the gaps around the debonded particles. The 

gaps between particles and matrix become visible. Silicon debonding and void growth 

can be observed in Figure 1.29. 

 

 

Figure 1.29. Fracture surface of particle debonding in epoxy/silica composite [83]. 

 

1.3.3  Factors influencing the epoxy toughness using nanofillers 

1.3.3.1  Volume fraction of fillers 

The effect of volume fraction of fillers on the mechanical properties of epoxy resin 

is well investigated by studies with different epoxide resins and filler materials. Figure 

1.30 illustrates the general parabolic relation between these two factors [84]. For both 

types of fillers, the fracture toughness increased relative to the neat epoxy as volume 
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fraction increased. And the fracture toughness of nanoparticles filled matrix increased 

dramatically with the Vp compared to the micro-filler counterparts. 

 

 

Figure 1.30. Variation of fracture toughness (KIC) with filler volume fraction (Vf) for 

nano- and micro-filler modified epoxies [84]. 

 

However, it is noted that the toughness may decrease with higher particle loading. 

The fracture energies of unmodified and rubber filled epoxies are plotted against the 

volume fraction of the glass particles in Figure 1.31 [85]. Addition of glass beads can 

increase the fracture energies under different volume fraction, but there is an optimal 

loading for maximum improved effect. The neat epoxy resin reaches the optimal point 

at Vp=0.3 and obtains 400% fraction energy increase. For the rubber filled epoxy, 

adding 12 vol% glass beads gets the maximum fraction energy. 
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Figure 1.31. Effect of glass beads volume fraction on fracture toughness of epoxy 

composites. (a) Neat epoxy cured at 40, 0 and -70 oC; and (b) rubber filled epoxy cured 

at 50, 40, 30, 0, -20 and -70 oC [85]. 
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1.3.3.2  Filler particle size 

Filler particle size with constant volume fracture doesn’t significantly affect the 

modulus of the epoxy resin. M. Conradi et al. used silicon particles of 30 and 130 nm 

in diameter with a fixed volume fraction (Vp= 0.5%) [86]. The modulus of the epoxy 

matrix modified by silicon particles was slightly higher than the modulus of neat epoxy, 

while the varying filler size didn’t alter the modulus and tensile strength at this volume 

fraction (Table 1.5). 

 

Table 1.5. The effect of filler particle size on the Elastic modulus (E), tensile strength 

(UTS) and elongation at break of silicon filled epoxy resins. 

Sample E [GPa] UTS [MPa] Elongation at break [%] 

Epoxy 2.6 127 10.0 

Epoxy + 0.5 vol% 130 nm SiO2 3.0 141 9.6 

Epoxy + 0.5 vol% 30 nm SiO2 2.8 138 9.0 

 

The effect of particle size on the elastic modulus of spherical glass particles filled 

epoxy was also studied by Spanoudakis [87]. For lower volume fractions (10-18 vol%), 

the modulus was independent of the particle size. For higher filler lading (30-46 vol%), 

a slightly decreased modulus was observed as particle size increased (Figure 1.32). The 

results indicated that particle size barely influenced the epoxy stiffness.  
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Figure 1.32. Dependence of modulus (E) upon mean particle size (dp) for composites 

of different volume fractions. The particle volume fraction is 10%, 18%, 30%, 40% and 

46% from bottom to top lines [87]. 

 

However, particle size can significantly influence the fracture toughness of the 

composites. The fracture toughness of cured epoxy filled with 55 and 64% silica 

particles were studied with a variety of particle sizes. The angular-shaped silica 

particles size ranged from 2 to 47 µm. The fracture toughness increased with increasing 

particle size as shown in Figure 1.33 [88]. The enhanced toughness was due to the crack 

deflection around particles. 
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Figure 1.33. Effect of particle size on the fracture toughness measured by the silica 

particle filled epoxy resin with 55 wt% (hollow circle) and 64 wt% (solid circle) 

contents [88]. 

  

1.3.3.3  Modulus and strength of fillers 

Generally, increasing the modulus of fillers would result in the increase of modulus 

of epoxy composites. Silica, alumina and silicon carbide particles have moduli of 94, 

320 and 469 GPa, respectively. Adopting harder filler particles to reinforce the epoxies 

get more toughened composite with as shown in Figure 1.34 [89]. 
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Figure 1.34. Flexural modulus, E, as a function of volume fraction of fillers. Silicon 

carbide, alumina and silica-filled epoxy, from top to bottom lines. 

 

The use weak fillers did not bring about any toughening effect. The images in 

Figure 1.35 [90] shows that cracks have propagated directly through the particles, 

because the particles themselves don’t bear high external stress. 

 

 

Figure 1.35. Fracture surfaces of a composite prepared from 30vol% of hollow silica 

spheres in an epoxide matrix 

1.3.3.4  Resin-filler adhesion 

As particle-reinforced epoxy composites, the adhesion strength at the interface 

would determine the load transfer between fillers and matrix. Therefore, strength and 

toughness have strong relationship with the adhesion quality. The efficiency of stress 

transfer determines the strength of two-phase composite materials. For poorly bonded 

particles, the stress transfer at the particle/polymer interface was inefficient. 

Discontinuity in the form of debonding existed because of non-adherence of particle to 

polymer. Thus, the particle could not carry any load and the composite strength 

decreased with increasing particle loading. However, for composites containing well-

bonded particles, addition of particles to a polymer would lead to an increase in strength 

especially for nanoparticles with large surface areas [85]. However, this parameter had 
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no effect on the Young’s modulus  

Many studies focused on the evaluation of the adhesion quality through different 

approaches, such as contact angle measurement and contact mechanics. Harding and 

Berg [91] used a cylindrical specimen with an embedded single particle to evaluate the 

adhesion quality, whereas Mower and Argon [92] and Lauke [93] used curved 

specimens to evaluate the adhesion quality. The easy approach to evaluate the inherent 

may be calculated from the following equation: [89] 

234 = (567-/9 

Where, 234  is the stress intensity factor measured by single edge notch test. ( is the 

tensile strength. 5 is the geometric factor, and 67	is the “inherent” flaw size.
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Chapter 2  

 

Rationale and Objectives 

 

2.1  Research Rationale  

The cellulose nanocrystal is one of the biopolymers that has attracted a lot of 

interest in the composite and engineering fields due to its rigid rod-shape structure with 

high surface area, low density, high crystallinity and high strength [94]. It may be used 

as a renewable reinforcement material for a natural or synthetic polymeric matrix which 

may impact greater stiffness, strength and hardness to the materials. However, owing 

to its hydrophilic nature and strong inter-molecular hydrogen bonds, the CNC 

aggregation in non-polar solvent and polymeric matrix is still a key challenge. This 

project aimed at exploring fabrication techniques and properties of reinforced 

polymeric composite materials using a combination of cellulose nanocrystals and 

amphiphilic core-shell particles. The resulting CNC hybrid particles were evaluated as 

a nanofiller for epoxy toughening because homogeneous dispersion of CNCs is one of 

the major factors that contributes to excellent mechanical properties.  

The CNC/polymers hybrid core-shell particles consist of three components. The 

core material in this particle is poly(methyl methacrylate) (PMMA). The rigidity of 

PMMA core may improve the mechanical properties of epoxy (tensile strength). The 

shell component is chitosan, which is a natural linear polysaccharide. Chitosan is 

biocompatible and biodegradable biopolymer which is soluble in diluted acetic acid and 

contain rich amine groups. Physical absorption of chitosan on the surface of CNCs is 

the most convenient CNC surface modification strategy. This method can reduce 

surface energy, prevent self-aggregation, and improve the dispersing ability and 

compatibility in polymeric matrix. Moreover, the amino groups from chitosan may 
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enhance the degree of cross-linking of epoxy matrix and play a role similar to the curing 

agents, which may improve mechanical properties of epoxy matrix. Figure 2.1 states 

the above discussed rationales.  

