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Nature has blessed us with the dexterity to grow engineering materials rather than 

fabricating toxic pollutants that would affect our global warming situation today. 

Let’s grow engineering materials. 
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ABSTRACT 

 

Recently, the interest for renewable resources for fibers particularly of plant origin has 

been increasing. Reduction of use of traditional textile materials is now considered more critical 

due to the increasing environmental concern. Natural fibers are renewable, biodegradable, 

recyclable, and lightweight materials with high specific modulus, in competition with man-made 

fossil materials and fiberglass. Natural fibers are used for preparation of functionalized textiles to 

achieve smart and intelligent properties. However, the incorporation of these fibers in composite 

systems has been challenging due to their hydrophilic nature. Nevertheless, the fact that these 

biodegradable materials can be manipulated at a nano-scale to complement desired objective and 

application has made them a favorable option. 

 The idea behind this project is to explore ways to convert green waste to high value 

materials and to utilize natural building blocks to design textile reinforcement materials. In this 

work, cellulose nanofibrils (CNF) supplied from the University of Maine were hydrophobized by 

silylation and characterized using Fourier-Transform Infrared (FTIR) spectroscopy, Raman 

spectroscopy, and Thermogravimetric analysis (TGA). Results from FTIR spectroscopy showed a 

formation of Si-O-C bonds, indicating better fiber-matrix adhesion. Raman spectroscopy showed 

disruption of hydrogen bonding which indicates interference of parallel nanocellulose fiber 

adhesion to neighboring fibrils. The TGA suggests that the thermal stability of the functionalized 

CNF is higher than that of the corresponding neat sample, which could be a result of stable Si bond 

formation. 

The raw materials (neat and functionalized) were encapsulated in a polystyrene matrix 

through a solvent and non-solvent precipitation process, and then extruded using single and dual 

heat processing. The extruded thin filaments were tested according to the ASTM D638 (tensile test 

of plastics). Results showed an increasing Ultimate Tensile Strength (UTS) and Elastic Modulus, 

with peak values attributed to the dual-heat processing up to 79% and 69% increase respectively 

at 5wt% loading. Further increase was seen at 10wt% loading up to 112MPa UTS, and modulus 

up to 10.8GPa for the dual-heat processing. The UTS increase is assumed to be a result of linear 

arrangement of CNF in the matrix during the extrusion process. The results revealed the strong 

reinforcing ability of CNF and their compatibility with thermoplastic matrix if functionalized. 
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CHAPTER 1 

INTRODUCTION 

 

The need for lightweight materials has created an intense interest in bio-or green- 

composite polymers systems [1, 2]. Nanocellulose has emerged as a likely replacement for 

traditional materials such as carbon and glass fiber reinforcement. Partially, because they can 

easily be fabricated and produced directly by means of energy-efficient processes. The raw 

materials are very much available at a low cost compared to the high cost of carbon fiber (>$10 a 

pound) and other traditional reinforcement materials [3]. Nanocellulose biopolymers have 

outstanding properties that make them significant for the next generation of engineering materials 

as their applications are increasing. There has also been a massive shift in the interest of researchers 

to nanocellulose composites as those composites have demonstrated the most efficient 

biocompatible materials available to-date. The nanocellulose structure can be manipulated to suit 

various applications and meet high strength/high modulus requirements, which can include 

applications in electronic screening to load bearing structures. Among various biopolymer-based 

materials, natural fibers like Hemp, Flax, Henequen, Sisal, Jute, Kenaf, and many others are being 

projected as potential environmentally friendly materials that can become indispensable in 

engineering materials [4]. 

 Due to their outstanding properties (biodegradability, recyclability, low cost, high strength, 

and high toughness), green reinforcement have become the promising green composite material 

which can be organically grown rather than inorganically fabricated. The use of natural fibers as 

green reinforcement is encouraged in industrial applications. The antithesis, carbon fiber (CF), has 

a high cost of production from PAN which is a petroleum based product. However, the process of 

production is not bio-friendly, consumes a lot of energy and causes toxic waste after use [5]. 

Carbon nanotubes (which are comparably higher in strength than nanocellulose crystals) are 

known to be extremely toxic and a high risk to human health and the environment [6]. Table 1 

below shows a comparison of natural, and carbon fiber with respect to their property. 
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1.1 Motivation 

Composite production is expensive as it require complex and expensive fabrication machines, 

which require extreme labor. For example, the total cost of manufacturing carbon fiber goes into 

its production cost which is about 80% of its cost. On the other hand, we have underutilized natural 

materials which can be used to manufacture multifunctional composites. These natural materials 

are abundant, affordable, lightweight, and biodegradable. At a nano-scale these fibers can be 

manipulated to complement desired objective, and application, which has made them a favorable 

choice in composite manufacturing. Though with various critical issues, the trend is still on, and 

achievable if these materials can be processed at industrial scale. The processing technique has 

been a critical issue for the advancement of these materials. The hydrophilic nature, and low 

processing temperature have made researchers more curious for more efficient processing 

methods. This high surface area has made cellulose hydrophilic and hygroscopic in nature, 

meaning that they absorb water both from air and contact with another compound. This can cause 

Table 1: Comparison between natural and carbon fibers 

Property Natural fibers Carbon fibers 

Density Low (< 3mg-m^3) 0.5 higher that of natural fibers 

Cost Low High 

Renewability Yes No 

Recyclability Yes No 

Energy consumption Low High 

Distribution Wide wide 

CO2 neutral Yes No 

Abrasion to machines No Yes 

Health risk when inhaled No 
 

Yes 
 

Disposal Biodegradable Not biodegradable 
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a low contact angle which would ignite poor dispersion of cellulose especially in hydrophobic 

polymer matrix systems. But favorably, this can make them have a good wettability and 

adhesiveness. With their high surface area, modification and functionalization of its hydroxyl 

groups is necessary. 

 

1.2 Problem Statement 

In literatures, the production and application of biomaterials is based on process and 

production of nanocellulose [7]. In the quest for novel polymer materials with certain desirable 

characteristics, material scientists have developed such substances as high-performance 

composites in which nanofibers of cellulose are embedded [8]. In the form of lightweight structural 

material, these composites have similar mechanical properties to steel, while as nonporous bio-

foam they provide an alternative to conventional insulating materials. Initially, the production of 

nanocellulose involved huge breeding tanks of bacteria which was expensive because they 

required food, and the process was also time consuming [9]. Recent advancements have helped 

groom a new workhouse, which has created “nanocellulose fibrils”. Nanocellulose fibrils have 

been used to create polymers or long-chain nanocellulose, and there is consistent research to make 

a more complete crystalline material [10]. If this is done, then the most important agricultural 

transformation would be achieved and we would have plants that produce machines [11]. Hence, 

if nanocellulose crystals can be made or bind into continuous fiber, then this would help reduce 

and could totally replace carbon fiber usage. 

Review of the literature indicates the gap (or challenge) with nanocellulose is in developing 

a technology to extract and bind the cellulose nanocrystals longitudinally. This will make them 

easy to produce in long continuous fibers which could then totally replace carbon fiber at a fraction 

of the cost. If cellulose nanofibrils is produce by cost effective and environmentally friendly 

processes, then it can be used to produce hybrid composites. Processing nanocellulose 

mechanically is energy consuming. This have been a challenge that would be explored with time 

to determine a better process method that would be optimized. 