 

Figure 2.1. Illustration of the design of CNC hybrid amphiphilic core-shell particles. 

 

2.2  Objectives 

This project aimed at developing CNC/ polymer particles as a novel type of 

nanofiller for toughening epoxy resin. Specific project objectives include: 

1. Characterization of physical and chemical properties of the cellulose 

nanocrystals using various analytical techniques.  

2. Study of complexation between the negatively charged cellulose nanocrystals 

and positively charged chitosan in various weight ratios. 

3. Synthesis of CNC hybrid core-shell particles. 

4. Characterization of CNC hybrid core-shell particles including their 

composition, chemical structure, particle size, surface charge and morphology. 

5. Exploration of the CNC/polymer composite particles as potential nanofillers 

for enhancing mechanical properties of epoxy matrix.  
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Chapter 3  

 

Synthesis and Characterization of CNC/Polymer 

Hybrid Particles 

 

This chapter focuses on the synthesis and characterization of CNC hybrid core-

shell particles. There are two steps in the synthesis of the particles: 1) Preparation of 

CNC/chitosan complexes by electrostatic complexation; 2) H2O2 induced graft 

copolymerization of MMA from the chitosan/CNC complexes. Properties of CNC, 

CNC/chitosan complexes and CNC hybrid particles were investigated using Fourier 

transform infrared spectroscopy (FT-IR), dynamic light scattering (DLS), �-potential, 

X-ray diffraction (XRD) and Scanning Electron Microscopy (SEM).  

 

3.1  Experimental 

3.1.1  Materials 

Methyl methacrylate (MMA, 0.936 g/cm3, Aldrich) was purified using inhibitor 

removers (Aldrich) to remove hydroquinone and monomethyl ether hydroquinone 

(MEHQ). Low molecular weight chitosan powder (Mw~ 60,000 Da) was purchased 

from AK Biotech Ltd. China. Glacial acetic acid (C2H4O2, >99 w.t.%) and hydrogen 

peroxide (H2O2) were purchased from Sigma-Aldrich Cellulose Nanocrystal slurry 

(12.2 w.t.%) was purchased from Cellulose Lab. Canada. 

 

3.1.2  Characterization of the physical and chemical properties of CNCs 

The purchased cellulose nanocrystal (CNC) (solid content=12.2 w.t.%) was first 
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diluted with Mill-Q water under sonication for 1 h to prepare a 30g/L CNC dispersion. 

Although the CNC is a rod-like particle, its particle size and size distribution were 

estimated by Dynamic light scattering (DLS) and Nanosight analysis. The 

morphologies and geometrical dimensions of CNCs were observed by scanning 

electron microscopy (SEM). The chemical structure and degree of crystallinity were 

analyzed by the Fourier transform infrared (FT-IR) spectroscopy and X-ray diffraction 

(XRD), respectively.  

 

3.1.3  Studies of chitosan/CNC complexes in various weight ratios 

Chitosan powder (0.5 g) was stirred in an acetic acid solution (24 mL, 0.6 v/v %) 

for 3 hours to prepare a 2 w.t.% chitosan solution. CNC slurry (0.7 g, 12.2 w.t.%) was 

diluted to 5 g/L with Mill-Q water. The chitosan/CNC complexes were prepared by 

adding 5 g/L CNC dispersion (volume ranging from 1 to 5.26 mL) into 5 mL of 2 w.t.%, 

followed by stirring the solution at 350 rpm for 12 hours. The chitosan /CNC complexes 

with different CTS to CNC weight ratio (20:1, 10:1, 6.5:1, 4.8:1, 3.8:1) were formed 

via electrostatic interaction and hydrogen bonding. The specific recipe is shown in 

Table 3.1. 

Table 3.1 The recipe of chitosan/CNC complexes 

Weight ratio of 

CTS:CNC 

Weight of chitosan 

(g) 

Volume of 5 g/L CNC 

suspension (mL) 

Weight of CNC (mg) 

20:1 0.1 1 5 

10:1 0.1 2 10 

6.5:1 0.1 3.05 15.4 

4.8:1 0.1 4.16 20.8 

3.8:1 0.1 5.26 26.3 

3.1.4  Synthesis of PMMA/CTS-CNC hybrid particles 

The PMMA/CTS-CNC particles were prepared in a 100 mL reaction. The MMA 
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to CTS was fixed at weight ratio of 4:1. The percentage of CNC was 5% in the total 

weight of MMA and chitosan in particles. The solid content was 5%. The reaction was 

a surfactant-free emulsion polymerization 

 The synthesis is based on the following procedure: Chitosan powder (0.95g)  

was dissolved in an acetic acid solution (46.5 mL, 0.6 v/v%). Meanwhile, 2.049 g CNC 

slurry (12.2 w.t.%) was diluted to 47.67 g with Mill-Q water. The diluted CNC 

dispersion was added dropwise into the prepared 2 w.t.% chitosan solution under 350 

rpm stirring at room temperature. After mixing for 12 h, the chitosan/CNC complex 

(chitosan: CNC=3.8:1 (w/w)) was transferred into a 100 mL water-jacketed flask 

equipped with a magnetic stirrer, a condenser, a thermocouple and a nitrogen inlet. The 

dispersion was purged with nitrogen for 30 mins at 80 oC. Purified MMA monomer (3.8 

g) was added into the chitosan/CNC mixture. After mixing for 5 mins, hydrogen 

peroxide solution (1 mL 100 mM) was injected into the solution to initiate the graft 

polymerization. The resulting solution was continuously stirred at 80 oC for 2.5 h under 

nitrogen atmosphere. The solution changed from transparent to opalescent within the 

first 10 mins reaction.  

After the reaction, the solid content and monomer conversion of the obtained 

particle dispersion were calculated as follows: 

 

Solid content = 
:7;<=	>?	@A7B@	CDEFGB		
:B7;<=	>?	CDEFGB	=DHBI

	J	100% 

Monomer conversion = 

C>G7@	N>I=BI=	O	=>=DG	PB7;<=	>?	NAQ@B	@7CFBAC7>IR4S4	@>CD;BRN<7=>CDI	@>CD;BRTUVU	@>CD;B
E>I>EBA	@>CD;B

	J100% 

 

The particles were then purified by repetitive centrifugation at 18000 rpm for 2h, 

followed by decantation and re-dispersion using 0.6% acetic acid for several times until 
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the free chitosan was removed from the solution.  

The particles with CNC weight percentages of 1, 3 and 5% were. The recipes used 

for the synthesis of three PMMA/CTS-CNC hybrid particles are listed as Table 3.2. 

 

 Table 3.2 The recipe of CNC hybrid particles with different CNC contents. 