Currently there is a challenge to getting accurate mechanical measurement of cellulose 

nanofibrils. This has created a research gap in the characterization of this organic material as there 

are several factors that would affect the measure of its mechanical properties, which include the 
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crystal structure, percentage of crystallinity, anisotropy, defects, and means of measurement (this 

would vary from the type of mechanical analysis and machine used). 

 

 

 

 

 

Dispersion of nanocellulose is also another challenge in nanocellulose production. Though 

the process of nanowhiskers have made this easier due to the high surface to volume ratio on the 

surface after process. This high surface area can be used by drafting on the surface of the polymer 

to create new nanofibrils by means of polymerization. 

However, nanocellulose application today is very low as seen in Figure 1. But when 

nanocellulose is adjusted correctly, and chained into long polymers or crystalized, it could be used 

for super-light body armor, lightweight body parts (for vehicles), biofuel, making light aerogels, 

and growing replacement organs for transplants [12]. In summary, the critical issues related to 

nanocellulose and green composites are; 

1. Nanocellulose processing is expensive 

2. No accurate mechanical data for cellulose nanofibrils 

3. Nanocellulose is very polar and hydrophilic 

Figure 1: Natural fiber usage 
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1.3 Research Objectives 

The objectives of this research is to perform and analyze methods of modification of 

nanocellulose, fabricate nanocellulose composites into thin filaments through extrusion, and 

characterize extruded filaments as possible reinforcement fibers for high performance composite 

production. This can be done by binding the nanocellulose crystals into continuous fiber through 

extrusion processing. This will possibly align its structure and the extrudate should be a more 

aligned cellulose fiber crystal, in which a stiffer and stronger output is expected. The detailed 

objectives of this project include: 

1. Study different binding methods to produce the nanocellulose crystals in continuous 

longitudinal form [7]. 

2. Set up experiments and conduct nanocellulose modification test to improve matrix 

adhesion (reduce hygroscopic and hydrophilic nature) [13]. 

3. Characterization of neat and functionalized (functionalized) nanocellulose fibrils [14]. 

4. Encapsulating nanocellulose fibrils in a polystyrene compactible matrix through a solvent 

and non-solvent extrusion process [15]. 

5. Raw material and extruded filament characterization (using FTIR, RAMAN and TGA) 

6. Filament Analysis and Test (Using SEM and DMA) 

 

1.4 Outline of Thesis 

This thesis comprises of an extensive literature review in Chapter 2, which covers 

traditional and green fiber reinforced composites, nanocomposites and nanocellulose fibrils. 

Different treatment and binding method for nanocellulose was also reviewed. The processing and 

pocessability and dispersion techniques available have been discussed. In chapter 3, the 

methodology used for chemical modification was conferred. Analysis for modification validation 

from FTIR, RAMAN, and TGA were also discussed. Chapter 4 concludes the filament analysis, 

and results obtained from SEM, RAMAN, TGA, and DMA single fiber testing. Finally the future 

work and conclusion of this research are discussed in Chapter 5. 
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CHAPTER 2 

LITERATURE REVIEW 

 

This chapter discusses various reinforcement types including traditional reinforcement and 

green (natural fiber) reinforcement. Emphasis was made on treatment methods for green 

composites and processability of green composites. Different properties of green composites as 

well as its application was also discussed. 

 

2.1 Traditional and Green Fiber Reinforced Composites 

Researchers have defined composites in different ways. The term composite material on a 

macroscopic scale is used to refer to a material that is different from the conventional 

macroscopically homogeneous material. These materials contain strong fibers (reinforcement) that 

are continuous or noncontinuous, and embedded in a weaker material (matrix). The matrix retains 

the structural arrangement and dispenses the load on the composite module [16, 17]. Composites 

are not new, they were invented a very long time ago like straw-clay bricks or a concrete-aggregate 

roadway. The term fiber-reinforced composites on the other hand, consists of high strength and 

modulus fibers bonded together by a matrix to create an interface. When appropriately fabricated 

the new material would have superior properties which neither of the original constituent materials 

can retain. The matrix component is mostly thermosetting resins like Epoxy which transfers or 

distributes the load within the reinforcement and keeps the matrix in a geometric form [18, 19]. 

Metal matrix composite and thermoplastic matrix composite are some of the other possibilities. 

The filler or fiber is the material that has been impregnated in the matrix to lend its advantage 

(usually strength) to the composite. The fillers can be of any material such as carbon fiber, glass 

bead, sand, or ceramic. Composites can be classified into roughly three or four types according to 

the filler types: particulate, short fiber, long fiber, and laminate [17]. Fibers are classified into 

natural and synthetic fibers. Natural fibers are naturally harvested from animals, and minerals. 

While synthetic fibers are processed from organic and inorganic fibers. 

Composites materials are heterogeneous and anisotropic (which means that the mechanical 

properties depend on the loading direction) [20]. This makes composites have a great deal of design 
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flexibility. This is the reason why the x, y, and z fiber orientation needs to be known to produce a 

composite [21]. The effect of the fiber orientation marks the beginning of the distinction between 

the common composites used universally and the high-performance composites [22]. The bonding 

between the fiber and matrices is created during the manufacturing of the composite which has the 

fundamental influence on the mechanical properties of the composite material [23]. 

Principal fiber materials like Glass, Carbon, Kevlar, Boron, Silicon, High-density 

polyethylene and Natural fibers (which include Hemp, Flax, Henequen, Sisal, Jute and Kenaf) are 

fabricated through unidimensional, bidimensional and tridimensional forms, and sized (to improve 

fiber matrix adhesion) before integrating with the matrix [24]. Many materials are used as matrix 

including: Polymeric matrix, which is divided into Thermoplastics resins (which include 

Polypropylene PP, Polyphenylene sulfone PPS, Polyamide PA, Polyether ether ketone PEEK), and 

Thermoset resins (Epoxie, Polyester, Polyurethane, Phenolic, Melamine, Silicon). 

 

 

 

Figure 2: Life cycle of green composites [25] 
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Mineral matrix like Silicon carbide, and carbon which are mostly used for high temperature 

applications, and Metallic matrix (like aluminum and titanium alloys) [26]. When the fiber and 

matrix are fused to form the composite, the composite’s application is limitless as long as it is 

merged correctly. Traditional reinforcement (carbon and glass fiber) has been in use since their 

invention. This caused the loss of interest in natural fibers as structural reinforcement. This interest 

rekindled as the United Nations General Assembly raised global awareness for the use of natural 

fibers by declaring 2009 the International Year of Natural Fibers (IYNF) [27]. In 2000 a research 

group from the University of Guelph led by Dr. Amar Mohanty published an overview of biofibers, 

biodegradable polymers, and biocomposites. The work primarily gave an overview of reinforcing 

biofibers, their chemical constituents as well as their structural aspect and properties [28-30]. Since 

biofibers serve as a reinforcement in biocomposites, some of their properties were compared to the 

conventional reinforcement materials like Carbon and Glass fibers [31]. From Figure 2, the source, 

origin as well as the life cycle of natural fibers have been reviewed [32, 33]. 

 

Table 2: Advantages and disadvantages of natural fibers [34] 

Advantages Disadvantages 

Low specific weight results in a higher specific 

strength and stiffness than glass 

Lower strength, especially impact 

strength 

Renewable resources, production require little 

energy and low CO2 emission 

Variable quality, influence by weather 

Production with low investment at low cost Poor moisture resistant, which causes 

swelling of the fibers 

Friendly processing, no wear of tools and no skin 

irritation 

Restricted maximum processing 

temperature 

High electrical resistant Lower durability 

Good thermal and acoustic insulating properties Poor fire resistant 

Biodegradable Poor fiber/matrix adhesion 

Thermal recycling is possible Price fluctuation by harvest results or 

agricultural politics 
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The opportunities and challenges in the green materials world was also researched and 

reported by Mohanty et al which analyzed the concept of sustainable biomaterials as well as its 

application. Most biofibers such as kenaf, hemp, flax, and sisal with polymer matrices from both 

nonrenewable and renewable resources is used to produce composites, and has attained 

commercial attention in the automotive industry [35]. This is atributed to the development of 

biocomposites which has made a vast shift in today’s materials research with a need for 

envinronmental friendly materials [31, 36]. High preformance materials are increasingly made 

from natural resources and applied in packaging and autmotive industries [37, 38]. Nevertheless, 

these materials have its advantages and disadvantages which is discussed in Table 2. 

 

2.2 Nanocomposites and Nanocellulose Fibrils 

Most conventional composties are being studied in their nano forms and the research on 

nano particles is increasing by the day. They are reported to be the materials of the 21st century. 

[39]. A material is termed nanocompostie when at least one of the directions of the reinforcement 

is less than 100nm. Thus the material would have a structure in a nano-scale (this is called a 

nanoreinforcement) [40]. Table 3 shows different types of nanocomposties. 

 

 

Class Examples 

Metal Fe-Cr/Al2O3, Ni/Al2O3, Co/Cr, Fe/MgO, Al/CNT, Mg/CNT 

Ceramic Al2O3/Sio2, Sio2/Ni, Al2O3/TiO2, Al2O3/SiC, Al2O3/CNT 

Polymer Thermoplastic/Thermoset polymer/layered silicates, polyester/TiO2, 
Polymer/CNT, polymer/layered double hydroxides 

 

 

In nanocompostie, just like composite, we have the nanoreinforcement fiber and the matrix. 

But in this case it is specific and the interest is to make the best atoms of the nanoparticles [41]. 

Braun T and team in 1996 reported that changes in properties can be observed when the particle 

size is less than a particular level (this is called the Critical size effect) [42]. 

Table 3: Different types of nanocomposites [41] 
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This is shown in Table 4. The surface/volume ratio increases when the cluster size 

decreases which signifies an increasing number of atoms of the cluster is exposed to the external 

environment [43]. The connection of this exposed atom surface with the matrix is dependent on 

the quality of the bonding which is characterized by the degree of diespersion of the 

nanoreinforcement [41]. As the dispersion increases, the atomic interaction increases and the 

interfacial bonding with the matrix increases which makes the structure more effective than the 

conventional reinforcements [44]. Consequently, nanocomposties have high surface to volume 

ratio of the reinforcing phase and high aspect ratio. Nanoreinfocement can be in different types as 

shown in Figure 3: grains in nanoparticles, layer in nanoplatelet like silicates and graphene, and 

tubes in nanotubes (carbon nanotubes), nanowires, nanofibers [45]. 

 Cellulose nanofibrils was first developed in the early 1980’s, but the history of cellulose 

goes back early 1900 [46, 47]. Working under the supervision of Dr. Abdul Khalil, the team at the 

school of industrial technology in the Universiti Sains Malaysia explored the structure of 

nanocellulose. This discovery gave a more recent insight into the structure of nanocellulose with 

the current state of the art technology. Michael loelovich also studied the structure of nanocellulose 

which he concluded was a linear polysaccharide with 1-4-B glycoside bonds. Among 

nanocomposites materials are cellulose macro and nanofibers which have gained increasing 

attention due to their high strength and stiffness [31]. 

Table 4: Sizes for significant changes in properties of nanoparticles [42] 

Properties Feature size(nm) at which changes 

might be expected 

Catalytic activity <5 

Making hard magnetic materials soft <20 

Producing refractive index changes <50 

Producing super Paramagnetism and other 

electromagnetic phenomena 

<100 

Producing strengthening and toughening <100 

Modifying hardness and plasticity <100 
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Cellulose is one of the most abundant chemical compounds on earth [14]. It is completely 

biodegradable and more economically viable to use as a building material due to relative 

affordability of fabrication in comparison to fully synthetic materials [10].  These characteristics 

become very advantageous when making comparisons to fully synthetic components being used 

primarily today, such as carbon fiber, glass fiber, and carbon/glass composites [48]. Nanocellulose 

are increasingly considered as suitable building blocks as a replacement of traditional 

reinforcement materials [49]. 

Unit cells of cellulose as shown in Figure 4 have a central hollow cavity called the lumen 

which decreases the bulk density of the fiber, and acts as an acoustic and thermal insulator. For 

industrial purpose the lumen are used as insulators and for noise control especially in automobiles. 

The shape and size of the lumen depends on the fiber source and the cell wall thickness [50, 51]. 

Nanocellulose retain high surface energy that form aggregates, and make it impossible to form a 

crystal structure powder. During evaporation of water the bonds form a film, which undergoes 

pyrolysis, and the bond is then destroyed at the nano-scale [52, 53]. 

Due to the nano-sized particles, it is possible to alter the nature of this material to a desired 

need, depending on the process of extracting nanofibrils from the raw material. Morais et al. 

explored different method to extract nanocellulose from the raw materials [54]. 

Figure 3: (a) Grain (nanoparticle) (b) Tube (nanofiber and nanowire) (c) Layer (nanoplatelet) 
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Different drying methods and their effect have also been reviewed and reported [56]. These 

drying methods includes freeze drying and water evaporation, and chemical methods like acid 

hydrolysis, chlorination, alkaline extraction, and bleaching [14, 57]. There are advantages and 

disadvantages using any of these processes [14, 58, 59]. For example, freeze drying is known to 

reduce crystallinity by reducing particle size which cause most of the sulfate groups to concentrate 

on the surface of the crystal, making it impossible for intermolecular bonds to form. Natural fibers 

in this case, has a comparable strength and modulus to carbon and glass fibers. 

Generally, nanocellulose is extracted from wood pulp (as seen in Figure 5) using a 

homogenizer which helps to delaminate the cell walls of the fibers and separate the nanosized 

fibrils, after which the cellulose fibers are separated by beating the mixture gently [46]. The fibers 

are then allowed to form a thick paste-needle crystals or a spaghetti-like structure of cellulose 

fibrils. The fibrils are in water suspension after separation from the wood pulp, after which it is 

dried. Different drying methods have been developed to prevent clumping, roughing, and to 

enhance their mechanical properties, which treatment in turns improves their interfacial bonding 

[60]. The effect of different drying methods on the mechanical properties of nanocellulose have 

also been reviewed [61, 62]. 

Figure 4: Illustration of a single cellulosic fiber cell [55] 
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Although there are two approaches to obtain nanocellulose from bottom-up (i.e. 

biosynthesis) or top-down (i.e. disintegration) of plants materials. However, the production method 

determines the classification. Cellulose produced using bacteria from the acetobacter species are 

referred to as Bacterial cellulose (BC) [9]. 

The earliest literature found on nanocellulose production was published in 1946 by K. 