CNC percentage in 

total particle (%) 

MMA (g) Chitosan solution 

(2 w.t.%) (g)  

CNC (g) H2O (g) 

1 3.96 49.5 0.05 45.12 

2 3.92 49.0 0.10 45.25 

3 3.88 48.5 0.15 45.40 

4 3.84 48.0 0.20 45.50 

5 3.80 47.5 0.225 45.62 

 

3.1.5  Characterization of CNC hybrid particles 

3.1.5.1  Chemical composition 

The chemical structure of synthetic CNC hybrid particles was studied by Fourier 

transform infrared spectroscopy. FTIR spectra were recorded in the transmission mode 

on Nicolet 380 FTIR spectrophotometer. Approximately 10 mg oven-dried samples and 

0.5 g spectrophotometric grade anhydrous KBr were grinded together using a mortar 

and a pestle. The mixture was pressed into a pellet at a force of 7 tons for 2 minutes 

using a screw press.  

 

3.1.5.2  Particle size and W-potential measurement 

The particle size and size distribution were analyzed by a Beckman Coulter Delsa 

TM Nano C Particle Analyzer. The photon correlation spectroscopy was obtained based 
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on electrophoretic dynamic light scattering. Hydrodynamic diameter, Dh, was 

calculated based on the Einstein-Stokes equation:  

X< = YZ[/3]^X 

where YZ is the Boltzmann constant, T is the temperature (K), ^ is the viscosity of 

the dispersing medium, D is the diffusion coefficient obtained from the decay rate of 

the intensity correlation function of the scattered light. The instrument was equipped 

with a two-laser diode light source at 658 nm wavelength and at 30 mW. The scattering 

angle was set at 165o. Sample concentrations were between 200 and 400 mg/L. The 

results obtained were an average of triplicate measurement.  

The particle size and dynamic behavior were studied by Nanoparticle Tracking Analysis 

using a NanoSight Instrument. Diluted sample (20-100 mg/mL) were adjusted to pH 7 

with a sodium hydroxide solution and injected into the sample cell of the instrument. 

Videos of the dynamic behavior of samples were recorded at room temperature. The 

recovered videos were analyzed by a software of NanoSight Nanoparticle Tracking and 

Analysis (Version 2.3 Build 0034) with a detection threshold set to 20. The particle size 

were calculated from the detected particles in the videos. 

Zeta-potential measurements were conducted using a Beckman Coulter Delsa TM 

Nano C Particles Analyzer complemented with a Delsa TM Nano Autotitrator. The zeta-

potential of the sample can be calculated based on the Henry equation: 

ζ =
`^%
a%X

	b 

where U is the electrophoretic mobility of the particles under unit electric field, 

^% is the viscosity of the system. a% is the permittivity of vacuum, D is the dielectric 

constant, b is the Henry’s constant which is 1.5 when Smoluchowski equation is used. 

Sample concentration for zeta-potential measurement was in the range of 100 to 200 

ppm in 1 mM NaCl solution at 25 oC. The pH of sample was adjusted by an autotitrator 
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using the HCl or NaOH solution.  

 

3.1.5.3  Particle morphologies 

Scanning electron microscopy (SEM) is a surface imaging technique for materials 

at the nanoscale in which a focused beam with high-energy electrons is used to generate 

a variety of signals at the surface of a sample. The synthesized PMMA/CTS-CNC 

particles in the dry state were examined by a field-emission scanning electron 

microscope (FE-SEM, JEOL-JSM 6335F). The operating accelerating voltage of FE-

SEM was maintained at 5 kV throughout the measurement. Samples were prepared by 

spreading a small drop of dilute PMMA/CTS-CNC particles dispersion (100 to 200 

ppm) on a mica substrate and drying overnight in a dust-free environment at room 

temperature. The dried samples were then coated with a thin layer of gold under vacuum 

to a depth of approximately 5 Å. 

The particle morphologies were also examined by an atomic force microscope 

(Bruker MultiMode AFM NanoScope 8) equipped with a J scanner (Bruker, USA) and 

a standard silicon tip (APP NANO, ACST model). The morphology and surface 

roughness of the particle film were detected with a spring constant of 7 N/m and a tip 

radius of about 10 nm. The silicon-based AFM tip was imaged with 256 lines scan for 

each sample in a non-contact (tapping mode) manner at the frequency of 300 kHz. 

Images were scanned in 1 µm×1 µm area profile and flattened and analyzed manually 

using Multimode ScanAsyst software to obtain the diameter and height information for 

individual particles. The sample was placed on freshly cleaved circular-shaped mica (9 

mm in diameter). The deposited solution film was completely dried under ambient 

condition. Samples were imaged at room temperature (25 °C). 
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3.1.5.4  Crystallinity of particles 

The crystalline phases present in the samples were measured by a X-ray diffraction 

(XRD) collected on a high-resolution X-ray diffractometer (Rigaku SmartLab, Tokyo, 

Japan) at 45 kV and 200 mA with a Ni-filtered Cu Ka radiation ( = 1.542 Å). Scans 

were taken over a 2 q (Bragg angle) range from 5o to 40o at a scanning speed of 0.02o 

s-1 with spectral resolution of 0.02o. Samples were prepared by dropping five layers of 

particle samples on a square-shaped cover glass (2 cm x 2cm). Each deposited layer 

was completely air dried in air at 25 oC before the next layer deposition. 

 

3.2  Results and Discussions 

3.2.1  Properties of cellulose nanocrystal 

The cellulose nanocrystal (CNC) was purchased from Cellulose Lab, Canada. The 

received CNC was a white slurry with 12% solid content. Figure 3.1 shows shows the 

appearance of the received CNC sample.  

 

 

Figure 3.1. CNC sample purchased from Cellulose Lab., Canada. 

Figure 3.2a shows the white thin lamellar flakes obtained from after freeze-drying 

the CNC solution. Air-dried CNC would form a glossy, iridescent and brittle film. 
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Figure 3.2. Appearance of (a) freeze-dried CNC and (b) air-dried CNC. 

 

The CNC solution was first diluted to 100 ppm under sonication for 10 mins. The 

hydrodynamic diameter of CNC was to be 112 ± 3.4 nm with quite a broad particle size 

distribution (PDI=0.171), which may be due to the rod-like shape of CNCs. To further 

verify this result, the particle size and size distribution were determined by the 

Nanosight. Figure 3.4 shows that the most intense peak appeared at 139 nm which is 

similar to DLS result (Peak size =123 nm). But there is broad size distribution with 

peaks at 326 and 485 nm, indicating that the CNCs are difficult to be completely 

dispersed due to their strong self-aggregation. 

 

(a) (b) 

(a) 



52 
 

 

Figure 3.3. Size distribution of CNCs measured by (a) DLS, (b) NanoSight. 

 

Figure 3.4 shows the surface modification reactions of CNCs. During the process 

of hydrolysis with sulfuric acid, sulfuric ester groups are introduced to the surface of 

CNCs, which can be deprotonated in water. Therefore, water dispersible CNCs are 

negatively charged. The zeta-potential of the purchased CNC sample was measured to 

be -35.3 ±5.3 at pH 4.5. The negatively charged CNCs will be able to form complexes 

with the positively charged chitosan under appropriate solution pH.  

 

Figure 3.4. Sulfated CNCs surface properties in aqueous media. 

 

The morphology of CNCs were observed by the Scanning Electron Microscopy 

(SEM). Figure 3.5 shows the rod-like morphology. Figure 3.6 summarizes statistics 

(b) 
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analysis results of the CNCs based on the SEM images. The CNCs have an average 

particle dimension of 202.9�34.5 nm in length and 18.1�5.4 nm in diameter with an 

aspect ratio (L/d) of around 11.2�2.8. Therefore, the CNCs had a relatively broad 

distribution in both length and diameter. 

Figure 3.5. FT-SEM images of CNCs at different magnifications. 

 

 

  

(a) 
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Figure 3.6. Histogram CNC size distributions from FT-SEM images. (a) CNC length 

distribution and (b) CNC diameter distribution. 

 

The chemical structure of CNC was determined by FTIR and spectrum is 

displayed in Figure 3.7. The wide band in the wavenumber ranging between 3700 and 

3000 cm-1 is assigned to the stretching vibration of hydroxyl group. The presence of a 

band at 2903 cm-1 is attributed to the C-H stretching vibration. The peak at 1645 cm-1 

is assigned to the C=C stretching vibration of aromatic ring of the lignin [95]. The peak 

at 1384 cm-1 is related to the C-H vibration due to asymmetric deformation of cellulose. 

The peak at 1205 cm-1 could be characterized by C-O bending.  

(b) 
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Figure 3.7. FT-IR spectrum of the CNC. 

 

The crystalline structure of CNC depends on the ordered packing of cellulose 

chains. The crystalline property of CNC was determined by the X-ray diffraction 

(XRD). Figure 3.8 shows the XRD diagram of cellulose nanocrystal. Three cellulose 

characteristic peaks at 2θ = 14.8o, 16.4o and 22.6o were detected. The 22.6o peak of the 

(002) plane of cellulose nanocrystals was sharper, indicating higher degree of the 

crystal lattice in the (002) plane of CNC. The low-index peaks were identified as the 

(110) plane (2θ=14.8o) and (110) plane (2θ=16.4o) of cellulose nanocrystalline phase. 

The crystallinity index (CI) of CNCs calculated from the intensity of 002 peak (I002) 

and the intensity of 2θ= 18o peak (IAM). I002 is the maximum intensity of diffraction 

from 002 plane at 2θ=22.6o. Therefore, the CI value can be calculated by the equation: 

Crystallinity index (CI)  = 3ddUR3ef
3ddU

× 100% = -hijR9kj
-hij

× 100% = 81.2% 

The results suggested that the received CNC sample has a high crystallinity (81.2%) 

which is a desirable property for enhancing mechanical properties.  

3444 

2903 

1645 
1384 

1205 
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Figure 3.8. X-ray diffraction spectrum of the CNCs 

 

3.2.2  Properties of chitosan/CNC complexes 

The chitosan/CNC complexes with different CTS to CNC weight ratio (20:1, 10:1, 

6.5:1, 4.8:1, 3.8:1) were formed via the electrostatic interaction and the hydrogen 

bonding (Figure 3.9). 

 

 

 

Figure 3.9. Formation the chitosan/CNC complexes through electrostatic force and 

hydrogen bonding. 

 

IAM I002 
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3.2.2.1 Particle size and W-potential measurement 

 Table 3.3 summarizes the particle size and ζ–potential of the chitosan/CNC 

complexes. Since the amine groups of chitosan are often protonated, giving positively 

charged polysaccharide in an acidic medium. The chitosan chain is able to interact with 

the negative CNC and form complex. The effect of chitosan to CNC weight ratio on 

complex formation were investigated through adding the rigid CNCs into the chitosan 

solution. As adding the rigid CNC into chitosan solution, chitosan would absorb on the 

surface of the CNC through electrostatic interaction and hydrogen bonding. Increasing 

the dosage of CNCs resulted in the formation of more and more chitosan/CNC 

complexes via charge neutralization, thus reducing surface charge density and complex 

stability. When the chitosan and CNCs reached their isoelectrical point, the complexes 

became unstable and form aggregates. Figure 3.10 shows that increasing CNC content 

leads to increasing both the size of complexes and the size distribution. The increased 

complex sizes confirmed by the increased turbidity of chitosan/CNC complexes 

solution as shown in Figure 3.11.  

 

 

 

 

 

 

 

 

 

 

 



58 
 

Table 3.3 Hydrodynamic dimeters and ζ–potential values of CTS/CNC complexes 

Weight ratio of 

CTS : CNC 

Percentage of CNC 

in complexes (%) 

ζ–potential (mV) 

@pH=4.5 

Size 

(nm) 

PDI 

20:1 4.7 39.5 ±4.3 157.9 ± 6.3 0.172 

10:1 9.1 30.3 ±2.5 247.2 ± 8.9 0.198 

6.5:1 13.3 38.5 ± 3.2 262.3 ± 12.2 0.232 

4.8:1 17.2 43.1 ±3.3 303.3 ± 10 0.223 

3.8:1 20.8 44.8 ±4.2 339.6 ± 11.4 0.169 

2.0:1 33.3 0.035 ±0.02  - - 

CNC 100 -35.3 ±5.3 112.3 ±4.2 0.238 

 

 

Figure 3.10. Size distribution of chitosan/CNC complexes 
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Figure 3.11. Appearance of chitosan/CNC complexes with different chitosan to CNC 

weight ratios (From left to right: chitosan, 20:1, 10:1, 6.5:1, 4.8:1, 3.8:1). 

 

3.2.2.2 Morphologies of CTS/CNC complexes 

The morphology of CTS/CNC complexes was observed by the SEM. When the 

CTS to CNC weight ratio was 20:1, the complex appeared to have an oval shape (Figure 

3.12). They were well dispersed and quite uniform with an average length 190.92 ± 

32.1 nm and 72.67 ± 16.8 nm in diameter. Compared with the dimension of CNCs, the 

complexes had similar length, but larger in diameter. SEM images reveal that the 

complexed particles were assembled by two chitosan modified CNCs. As the dosage of 

CNC increased, the positive surface charge of chitosan was compensated and became 

more hydrophobic. The complexes became spherical shape in order to minimize the 

surface energy. The complexes were in the range of 230 to 300 nm at different chitosan 

to CNC weight ratios. At the chitosan to CNC weight ratio of 3.8:1, spherical 

chitosan/CNC complexed particles were obtained with an average particle size of 338.3 

± 26.3 nm. 

 

Chitosan  20:1  10:1   6.5:1  4.8:1   3.8:1 
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(a) 

(b) 

(c) 

(d) 

Peak size =191 nm 

Peak size =202 nm 

Peak size =212 nm 

Peak size =319 nm 
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Figure 3.12. SEM images and statistics analysis of chitosan /CNC complexes with 

different chitosan to CNC weight ratios (a) 20:1, (b) 10:1, (c) 6.5:1, (d) 4.8:1, (e) 3.8: 

 

3.2.3  Synthesis of CNC-based hybrid particles 

The CNC-based hybrid particles with different CNC contents were synthesized by 

keeping the MMA to CTS weight ratio at 4:1 (Figure 3.13). The polymerization was 

carried out at 80 oC for 2.5 hours under 350 rpm stirring rate and nitrogen atmosphere. 

The resulting PMMA/CTS-CNC hybrid particles usually achieved above 90% 

monomer conversion. 

 

Figure 3.13. Synthesis of PMMA/CTS-CNC hybrid particles 

 

 

(e) Peak size =338 nm 
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3.2.3.1  Chemical composition 

Figure 3.14 shows FT-IR spectra of the CNC, chitosan, PMMA homopolymer and  

PMMA/CTS-CNC hybrid particles. In the spectrum of CNC, a broad O-H stretching 

vibration is between 3600 and 3200 cm-1 owing to intermolecular hydrogen bonding. 