Wuhrmann and team who treated natural fibers with ultrasonic waves and studied the interaction 

under an electronic microscope and found different cellulose fibrils [64]. These were found to be 

Nanofibrillated Cellulose (NFC). Through acid hydrolysis of cellulose a Nanocrystalline Cellulose 

(NCC) is produced [65, 66]. In summary, we can say that the types of cellulose are either from 

plants by acid hydrolysis (nanowhiskers), mechanically treated fibrils, and those occurring 

naturally (tunicate nanowhiskers) or under culturing conditions (bacterial cellulose nanofibrils). 

These are explained in terms of source, formation and average size on Table 5. 

Figure 5: Cellulose fibers and the smaller structures within them: (a) fiber from wood pulp (b) 
microcrystalline cellulose (c) microfibrils of cellulose (d) nanofibrils of cellulose (e) cellulose 
nanocrystals from wood pulp (f) CNCs from sea squirts (the only animal source of cellulose 

microfibrils) (g) and (h) cellulose nanofibrils from other sources [63] 
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2.2.1 Structure of Cellulose 

Nanocellulose is a light and solid substance obtained from plant matter which comprises 

nanosized cellulose fibrils. This new material is a pseudo-plastic and possesses the property of 

specific kinds of fluids or gels that are generally thick in normal conditions [68, 69]. Cellulose is 

a polymer made up of ß-D-glucopyranose units that are connected through 1-4 glycosidic bonds. 

The polymers are primarily linear, extending to at least 5000 nm in length, on average [12]. Due 

to the chemical structure of cellulose fibers, they form stable, highly ordered lattices through 

Table 5: Nanocellulose is divided into different types [67] 

Type of 

Nanocellulose 

Synonyms Typical Sources Formation and 

Average Size 

Microfibrillated 

Cellulose (MFC) 

Nanofibrils and 

microfibrils, 

nanofibrillated 

cellulose. 

Wood, sugar beet, 

potato tuber, hemp, 

flax. 

Delamination of wood 

pulp by mechanical 

pressure before and/or 

after chemical or 

enzymatic treatment. 

Diameter: 5-60nm 

Nanocrystalline 

Cellulose (NCC) 

Cellulose 

nanocrystals, 

whiskers, rod-like 

cellulose 

microcrystals. 

Wood, cotton, hemp, 

flax, wheat straw, 

mulberry bark, 

ramie, cellulose 

from algae and 

bacteria. 

Acid hydrolysis of 

cellulose. 

Diameter: 7-20nm 

Length: 100-250nm 

(from plants); 100nm-

several micrometers 

(from algae, bacteria) 

Bacterial 

Nanocellulose 

(BNC) 

Microbial cellulose, 

biocellulose. 

Low-molecular-

weight sugars and 

alcohols. 

Bacterial synthesis. 

Diameter: 20-100nm 
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hydrogen bonding [70]. In order to chemically modify this structure, swelling (or some form of 

dissolution) occur to expose these functional groups [71, 72]. However, Figure 6 illustrates the 

skeletal diagram of cellulose, showing the glucopyranose ring, the crystallin and disordered region. 

 

 

 

 

 

2.3 Rheological, Chemical, and Mechanical Properties of Nanocellulose 

Nanocellulose is typically produced in water dispersions in which they infiltrate to form 

networks depending on the surface charge [73, 74]. Rheology is a practical tool to investigate 

properties of the nanocellulose - such as its viscosity, elasticity, flow, and alignment. The early 

reported rheology on nanofibrils focused on the shear viscosity. As a result of the crystallinity of 

nanofibrils, the flow and aligning behavior of the crystals, as well as the shear thinning, have been 

studied and reported. Shear viscosity experiments have confirmed the pseudoplastic behaviour of 

Figure 6: Skeletal diagram of cellulose with the formula (C6H10O5)n [63] 
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nanocellulose fibrils [75]. This means that cellulose behaves as non-newtonian fluids. They exhibit 

large decrease in viscosity with increasing shear rate (which is also known as shear thinning) [76].  

Recent rheology of nanocellulose has focused on its moduli that is its elasticity/rigidity of 

the network [60, 77]. These qualities of celllose have attracted the interest of the military for use 

in lightweight armor and ballistic glass (as cellulose can be transparent).The chemical properties 

of different cellulose have been studied and reported [78]. The properties depend mainly on the 

source (plant), and the extraction process. Cellulose has high relative polarity and this quality 

makes the fiber highly sensitive to water and moisture-related reactions. The cause of cellulose’s 

high polarity is due to three hydroxyl groups at carbons two, three, and six - located on each 

glucopyranose ring [79].  In its natural environment, this polarity aids in the propagation of water 

throughout the plant. 

 

 

 

 

However, for the purpose of composite fabrication, the manufactured part would be largely 

unreactive to a multitude of elements to prolong durability and material strength over time with a 

wide area of application [88, 89]. Another important characteristics of cellulose is their degree of 

polymerization (DP) [78].  The possion ratio of cellulose has also been reported to be 0.30 for Iβ, 

0.30 and 0.46 for cellulose II [90, 91]. Cellulose has several unique properties that make them 

Material 

Modulus 

(GPa) 

Density 

(g/cm3) 

Specific Modulus 

(GPa Mg-1m3) Reference 

Aluminum 69 2.7 26 [80, 81] 

Steel 200 7.8 26 [80, 81] 

Glass 69 2.5 28 [80, 81] 

Crystalline 

Cellulose 138 1.5 92 [82-84] 

Carbon 

nanotubes 300 1.6 188 [84-87] 

Table 6: Moduli of engineering materials compared to cellulose 
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suitable as a matrix or  reinforcement material [60]. These properties include high stiffness and 

strength, high specific area, low density, low coefficient of thermal expansion, optical transparency 

and self-assembly behavior, and their ability to form strong networks. From Table 6, the only 

reinforcing material that is stronger than cellulose nanocrystals is carbon nanotube, which costs 

about 100 times as much. Stainless steel is included solely as a comparison to conventional 

materials. 

 

 

 

 

 

The mechanical properties on the other hand depend on their chemical composition, the 

spiral angle of the fibril, and the morphology of the crystalline regions [94]. Mechanical properties 

of the different natural fibre composites as well as glass and carbon fiber have been studied and 

reported. The results were comparble to that of glass fibers as the untimate tensile stress increased 

Figure 7: Comparing average tensile properties of commonly used synthetic engineering fibers, 
renewable technical fibers, petroleum-based and renewable polymers respectively. BC denotes Bacteria 

Cellulose [92, 93] 
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with an increased fiber weight fraction [48, 95, 96]. The ashby plot is a common method used for 

material selection (Figure 7), it shows a comparative average of tensile properties of commonly 

used synthetic engineering fibers, renewable technical fibers, petroleum-based, and renewable 

polymers. Viscoelastic properties of celloluse has also been charaterized [97, 98]. The use of 

nanocellulose stems from its extremely high surface area and high strength to weight ratio was 

also reported [62]. The downside of using purely synthetic materials and composites is the 

high cost of production and low degradability. 

 

 

Table 7: A summary comparing properties of some natural fibers with traditional reinforcements 

Fiber 

Density 

(g/cm3) 

Tensile strength 

(MPa) 

Young's modulus 

(GPa) 

Elongation at 

break (%) Reference 

Cotton 1.5-1.6 287-800 5.5-12.6 7.0-80 

[28, 99, 

100] 

Jute 1.3-1.45 393-800 13-26.5 1.16-1.5 

[17, 101, 

102] 

Flax 1.4-1.5 800-1500 27.6 2.7-3.2 

[17, 103, 

104] 

Hemp 1.48 690 21.7 1.6 

[17, 28, 

101] 

Ramie 1.5 400-938 61.4-128 1.2-3.8 

[17, 28, 

101] 

Sisal 1.45 468-700 9.4-22.0 3-7 

[17, 101, 

102] 

PALF - 413-1627 34.5-82.51 1.6 [101, 102] 

Coir 1.15 131-175 4-6 15-40 [101, 105] 

E-glass 2.5 2000-3500 70 2.5 [17, 106] 

S-glass 2.5 4570 86 2.8 [17, 106] 

Aramid 1.4 3000-3150 63-67 3.3-3.7 [17, 101] 

Carbon 1.7 4000 230-240 1.4-1.8 [17, 101] 
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In review context, the cost for part fabrication through reduction of overall carbon fiber 

usage can be done through integrating nanocellulose in place of carbon fiber. However, there are 

caveats that are associated with this process. Cellulose nanofibrils are promising materials and the 

shift towards its exploration is not just over its environmental impact but its mechanical and 

chemical properties. Though it has been challenging to determine the true strength and modulus 

of cellulose crystals as well as other mechanical properties. Through literature review a lot of 

mechanical properties have been gathered and compared Table 7. 

 

2.4 Treatment/Modification of Nanocellulose and Use of Adhesion Promoters 

The hydrophilic nature of natural fibers make them incompactable with hydrophobic 

polymer matrix, which results in poor adhesion and interfacial bonding. Thus, leads to a reduced 

or poor mechanical property when the composite is fabricated [70]. Hence treatment or 

modification is required to increase the disperssion ability of these fibers in compatible matrix 

systems. 

 

 

 

 

Figure 8: Illustration of functional groups in cellulose during disintegration [72] 
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This modification will lower the polarity of the nanocellulose fibers through addition of 

hydrophobic siloxane molecules to the surface [103]. However, modification process produce 

continious covalent bonds between the fiber surface and the matrix [107-112]. Consequently, 

chemical treatment can reduce the overall fiber swelling, and biological degradation by blocking 

the available –OH group on the fiber surface [113]. Different treatment methods and functional 

groups are seen in Figure 8. This occures mainly during disintergration of the fibrils. Using treated 

fillers generally enhances the adhesion of the filler and matrix, compared to using neat fillers. This 

is very true especially when the filler particles with low length-to-diameter ratios are used.  

 

 

Property RPE RPE-OS RPE-SDc RPE-SDf RPE-SS 

Elastic modulus (MPa) 129 163 264 282 193 

Tensile strength (MPa) 12.5 8 10.9 10.4 9.9 

Elongation at break (%) 100 36 29 17 45 

Heat deflection temperature (°C) 27 35 38 42 37 

Impact strength (J/m) No break No break 185 99 No break 
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Table 8: Mechanical properties of neat RPE-based green composites [114] 

Figure 9: Mechanical properties of neat RPE-based green composites 
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Table 8 and Figure 9 is a typical example of a research done with the addition of 30 wt%, 

low aspect ratios natural-organic fillers (OS = olive stones flour, SDc = coarse wood flour, SDf = 

fine wood flour, SS = sago starch) to a recycled polyethylene (RPE). This study could imply that 

green composties can be stiffer and thermomechanical resistance, but the ductility and the tensile 

strenght could be significantly reduced. This makes chemical modification necessary to improve 

mechanical properties. Chemical modification make the cellulose less hydrophilic. 

A review of literature reveals availability to chemically modify these functional groups 

through physical and physicochemical treatments. This can be done either by; 

 

1. condensation of the coupling agent (like silane), 

2. grafting of monomer (polymerization), and 

3. plasma surface treatment and plasma polymerization [81, 98, 115]. 

 
The main modification techniques are [116]; 
 

1. Alkali treatment (also called mercerization): 

This is usually performed on short fibers, by heating at approx. 80 °C in 10% NaOH aqueous 

solution for about 3–4 h, washing and drying in ventilated oven. It allows disrupting fiber clusters 

and obtaining smaller and better quality fibers. It should also improve fiber wetting [117, 118]. 

 

2. Acetylation: 

In this method, the fibers are usually immersed in glacial acetic acid for 1 h, then immersed in a 

mixture of acetic anhydride and few drops of concentrated sulphuric acid for a few min, then 

filtrated, washed and dried in ventilated oven. This is an esterification method which should 

stabilize the cell walls, especially in terms of humidity absorption and consequent dimensional 

variation [119]. 

 

3. Stearic acid treatment: 

Here, the acid is added to an ethyl alcohol solution, up to 10% of the total weight of the fibers to 

be treated the obtained solution is thus added drop wise on the fibers, which are then dried in oven. 

It is an esterification method as well [120]. 

 



  

22 
 

4. Benzylation: 

The fibers are immersed in 10% NaOH and then stirred with benzoyl chloride for 1 h, filtrated, 

washed and dried, then immersed in ethanol for 1 h, rinsed and dried in oven. This method allows 

decreasing the hydrophilicity of the fibers [111, 121]. 

 

5. TDI treatment (treatment demand indicator): 

The fibers are immersed in chloroform with few drops of a catalyst (based on dibutyltin dilaurate) 

and stirred for 2 h after adding toluene-2,4-diisocyanate. Finally, fibers are rinsed in acetone and 

dried in oven [113]. 

 

6. Peroxide treatment: 

The fibers are immersed in a solution of dicumyl (or benzoyl) peroxide in acetone for about half 

an hour, then decanted and dried. Recent studies have highlighted significant improvements in the 

mechanical properties [122]. 

 

7. Anhydride treatment: 

It is usually carried out by utilizing maleic anhydride or maleated polypropylene (or polyethylene) 

in a toluene or xylene solution, where the fibers are immersed for impregnation and reaction with 

the hydroxyl groups on the fiber surface. Literature reports significant reduction of water 

absorption [119, 123]. 

 

8. Permanganate treatment: 

The fibers are immersed in a solution of KMnO4 in acetone (typical concentrations may range 

between 0.005 and 0.205%) for 1 min, then decanted and dried. Investigations have pointed out a 

decreased hydrophilic nature of the fibers upon performing this treatment [124]. 

 

9. Silane treatment: 

The fibers are immersed in a 3:2 alcohol–water solution, containing a silane-based adhesion 

promoter for 2h at pH ≈ 4, rinsed in water and oven dried. Silanes should react with the hydroxyl 

groups of the fibers and improve their surface quality [112]. 
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10. Isocyanate treatment: 

Isocyanate group can react with the hydroxyl groups on fiber surface, thus improving the interface 

adhesion with the polymer matrix. The treatment is typically performed with isocyanate 

compounds at intermediate temperatures (around 50 °C) for approximately 1 hour [125, 126] . 

 

11. Plasma treatment: 

This recent method allows significantly modifying the fiber surface. However, chemical and 

morphological modification can be very heterogeneous depending on the treatment conditions, 

therefore it is not easy to generalize; process control is a critical aspect and the final surface 

modifications strongly depend on it [111]. 