The band between 3000 and 2800 cm-1 is ascribed to the stretching vibration of aliphatic 

C-H. The broad peaks from 1160 cm-1 and 1070 cm-1 is due to C-O stretching related 

to the saccharide structure [96]. Finally, the O-H out of plane vibrations display between 

800 and 450 cm-1. FT-IT spectra of the chitosan also shows a broad band between 3450 

and 3200 cm-1, which is ascribed to O-H and N-H stretching vibrations. The band 

between 3000 and 2800 cm-1 represents the C-H stretching. The broad peak around 

1635 cm-1 is due to amide group and N-H of primary amine. The broad peak between 

1160 cm-1 and 1070 cm-1 is due to C-O and C-N stretching. The PMMA spectrum 

displays all characteristic bands including of C-H stretching between 3100 and 2900 

cm-1, ester carboxyl group at 1731 cm-1, C-H bending at 1485-1449 cm-1, and C-O 

stretching at 1150-1250 cm-1. When comparing the FTIR spectrum of the PMMA/CTS-

CNC hybrid particles with those spectra of CNC, chitosan and PMMA, characteristic 

peaks of ester carboxyl at 1730 cm-1, C-H bending at 1450 and 1387 cm-1, as well as C-

O stretching at 1250-1150 cm-1 are identified. The presence of the broad O-H stretching 

vibration between 3600 and 3200 cm-1 and C-O stretching of polysaccharide are also 

identified. Results from the FITR spectra suggest that the formation of PMMA/CTS-

CNC hybrid particles. Since the CNC and chitosan have very similar characteristic 

peaks in the FTIR spectrum, the presence of CNC was further verified by the X-ray 

diffraction (XRD) due to its crystalline property. 
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Figure 3.14. FT-IR spectra of CNC, chitosan, PMMA, PMMA/CTS Nps and 

PMMA/CTS-CNC Nps (5% CNC). 

 

3.2.3.2  Particle size and W-potential of the composite particles 

Table 3.4 shows the hydrodynamic diameters and surface charges of the 

PMMA/CTS particles and the PMMA/CTS-CNC hybrid particles containing 1, 3 and 

5 wt% CNC in particles. The average diameter increased 231 nm to 281 nm with 

increasing CNC content from 1 to 5% in particles. Since the size of CTS/CNC complex 
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increased with increasing CNC content, the hydrodynamic size of the hybrid particles 

increased with increasing CNC content in particles. All the particles had quite narrow 

particle size distribution (PDI<0.1), suggesting that the hybrid particles were highly 

uniform.   

The�-potential results of the PMMA/CTS-CNC hybrid particles containing 1, 3, 

and 5% CNCs in particles are also shown in Table 3.4. Increasing the CNC content in 

the PMMA/CTS-CNC hybrid particles leads to lowering the �-potential of hybrid 

particles at pH=5.0, indicating the electrostatic interaction between chitosan and CNCs. 

 

Table 3.4 Hydrodynamic diameters and surface charges of the PMMA/CTS-CNC 

hybrid particles 

Weight ratio of 

MMA:CTS: 

CNC 

Percentage of CNC 

in particle  

(%) 

Particle size 

(nm) 

PDI ζ–potential 

at pH=5.0  

(mV) 

4:1:0 (Control) 0 290 ± 3.7 0.041 52.7 ± 3.5 

80:20:1 1 231 ± 3.6 0.038 52.9 ± 4.7 

26:6.5:1 3 273 ± 5.5 0.093 33.9 ± 5.2 

15.2:3.8:1 5 281 ± 2.1 0.021 27.7 ± 5.5 

 

3.2.3.3  Particle morphologies 

Figure 3.15 shows particle morphologies of PMMA/CTS-CNC hybrid particles 

observed by the SEM. The control PMMA/CTS particles have spherical morphology, 

while the CNC-based hybrid particles with different CNC content show irregular 

morphologies. Increasing the CNC percentages from 1, 3, 5% resulted in forming less 

spherical particles.  
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Figure 3.15 SEM images and statistics analysis of particle sizes of (a) PMMA/CTS 

(a) 

(b) 

(c) 

(d) 
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particles and hybrid particles containing (b) 1% (c) 3% and (d) 5% CNC in particles. 

 

To further detect the shape of CNC-based hybrid particles, the morphology of 

control PMMA/CTS and hybrid particles (PMMA/CTS-CNC-5% CNC in particle) 

were observed by the AFM (Figure 3.16). Similar to the results from SEM, the 

PMMA/CTS nanoparticles have spherical morphology with an average particle size of 

135 �  3.5 nm. The CNC hybrid particles have an oval-shaped morphology with 

average particle dimension of 136 � 9.9 nm in length and 101 � 8.3 nm in diameter, 

with an aspect ratio (length/width) of 1.34. Particle sizes based on statistics analysis 

from SEM and AFM images are smaller than the hydrodynamic diameters, due to the 

shrinkage of chitosan shell in dry state.  

 

 

(a) 
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Figure 3.16. AFM images of (a) PMMA/CTS particles and (b) PMMA/CTS-CNC (5% 

CNC in particle). 

 

3.2.3.4  Crystallinity of particles 

Crystallinity properties of CNC, PMMA/CTS particles and PMMA/CTS-CNC 

particles were detected by X-ray diffraction (Figure 3.17). The XRD spectrum of 

cellulose nanocrystals displays three cellulose characteristic peaks at 2θ = 14.8o, 16.4o 

and 22.6o. The peak at 22.6o of cellulose nanocrystals is sharper, indicating higher 

perfection of the crystal lattice in the (2 0 0) plane of CNC. The low-index peaks are 

showed at the (110) plane (2θ = 14.8) and (110) plane (2θ = 16.4) of cellulose 

nanocrystalline phase. Spectrum of PMMA/CTS particles has only one broad peak at 

around 14.02° (2θ), which is attributed from the chitosan. Since the chitosan has been 

modified through the graft polymerization, the hydrogen bonding between the 

molecules is reduced, thus affecting its original crystalline structure. When comparing 

the spectrum of PMMA/CTS-CNC hybrid particles with both the CNC and 

PMMA/CTS particles, characteristic peaks of CNC at 2θ= 22.6o is detected. These 

results confirm the present of CNC and the CNC-chitosan complex is able to undergo 

(b) 
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graft polymerization with MMA, followed by the emulsion polymerization to form 

PMMA/CTS-CNC hybrid particles. 

 

 

Figure 3.17. XRD spectra of CNC (red) , PMMA/CTS particles (black) and 

PMMA/CTS -CNC particles (blue). 

 

3.3  Conclusions 

This chapter has demonstrated the development of the synthesis of PMMA/CTS-

CNC hybrid particles via the surfactant-free emulsion polymerization. This study began 

with studying the properties of CNCs. The purchased CNC had a hydrodynamic 

diameter of 112 ± 3.4 nm with quite a broad particle size distribution (PDI=0.171). The 

sulfuric CNC had negative surface charge in acidic solution (-35.3 ±5.3 at pH 4.5), 

which is capable of forming complex with chitosan. The CNC was a crystalline particle 

with 81% crystallinity calculated from XRD spectra. In an acidic medium, the amine 

groups of chitosan were protonated, resulting in positively charged polysaccharide. 

Therefore, the strong electrostatic force could promote the formation of chitosan/CNC 



69 
 

complex. Meanwhile, the hydrogen bonds also existed between the amino groups from 

chitosan and hydroxyl groups from CNCs. The effect of complexing ratio between 

chitosan and CNC were systematically investigated through varying their weight ratios. 