The most efficient modification method that have been reviewed is TDI, Peroxide, and 

Silane treatment, with respect to mechanical properties. While alkali treatment and acetylation 

have shown better improvement in thermal and dimensional stability. It has been shown chemical 

treatment improves the overall property of the natural fiber Figure 10.  Table 9 shows reported 

effect of different treatment methods. Though not all modification treatment methods are cheap 

and this remains a challenge for industrial application [127]. 
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Figure 10: Mechanical properties of PP/WF with and without modification [128] 
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Hybrid fiber Matrix polymer Treatment method Coupling agent References 

Oil palm 

EFB/glass 

Polypropylene (PP) Toluene, Acetone 

and Ethanol 

MAPP, 

PMPPIC, TPM 

[129] 

Jute/glass Polypropylene (PP) --- MAPP [130] 

Sisal/glass Polypropylene (PP) --- MAPP [77, 131-

133] 

Sisal/glass Polyethylene (PE) Alkali, Acetic 

Anhydride, Silane, 

Stearic acid, 

Peroxides 

MAPP, 

Permanganate 

[134] 

Banana/glass Polypropylene (PP) ---- MAPP [135, 136] 

 Polystyrene   [137] 

Bamboo/glass Polypropylene (PP) ---- MAPP [77, 138-

142] 

Hemp/glass Polypropylene (PP)  ---- [143, 144] 

Flax/glass Polypropylene (PP) Alkali, Silane MAPP [145] 

Cotton/flax Polyethylene (PE) Silane, Enzyme MAA-PE [146] 

Wood 

flour/glass 

Poly vinyl chloride 

(PVC) 

---- ---- [147] 

Cotton/waste 

silk 

Polycarbonate (PC) ---- ---- [148] 

Coir/sisal Natural rubber ---- ---- [149-151] 

Oil palm 

EFB/glass 

Natural rubber ---- ---- [152] 

Kenaf/glass Natural rubber ---- ---- [153] 

Sisal/oil palm Natural rubber NaOH, Silane Silane [154-160] 

Table 9: Reported Effect of different coupling agents and compatibilizers on hybrids 
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2.5 Processing and Processability of Cellulose in Compatible Matrix System 

There is a significant increase in viscosity as the cellulose filler content in a matrix increases, 

thus causing a decreases in processability. However a significant decrease in processability have 

not been seen in literature as to this. This is due to the fact that torque, and viscosity increases are 

not too high especially at high shear rates [114, 161, 162]. Several studies have shown that that 

viscosity increases with filler weight percentage than the nature of the filler. Mantia et al. 

investigated the rheological behavior of PP/WF composites with and without modification [128, 

163]. When the filler content was increased, there was increase in the viscosity. Also during 

processing efficient stress transfer from the matrix to the fiber, while retaining the maximum length 

of the fiber and increasing interfacial bonding should be maximized [164]. This means that the 

stress transfer is dependent on the interface zone, which includes the physical and chemical 

interactions between two different interfaces [165]. The distinctive processing techniques for 

cellulose-polymer-organic composites are; 

1. Extrusion [161, 166] 

2. Injection molding [167] 

3. Compression molding [166] 

 

Extrusion have been reported the efficient method, and compression molding have been 

preferred option to the injection molding. The reported filler amount have been ranging from 50-

60wt% [114, 161, 167, 168]. The major processing problem with cellulose is the hydrophilic 

nature, and their poor thermal resistance. This means that when processing cellulose temperature 

must be kept under 200C. The hydrophilic nature leads to formation of water vapor especially with 

injection molding process without a venting or drying system. Water vapors also cause voids and 

this would affect the materials mechanical properties. Though small amount of water have been 

shown to act as lubricants during processing [169]. Processing of cellulose have recently been 

tailored towards market needs. This has led to the modification of extruders from single to twin 

screws. Most new extruders have independent and inter-changeable modules. Scaffaro et al. have 

studied influence of process variables and processing techniques on the mechanical behavior of 

green composites [163, 170]. With statistical analysis (Table 10), they could be able to predict the 

most significant processing factor which was found to be the fiber/filler content, which mainly 

affected the elastic modulus. Filler treatment, mixing speed, filler aspect ratio, and mixing 
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temperature were also factors considered in the model. The filler aspect ratio, and mixing speed 

affected the impact strength and moderated significance was attributed to the temperature and filler 

treatment. With respect to the processing technique used, they observed that injection molding 

caused degradation of the macromolecules, which reduced the viscosity, and stiffness of the 

materials. While the twin-screw extrusion and single-screw extrusion followed by calendaring had 

final products with high moduli. 

 

 

 

 

Scaffaro et al. have studied influence of process variables and processing techniques on the 

mechanical behavior of green composites [163, 170]. With statistical analysis (Table 10), they 

could be able to predict the most significant processing factor which was found to be the fiber/filler 

content, which mainly affected the elastic modulus. Filler treatment, mixing speed, filler aspect 

ratio, and mixing temperature were also factors considered in the model. The filler aspect ratio, 

and mixing speed affected the impact strength and moderated significance was attributed to the 

temperature and filler treatment. With respect to the processing technique used, they observed that 

Table 10: Tensile properties of wood flour filled green composites as a function of the processing 
technique [170] 

Mechanical property Processing Neat polymer Composite, 15 wt.% WF 

Elastic modulus (MPa) Mixing 410 537 

Single-screw 

extrusion 

378 535 

Twin-screw extrusion 373 563 

Injection molding 200 295 

Tensile strength (MPa) Mixing 17 11 

Single-screw 

extrusion 

27 17 

Twin-screw extrusion 28 12 

Injection molding 15 18 
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injection molding caused degradation of the macromolecules, which reduced the viscosity, and 

stiffness of the materials. While the twin-screw extrusion and single-screw extrusion followed by 

calendaring had final products with high moduli. 

Leblanc et al. found that most of the interactions, filler type, filler content, filler aspect 

ratio, and processing temperature are all significant factors. This makes it very difficult to tell the 

mechanical behavior of the cellulose fillers. This is also seen in another study by Selke et al. doing 

similar modelling. The tensile, impact, and flexural strength are measured as functions of fiber 

concentration. The effect of fiber pretreatment, screw configuration, and compounding 

temperature on properties of composites were also discussed. It was reported that the level of fiber 

attrition depended on the screw configuration and the processing temperature during the blending 

of wood fibers with high density poly(ethylene)(HDPE) in a twin-screw extruder [171]. 

 

2.6 Nanocellulose Hybrid Composites 

Composites containing more than one type of fiber in a single matrix material is known as 

hybrid composites. Practically, several different fiber types may be incorporated into a hybrid, but 

it’s more likely that a combination of only two types of fibers would be most beneficial [172]. 

Creating hybrid composites implies fashioning materials with specific combinations of properties 

by combining different molecular blocks in various ratios, and by controlling their mutual 

arrangement at the nanolevel as shown in Figure 11. Nano-size fillers with high aspect ratio and a 

large surface area have attracted significant attention during the last decade as reinforcements in 

different polymers. Among various nanofillers, nanocellulose is an excellent reinforcement to 

improve the mechanical properties of polymer composites. Hybrid composites made of two 

different natural fibers are rear, compared to a natural fiber and traditional reinforcement hybrid. 