As the dosage of CNCs increased, the particle size of the complexes increased. When 

CTS: CNC= 2:1 (w/w), surface charges of the complexes approached to neutral and the 

complexes became unstable. The morphology of the complexes was transformed from 

oval-shaped to sphere-shaped, because of the partly compensated surface charge by 

CNCs. Based on the above study of the CNC and chitosan/CNC complex properties, 

the PMMA/CTS-CNC hybrid particles with 1%, 3% and 5% CNC content in particles 

were synthesized and their properties were investigated. The average diameters of 

hybrid particles varied from 230 nm to 290 nm with different CNC content in particles. 

All the particles had quite narrow particle size distribution (PDI<0.1), suggesting the 

hybrid particles were highly monodispersed. The surface charges of CNC-based hybrid 

particles ranged from 52.9 mV to 27.7 mV with increasing CNC dosage. SEM and AFM 

images showed that the PMMA/CTS-CNC hybrid particles (5% CNC in particle) had 

an oval-shaped morphology with the aspect ratio (length/width) of 1.34. All the dry 

state particles were smaller than those particles existed in aqueous medium due to the 

shrinkage of chitosan shell in dry state. The presence of CNCs in particles was 

confirmed by XRD and FT-IR. One of the CNC characteristic peaks at 2θ = 22.6o could 

be observed in the spectra of PMMA/CTS-CNC particles.  



70 
 

Chapter 4  

 

Application of CNC-based nanoparticles in enhancing 

mechanical properties of epoxy 
 

This chapter focuses on the application of CNC-based hybrid particles as a 

nanofiller for epoxy resins of the mechanical properties include elongation at break, 

tensile strength, Young’s modulus and fraction toughness of the epoxy/particles 

composites. Finally, the toughening mechanism was investigated based on fracture 

surface of the composite as revealed by SEM images.  

 

4.1  Experimental 

4.1.1  Materials 

CNC-based hybrid nanoparticles with hydrodynamic diameters ranging from 230 

to 280 nm and CNC content of 1, 3, 5% in particles were used. They were synthesized 

at CTS to MMA weight ratio of 1:4. The PMMA/CTS particles had a hydrodynamic 

diameter of 290 nm with a narrow size distribution. The PMMA/CTS particle was 

synthesized at a CTS to MMA weight ratio of 1:4. The CNC slurries with 12.2 % solid 

content were purchased from Cellulose Lab, Canada. The epoxy resins with an epoxy 

monomer (Comp-A) and a curing agent (Comp-B) were received from Dunwell 

Industrial (holdings) Ltd., Hong Kong. The Comp-A was an viscous liquid while Comp-

B was in clear liquid with low viscosity. The standard mixing weight ratio of Comp-A 

and Comp-B should be 1: 0.56.  
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4.1.2  Preparation of reinforced epoxy composites using CNC-based hybrid 

particles  

4.1.2.1  General fabrication procedures 

All the particles were freeze- dried into powder using a FD-10 Freezing Dryer 

(LAB-KITS). For a total weight of 10.1 g epoxy composite, the specimen contained 

6.41 g Comp-A, 3.59 g Comp-B and 0.1 g particle powder.  

The fabrication procedure is illustrated in Figure 4.1. Comp-B of Dunwell epoxy 

(3.59 g) and particle powder (0.1 g) were mixed with a homogenizer for 2 mins. The 

mixture was allowed to stand at room temperature for 2 h to form a homogenous 

suspension of Comp-B/particle mixture. Subsequently, Comp-A (6.41 g) was added 

into the above preformed Comp-B/particle suspension. The mixture was stirred for at 

least 5 mins with a glass rod. After mixing them throughly, the resin was degassed in a 

vacuum oven for 1 h until the entrapped air bubbles were removed. The mixture was 

then gently poured into a Teflon mold at a constant rate to avoid the formation of air 

bubbles. Finally, the resin system was cured at 30 oC for 8 h. The specimens were 

prepared according to the ASTM D638 [97]. The specimen dimensions are shown in 

Figure 4.2.  
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Figure 4.1. Schematic of the fabrication of nanoparticles-filled epoxy specimens 

 

 

 

Figure 4.2. Tensile test specimen geometry bulk specimen based on ASTM standard 

D638. 
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4.1.2.2  Effect of different types of nanofiller  

The effect of different types of nanofillers have been investigated including CNC, 

PMMA/CTS particles, and PMMA/CTS-CNC hybrid particles. The procedure to 

prepare the epoxy/particle composites was similar to the description in 4.1.2.1. The 

weight fraction of the nanofiller in the composite was kept 1% and the composites were 

cured at 30 oC for 8 h. 

 

4.1.3  Tensile test  

To determine the mechanical properties of the epoxy composites, ta tensile test 

was carried out using a universal testing machine (INSTRON 5565) at room 

temperature (25 oC). The measurements followed the ASTM D638 standard using 

dumbbell shaped specimens for epoxy resins and particle-filled epoxy composites at a 

crosshead speed of 1.5 mm/s. Young’s modulus was calculated within the linear section 

of the stress-strain curves. Toughness was determined by the integration of the stress-

strain curves. The mechanical results were an average of four specimens. The fracture 

surface of the specimens was qualitatively examined using a JEOL-JSM 6335F Filed-

Emission scanning electron microscopy (FE-SEM). The specimens were prepared by 

cooling the epoxy samples in liquid nitrogen for 30 mins. The cold samples were broken 

into small pieces using a light hammer and dried overnight at room temperature. The 

dried samples were then coated with a thin layer of gold under vacuum to a depth of 

approximately 5 Å. 
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4.2  Results and Discussion 

4.2.1  Effect of types of nanofillers 

4.2.1.1  Effect of CNC 

CNCs have attracted much interest as a nanofiller to prepare polymer composites 

due to their unique mechanical properties such as higher axial Young’s modulus than 

steel and lower density. It has been reported that incorporation of CNCs into the epoxies 

can reinforce their mechanical properties [2, 5]. In this study, the effect of CNC on 

mechanical properties of epoxy was first investigated by incorporating 1, 2 and 3 w.t. % 

CNCs into the epoxy matrix. Table 4.1 shows the results of mechanical properties of 

epoxy composites toughened by different weights of CNCs. Figure 4.3 illustrates the 

strain-stress curves listed of samples. The tensile strength, modulus and toughness of 

the epoxy/CNC composites increased with increasing the CNC content from 1 to 2% 

compared with the neat epoxy. Using 2% CNCs dosage in epoxy matrix can enhanced 

6% of elongation at break, 31.5% in tensile strength, and 60% in modulus. Toughness 

of the composite was 63 KJ/m3 which is two times higher than the original epoxy (31 

KJ/m3). However, further increase the CNC content to 3% resulted in the decrease of 

these properties. The epoxy/CNC composites even had worse mechanical performance 

than the neat epoxy. 
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Figure 4.3. Strain-stress curves of epoxy composites filled with different content of 

CNCs. 
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Table 4.1. Mechanical properties of epoxy composites filled with different content of CNCs 

Sample 

Description  

Elongation at 

Break  

(mm) 

Increase in 

elongation (%)  

Tensile 

Strength 

(MPa) 

Increase in 

tensile 

strength (%)  

Modulus 

(Gpa) 

Increase in 

Modulus (%) 

Toughness 

(KJ/m3) 

Increase in 

toughness (%) 

Dunwell Epoxy 2.36	 ±	0.15 - 18.802 - 1.297 - 31 - 

1% CNC 2.28 ± 0.17 -3.4 22.082 17.44 1.595 22.9 45 45.2 

2% CNC 2.51 ± 0.22 6.4 24.724 31.50 2.081     60.4 63 103.3 

3% CNC 1.52 ± 0.27 -35.6 19.283 2.56 1.202 -7.3 25 -19.4 



77 
 

4.1.1.2  Effect of PMMA/CTS particles 

To better understand the effect of composite particles in enhancing the mechanical 

properties of epoxy, the PMMA/CTS particles without CNC were synthesized and used 

as a control. The PMMA/CTS particles were synthesized according to the same 

procedure as the PMMA/CTS-CNC particles except in the absence of CNCs. The 

resulting PMMA/CTS particles had an average hydrodynamic diameter of 290 ± 3.7 

nm with a narrow size distribution (PDI=0.041). The particles have a core-shell 

nanostructure with PMMA cores and chitosan shells which provide amino groups on 

the particle surface. The epoxy composite was fabricated with 1 w.t. % of PMMA/CTS 

particles. Figure 4.4 shows the strain-stress curves and results are summarized in Table 

4.2. The tensile strength of epoxy composite increased from 18.8 MPa for the 

unmodified epoxy to 24.2 MPa for the epoxy composite reinforced. The toughness of 

the epoxy composite containing 1 w.t. % PMMA/CTS particle increased by 64.5% 

compared with the unmodified epoxy. The improvement in tensile strength and 

toughness may be contributed to the cross-linking effect between PMMA/CTS particles 

and epoxy matrix and the presence of strong PMMA and additional hydrogen bonding 

to enhance the tensile strength and toughness. 
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Figure 4.4. Strain-stress curves of epoxy composites filled with 1 wt% PMMA/CTS 

particles. 
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Table 4.2. Mechanical properties of epoxy composites filled with 1 wt% PMMA/CTS particles. 

 

 

 

 

 

Filled particles  Elongation at 

Break  

(mm) 

Percent  

increase in 

elongation (%)  

Tensile 

Strength 

(MPa) 

Percent  

variation in 

tensile strength 

(%)  

Modulus 

(Gpa) 

Percent variation 

in Modulus (%) 

Toughness 

(MJ/m
3
) 

Percent  

variation in 

toughness (%) 

Dunwell 

Epoxy 

2.36	 ±	0.15 - 18.802 - 1.297 - 31 - 

PMMA/CTS 

particles 

2.46 ±	0.08 4.2 24.222 33.3 1.41 8.7 51 64.5 
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4.1.1.3  Effect of PMMA/CTS-CNC hybrid particles 

The epoxy/hybrid particle composites were fabricated with 1 w.t. % hybrid particle 

have been systematically investigated. Three types of PMMA/CTS-CNC hybrid 

particles containing 1 to 3% CNC were synthesized according to previously described 

procedure. Table 4.3 shows their mechanical properties of the reinforced epoxies and 

Figure 4.5 illustrates strain-stress curves of epoxy composites. Hybrid particles with 

higher CNC content had more significant enhancements in elongation, tensile strength, 

modulus and toughness. For epoxy composites reinforced with hybrid particles (1% 

CNC in particles), tensile strength and toughness both had 80% incensement compared 

to pure epoxy. With the CNC content in hybrid particles increasing to 3% and 5%, the 

toughness of modified epoxy composites increased by 238% and 406% comparing with 

the unmodified epoxy. The tensile strength of epoxy composite increased steadily from 

32 MPa for the epoxy composite reinforced with hybrid particles with 1% CNC content 

to 35 MPa and 39.7 MPa for the epoxy composite reinforced with hybrid particles 

containing 3% and 5% CNC content. These results indicate that the hybrid particles had 

more prominent reinforcement effect as compared with the CNC and PMMA/CTS 

particles. 
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Table 4.3. Mechanical properties of epoxy composites reinforced with 1 wt% CNC-based hybrid particles 

Filled particles Elongation at 

Break  

(mm) 

Percent  

increase in 

elongation 

(%)  

Tensile 

Strength 

(MPa) 

Percent  

variation in 

tensile 

strength (%)  

Modulus 

(Gpa) 

Percent 

variation in 

Modulus (%) 

Toughness 

(MJ/m3) 

Percent  

variation in 

toughness 

(%) 

Dunwell Epoxy 2.36	 ±	0.15 - 18.802 - 1.297 - 31 - 

PMMA/CTS-CNC (1% CNC) 2.42	± 0.13 2.5 32.315 77.9 1.536 18.4 58 87.1 

PMMA/CTS-CNC (3% CNC) 4.18 ± 0.26 77.1 34.99 92.6 1.801 38.9 105 238.7 

PMMA/CTS-CNC (5% CNC) 4.25 ± 0.26 80.1 39.706 118 1.978 52.5 157 406.5 



82 
 

 
Figure 4.5. Strain-stress curves of epoxy composites filled with 1 wt% CNC-based 

hybrid particles. 

 

The hybrid particles with 5% CNC content had the best reinforcement effect and 

presented the maximum improvement in strain, strength, modulus and toughness. The 

improvement efficiency of this particles was further investigated based on the different 

particle loadings. The mechanical properties were summarized in Table 4.4 and the 

strain-stress curves are shown in Figure 4.7. The results showed that the epoxy 

composites reinforced with different weight of hybrid particles presented significant 

improvement in mechanical properties. However, with increased particle loadings, 

there was decreased in strength and modulus.  

Since the hybrid particles contain rich amino group which play a similar role to the 

amine curing agents,  they can react with the epoxy group and form higher density of 

crosslinked structure. The increased crosslinking density provide good strength of the 

resulting epoxy while the nanoparticles with hard PMMA core is able to enhance the 

toughness of epoxy. Besides, the rigid CNCs and PMMA core and soft chitosan shell 
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offer good strength for epoxy composite. This structure-property relationship is 

illustrated in Figure 4.6. 

 

 

Figure 4.6. Hybrid particles form network structure in the epoxy matrix.
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Figure 4.7. Strain-stress curves of epoxy composites filled with CNC-based hybrid 

particles with 5% CNC content. 
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Table 4.4. Mechanical properties of epoxy composites reinfoced with different weight of CNC-based hybrid particles (5% CNC content) 

       

Percentage of 

PMMA/CTS-CNC 

(5%) particles in 

epoxy 

Elongation at 

Break  

(mm) 

Increase in 

elongation 

(%)  

Tensile 

Strength 

(MPa) 

Increase in tensile 

strength (%)  

Modulus (Gpa) Increase in 

Modulus (%) 

Toughness 

(KJ/m
3
) 

Increase in 

toughness (%) 

Dunwell Epoxy 2.36	 ±	0.15 - 18.802 - 1.297 - 31 - 

1 4.25 ± 0.26 80.1 39.706 118 1.978 52.5 157 406.5 

2 4.45 ± 0.31 88.6 33.947 80.5 1.663     28.2 138 345.2 

3 5.75 ± 0.27 143.6 29.026 54.4 1.374 5.9 170 448.4 
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4.2.2  Studies of fractured surfaces of the hybrid particle-reinforced epoxy 

To gain insight into the reinforcement mechanism, fracture surfaces of the 

neat epoxy and hybrid particle-reinforced epoxies were investigated through SEM 

observation. Figure 4.8 (a-b) is the smooth fracture surface of neat epoxy, which is 

the typical observation for brittle thermoset polymeric matrix [78]. This 

morphology suggests that there is no large-scale plastic deformation occurred 

during stretching process. Thus, unmodified epoxy possesses low fracture energies 

and weak tensile resistance. The crack grains on the fracture surface were caused 

by fast crack growth to absorb the excess energy during fracture of brittle matrix 

[98].  