Hybrid composite fabrication by cellulose is economical and give another aspect in nanocellulose 

reinforced composites. As a result, a balance in cost and performance could be achieved through 

proper material design. In polymer science, hybrid composite is a promising research with 

application in areas ranging from automobile to construction. Nevertheless, significant changes in 

the manufacturing process must be made in other to achieve most its application especially in 

lightweighting. 
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Abu Bakar and his team studied the impact behavior of a hybrid composite of oil palm 

fiber and glass fiber hybrid, reinforced with epoxy resin. There was a significant increase in tensile 

strength as well as modulus of the composite due to the hybridization of the natural fiber (oil palm) 

[173]. The effect of different hybrid composition and arrangement on mechanical properties of 

hybrids have also been studied and reviewed. The natural fibers showed better mechanical 

properties in their outer layer due to the high surface energy [174]. Hybrid composites have also 

been put through impact testing and characterized based on different laminates used in production, 

and it was concluded that hybrids can withstand extensive damage produced by higher impact 

energies [175]. The interfacial stress transfer in a hybrid model have also been investigated to 

determine the interfacial shear stress between the hybrid fibers and the resin matrix. This has 

offered a new micromechanics to the characterization of the interface in hybrid composites [176]. 

In 2013, Dr. Seong Hum Kim and his team used nanocellulose-reinforced polyacrylonitrile 

precursor at different concentration for the production of carbon fibers. The nanocellulose was 

found to be an effective reinforcement due to its high aspect ratio and good interfacial adhesion to 

Figure 11: The purpose of hybridization is to create materials with specific combinations and 
control at a nanolevel 
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the PAN matrix [177]. Carbon fiber is known for its good mechanical properties, such as its 

stiffness, thermal and electrical conductivity, and being corrosion resistant. Carbon fiber made 

from the PAN precursor is expensive due to the processing and the increasing cost of petroleum. 

This has yielded to less usage for carbon fiber in the automotive industry. In contrast nanocellulose 

is inexpensive and easily available as they are grown and its production process is inexpensive to 

extract the nanofibrils from the plant. It is important to investigate methods to embed nanocellulose 

into carbon fiber. In selecting materials to create a hybrid composite, several factors are 

considered; 

1. the form of interactions 

2. the functional groups 

3. the geometry of linkage 

4. the connectivity 

5. the kind of linkage that needs to be formed 

 

Through proper material design, a balance in cost and performance could be achieved [51]. 

The strength of hybrid composites is dependent on the fiber properties, aspect ratio, length, 

orientation, fusion, failure strain, and matrix interface. Maximum strength and overall hybrid result 

is achieved when the fibers are high strain compatible [178]. The rule of mixture can be used to 

envisage a hybrid system. This is termed “the rule of hybrid mixture” [179]. 

 

                                                     P H = P1V1  + P2V2 [140]                                                        (1) 

 

P H = Property been investigated 

P1 = Corresponding property of the First System 

P2 = Corresponding property of the Second System 

V1 and V2 = Relative hybrid volume fractions of the First and Second System. 

V1 = V2 = 1 [178]. 

 

In this system, a positive or negative hybrid effect would apply to the positive or negative 

deviation of a specific mechanical property from the rule of hybrid mixture. It is used to describe 

the phenomenon of an apparent synergistic improvement in the properties of a composite 
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containing two or more types of fiber. Selecting the components that make up the hybrid composite 

is determined by the purpose of hybridization, and the material specifications (or the design 

parameters). Though there are hitches in fiber selection for compatible hybrids. Different kinds of 

fusions have been done and tested and this have given researchers ideas on the kind of strength, 

modulus, thermal conductivity, impact resistance, and weight to expect when hybrids are made. 

 During the manufacturing of thermoset based composites, moisture leads to void contents 

and affects fiber-matrix bonding that decreases its mechanical properties [23]. In cellulose based 

hybrid composites the voids are filled with fibers which cause swelling and thus increases the 

thickness swelling of the composite. Due to the hydrophilic nature of cellulose, they are 

incompatible to hydrophobic polymeric matrices which in turn cause poor adhesion of the fiber 

and polymer matrix [180]. This has significantly affected dispersion of the fiber in polymeric 

matrix like polypropylene, polyethylene and polystyrene. Though some fillers have shown better 

interfacial bonding [70, 181-184]. 

Polymer composites with hybrid reinforcement of natural fibers are very significant to 

today’s engineering application as they are biofriendly though not too common [185-188]. 

Cellulose is a naturally occurring composite of cellulose fibrils embedded in a ligin matrix. 

Nanocellulose fibrils are ideal component for the fabrication of multifunctional materials in 

combination with various useful organic and inorganic nanomaterials. Nanocellulose are 

ecofriendly, and require low energy consumption during processing, this reduces its production 

cost. Nanofibrils have high surface properties which can be tuned chemically for different 

applications. This high surface density is triggered by its functional groups of C6-hydroxyls which 

support them to have good affinity to the adsorbing species. These functional materials in 

nanocellulose have made them compatible with different polymer matrices and reinforcements. 

The hybrids have found application in many areas like automotive and structural uses. The 

physical and mechanical properties of hybrids are characterized by: the fiber content, length, and 

orientation, the intermingling (Hybridization) of fibers, and the fiber and matrix interfacial 

bonding [178, 189]. This involves studying the mechanical properties of the hybrids as a function 

of the fiber length, loading direction, intermingling of the fibers, and interfacial bonding. It also 

involves how various treatments affect the fiber as well as the use of coupling agents. 
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2.7 Application of Nanocellulose, and Nanocellulose Hybrid Composites 

Nanocellulose could be ideal for use in a wide range of applications. Until recently, 

nanocellulose was mostly used for paper-based products and other light composites. Given below 

are key applications of nanocellulose; 

• Nanocellulose is idea for use in vehicle manufacturing [7, 177, 190]. 

• Nanocellulose aerogel could make boats that would support 1000 times its own weight 

[58]. 

• Nanocellulose sheets can be used for electronic displays [30]. 

• Nanocellulose based sensors can help in monitoring structures like bridges to detect their 

stress level [191]. 

• Nanocellulose can be used as food packaging which would replace the polystyrene-based 

foams [47, 60, 192]. 

• Nanocellulose can be used as fracturing fluid in oil recovery applications (cleaning oil 

spills) [193-196]. 

The application of natural fibers in the automobile industry is being investigated round the 

world. There is increasing innovation in the production of car parts with natural fibers like hemp, 

flax and jute [197]. Specifications like ultimate breaking force, elongation, flexural properties, 

impact strength, acoustic absorption, and long term durability are met by nanocellulose hybrids 

[28, 198, 199]. The utilization of lightweight, low-cost natural fibers offers the potential to replace 

a large segment of the glass and mineral fillers in numerous automotive interior and exterior parts. 

The use of natural fibers has so many benefits such as low cost, low CO2 emission (attributed to 

light weight), less reliance on foreign oil sources, and biodegradability (recyclability) [200]. 

 

2.8 Summary of Literature Review 

Nanocellulose is the basic structural component of plants. It’s becoming part of our 

everyday products due to its extraordinary properties. Green cars could be made from nano-sized 

fibers produced from pineapples, and bananas. Incorporating these natural fibers to make hybrid 

composites would make them even stiffer for high temperature application, and armor. 

Nanocellulose with its lightweight, high strength, and transparent properties is of great interest for 

many applications in a wide variety of areas. Nanocellulose is of immense significance in the 
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ongoing commercialization of nanotechnologies. Researchers, and industrialists are analyzing, and 

exploring new manufacturing processes, and applications for nanocellulose. Currently, 

nanocellulose is used in the state of gels, absorbent foams, films, and as a part of biocomposites. 