SEM images of modified epoxies toughened by different particles are shown 

in Figure 4.8 (c)-(h). Figure 4.8 (c-d) shows the fracture surface of PMMA/CTS-

reinforced epoxy with the river-like radiating patterns. The fracture surface became 

less smooth as compared to the neat epoxy. Furthermore, nanoparticles were 

evenly distributed within the epoxy matric. With increasing the hybrid particle 

contents from 1,3 to 5%, the fracture surfaces became increasing rough (Figure 4.8 

e-h), indicating an improved ductile rupture [99]. Besides, the fish scales patterns 

in the epoxy composites are caused by the changing of crack direction of ductile 

rupture as the cracks met with the filled particles [99]. The results indicate that the 

filled particles act as a bridge in the microcracks to avoid the further extending of 

cracks [100].  
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Figure 4.8. SEM fracture surfaces taken from epoxy composites reinforced with 

(a-b) pure epoxy, (c-d) PMMA/CTS particles, (e-f) hybrid particles with 1% CNC 

in particles, (g-h) hybrid particles with 3% CNC in particles, and (i-j) hybrid 

particles with 5% CNC in particles. 

 

 

The fracture surfaces were further examined by observing SEM images under 

high magnification (x 10,000). Figure 4.9 shows SEM images of various samples 

which all show many circular holes homogenously distributed across the fracture 

surface. Figure 4.10 summarizes statistics analysis results of the void size based 

on the SEM images. The size of void is larger than the size of nanofiller, suggesting 

the voids are caused by particle deformation and particle debonding. 

 

 

(i) (j) 
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(b) 

(e) (f) 

(g) 
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Figure 4.9. SEM fracture surfaces takes from epoxy composites filled with (a-b) 

neat epoxy, (c-d) PMMA/CTS particles, (e-f) hybrid particles with 1% CNC in 

particles, (g-h) hybrid particles with 3% CNC in particles, and (i-j) hybrid particles 

with 5% CNC in particles. 

 

 

 

(i) (j) 

(a) 

(b) 
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Figure 4.10. The size distribution of voids in epoxy composites filled by (a) pure 

epoxy, (b) PMMA/CTS particles, (c) hybrid particles with 1% CNC in particles, 

(d) hybrid particles with 3% CNC in particles, and (e) hybrid particles with 5% 

CNC in particles. 

 

 

 

(c) 

(d) 

(e) 



92 
 

4.3  Conclusions 

This chapter demonstrated the successful application of CNC-based hybrid 

particles as a toughening agent for epoxy resins. Effect study showed that hybrid 

particles had prominent toughening effect than other particles under investigation. 

Hybrid particles with higher CNC content had more significant enhancement in 

elongation, tensile strength, modulus and toughness. Owing to the special oval 

shape of CNC-based hybrid particles, the high aspect ratio and large surface area 

contributed to the good mechanical performances of the CNC-based hybrid 

particles filled epoxy. The epoxy composites reinforced with different weight of 

hybrid particles presented significant improvement in mechanical properties. 

However, with increased particle loadings, there was decreased in strength and 

modulus.  

SEM images of fracture surfaces of different epoxy composites disclosed the 

interaction between the investigated particles and epoxy matrix. The proposed 

toughening mechanism was debonded particles from matrix and form the 

randomly distributed voids at fracture surface. 

Comparing literature results of nanofiller reinforcement, the fabricated 

hybrid particles (containing 5% CNC content) present a prominent reinforcement 

effect on tensile strength, modulus and toughness. Figure 4.11 compares their 

properties. 
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Figure 4.11. The hybrid particles reinforcement results compare with other 

nanofillers on (a) tensile strength, (b) modulus and (c) toughness. 

�

 

(c) 
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Chapter 5  

 

Conclusions and Future Study 
 

5.1 Conclusions 

This project demonstrated the synthesis of novel amphiphilic core-shell CNC-

based hybrid particles and their application as toughening filler for epoxy matrix.   

Firstly, chitosan/CNC complexes were prepared under different chitosan to CNC 

weight ratios. Due to the strong interactions resulting from hydrogen bonding between 

chitosan chains and CNC particles, the chitosan was retained on the surface of CNCs. 

These chitosan/CNC complexes were used as a templet used for further CNC-based 

hybrid particles synthesis process.  

Following the formation of chitosan/CNC complexes, developing CNC as a part 

of amphiphilic core-shell polymeric particles was achieve via emulsion polymerization 

developed by Prof. Li’s research group. Various PMMA/CTS-CNC hybrid particles 

with different CNC content was synthesized and their properties were studied. The 

synthetic PMMA/CTS-CNC hybrid particles in the nano-scale had a quite narrow 

particle size distribution and oval-shaped morphology, indicating the presence of CNC 

was able to direct the particle shape formation.  

Finally, the synthetic CNC-based hybrid particles were applied as fillers to 

reinforce epoxy resins. Effect of types of particles on the mechanical properties of 

epoxy composites were systematically investigated. The filled particles were CNC, 

PMMA/CTS particles and CNC-based hybrid particles. 

Therefore, the optimized filled particles and its curing conditions were concluded 

based on above effect studies.  

1) Type of filled particles: CNC-based hybrid particles (5% CNC in particles) 



96 
 

2) Particle loading: 1 w.t.% 

3) The epoxy composites filled with 1wt % CNC-based hybrid particles (5% CNC 

in particles) can achieve 80% increase in elongation, 118% increase in strength, 

52% increase in modulus, and 406% increase in toughness relative to the 

corresponding of neat epoxy. 

 

5.2  Recommendation for future study 

5.2.1  Synthesis and characterization of CNC-based particles with different CNC 

content in particles 

The chitosan/CNC complexes were prepared under different weight ratios 

(chitosan: CNC= 20:1, 10:1, 6.5:1, 4.8:1, 3.8:1). The various complexes had different 

particle size, surface charge and morphologies. The complexes with chitosan to CNC 

ratio at 20:1, 6.5:1 and 3.8:1 were used for synthesis of CNC-based hybrid particles and 

study of their properties. These particles with different CNC content (1%, 3% and 5% 

CNC in particles) had different particle sizes, ζ–potentials and morphologies. The 

complexes with chitosan to CNC ratio at 10:1 and 4.8:1 were used for synthesis of 

CNC-based hybrid particles with 2% and 4% CNC content.  

      

5.2.2  Evaluation the particles/epoxy composites using Dynamic mechanical 

thermal analysis (DMTA) 

Dynamic mechanical thermal analysis (DMTA) is used to test the mechanical 

properties of polymer nano-composite. DMTA can be carried out to determine the 

mechanical performance of solid materials, including impact resistance, brittleness and 

stiffness. Meanwhile, storage modulus, loss modulus and loss or damping factors can 

be obtained from DMTA results. These factors can evaluate the mechanical properties 

of the studied epoxy composites.  
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5.2.3  Developing the model studies for the particles/epoxy composites and 

making a comparison of theoretical prediction with the experimental 

results.  

There are many models available to predict the mechanical performance of the 

composites. Huang & Kinloch model [101] and Hsieh model [78, 102] can predict the 

fracture energy of particles/modified epoxy polymeric matrix. The Halpin- Tsai model 

[103] can be used to predict the modulus of a material containing particles. These 

models can predict the elongation, yield, tensile strength, modulus and fracture energy. 

Thus, developing of the model studies for the particle/epoxy composites and making a 

comparison of theoretical prediction with the experimental results can clearly reveal the 

benefits of using the filled particles and further investigate the toughening mechanism 

for the filled particles. 
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