It is capable of replacing and exceeding metal, synthetic plastic, and even carbon fiber properties, 

while being environmentally friendly and cheap. Nanocellulose has been considered as a less 

expensive alternative to carbon fiber and glass fiber for some applications. Mixing the 

nanocellulose with natural or synthetic resins, polymers, and oxides adds specific mechanical, 

optical, and electric properties which can make them suitable for a huge range of products. In a 

lightweight vehicle nanocellulose can be used to build structural parts, car body, windows, flexible 

electronic displays and circuits, foams and textiles for interiors, and lightweight flexible batteries. 

It has been revealed that nanocellulose fibrils are excellent reinforcement, and biodegradable 

materials if well processed. They have a wide range of application due to their nanosize. They 

have been shown to have better strength, and toughness than most traditional reinforcements. 
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CHAPTER 3 

METHODOLOGY 

 

Methods and experiments have been conducted on synthesizing cellulose nanofibrils for 

inclusion in thermoplastic fibers. Again, this method was chosen due to the reinforcement 

replacement strategy. The goal was to showcase potential increase in fiber properties with 

inclusion of CNF fillers. The following list procedures, methods and initial testing parameters for 

the experimentation. The process is summarized in Figure 12 with a methodology flow chart. 

 

 

 

 

 

3.1 Chemical Modification of CNF 

Nanocellulose can be designed for specific needs to have better strength, to be light, to 

have more ductility and favorable moisture stability. The surface functionalization of can be done 

either by electrostatic charge to improve colloidal dispersion or by tuning the 

hydrophilicity/hydrophobicity to improve solvent compatibility especially when they are used with 

Figure 12: Flow chart of methods and testing 
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nonpolar or hydrophobic matrices in nanocomposites [67, 201, 202]. The term hydrophilic in this 

review refers to nanocellulose wettability by water, which is measured by the contact angle 

between water and the solid surface. When the contact angle with water is smaller than 90 degrees 

a surface is said to be hydrophilic [203-205]. Researchers have investigated the interaction of 

silane coupling agents which proved to have adequate interfacial bonding as a results with the 

polymer matrix. Silane coupling agents have the ability to form a durable bond between organic 

and inorganic materials. For cellulose it enhances the interfacial bonding of the polymer matrix 

[206]. The silane modification involves hydrolysis and condensation of the triethoxysilane which 

forms Si-OH oligomers. At room temperature only dispersive and polar interactions occur which 

forms –OH groups and then condensation takes place to produce Si-O-C bonds when heated above 

100 C [207]. Silane treatment improved storage modulus of the fiber reinforced composite [208]. 

 

 

 

 

 

Fibers were supplied in the form of a spray-dried powder supplied from the University of 

Maine. Because of their hydrophilic nature, spray-drying CNF has become one of the most desired 

manufacturing method [62]. Other preparation alternatives where considered as well [209]. The 

fiber fabrication method used in this experiment was through acid hydrolysis, using sulfuric acid 

as the hydrolyzing agent. The fibers have an average circle equivalent diameter of 4.18 um and an 

average aspect ratio of 0.6715. The lengths of the fibers ranged from 4 - 10 um [62]. 

Figure 13: Chemical structure of cellulose and modification reagents 
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A chemical modification strategy for cellulose nanofibril was adopted from the work of 

Hajlane et al. [210]. Dibutyltin dilaurate at 95% purity, 3-(triethoxysilyl) propyl isocyanate at 95% 

purity, and toluene anhydrous at 99.8% purity, were purchased from Sigma Aldrich Inc. The 

chemical structure of the reagents, and solvent is seen in Figure 13. Chemical modification 

consisted of mixing of 1000mL of Toluene in a 2L flat bottom flask. 20g of spray-dried 

nanocellulose was then added to the flask, followed by addition of 650uL of dibutyltin dilaurate. 

6.19mL of 3-(triethoxysilyl) propyl isocyanate was then added through addition with a burette over 

60 minutes. The flask was then sealed and held under circulation of nitrogen for 12 hours while 

being gently stirred. 

After 12 hours, the flask was left to sit at room temperature to allow settling of the 

nanocellulose powders. The powders were then washed with acetone. Afterwards, the powders 

were placed in an oven at 60 Celsius and left to dry for 18 hours. The dried powders were 

subsequently analyzed through FTIR, RAMAN, and TGA. 

 

3.2 Raw Material Characterization and Analysis 

The conclusion of successful modification of nanocellulose fibers was determined through 

analysis through Fourier transform infrared spectroscopy, RAMAN, and Thermogravimetric 

analysis. 

 

3.2.1 FTIR 

FTIR experimentation was done using a Thermo Nicolet Nexus 470 FT-IR spectrometer. 

The sample was dried, ground into a fine powder, and then pelletized using Potassium bromide 

KBr FT-IR grade 99% (1:100, w/w). The spectra were recorded in the range from 4000 to 400 cm-

1 at 32 cm-1 resolution and 64 scans per sample [211]. 

 

3.2.2 RAMAN 

Raman spectrometer data can give a precise matrix displacement of the polymer and 

nanofibrils when performing characterization. Raman spectroscopy is a valuable tool as it records 

molecular deformation of both crystalline and amorphous regions that lie in the nanocellulose. 

Whereas, FT-IR separates related compounds and this makes it very sensitive to impurities in low 

concentration. But there are some drawbacks with FT-IR as sample preparation is very time 
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consuming and the KBR grinding might cause distortion of spectra. This led to further 

characterization with RAMAN. The different spectra for the neat and functionalized CNF was 

compared between the FT-IR and Raman methods. Results and discussion also show Raman to be 

most effective means to characterize nanocellulose [212]. 

 

3.2.3 TGA 

Thermogravimetric analysis was done on a TA Instruments TGA Q50 analyzer. Nitrogen 

was supplied at a constant pressure of 20 PSI in data collection for both neat and chemically 

functionalized nanocellulose fibers. Throughout the experiment, nitrogen balance flow measured 

a constant 40.00 mL/min while nitrogen sample purge flow measured at a constant 60.00 mL/min. 

After which air was supplied at the same pressure and flow rate. Temperature equilibrium was 

established at 25 degrees Celsius for both sample types. Temperature ramping was set at an 

increase in 20 degrees Celsius per minute for both functionalized and neat fibers to ramp to a 

temperature of 1000 degrees. Thermogravimetric analysis was done on 17.685 mg of stock 

cellulose fibers and 15.041 mg of chemically functionalized nanocellulose fibers [213]. 

 

3.3 Composite Fabrication 

CNF treated and untreated (neat and functionalized) was encapsulated in a polystyrene 

polymer matrix at different loading 0wt%, 0.5wt%, 1wt%, 5wt %, and 10wt% through a solvent 

and non-solvent method. To describe a simple procedure containing 1% nanocellulose loading in 

polystyrene matrix, 100mL of dimethylformamide (DMF) was placed in a separate beaker and set 

on a hot plate and heated to 90 degrees Celsius. Nanocellulose fibrils were weighed on a scale to 

a ratio of 100:1 for polystyrene to nanocellulose; equaling 50 mg. 5 grams of polystyrene were 

then dissolved in the beaker containing 100mL DMF. 200mL of DMF was placed in a separate 

beaker. 50mg of nanocellulose fibers were then mixed in the beaker and stirred. After dissolving 

of the polystyrene, the two solutions were mixed and stirred at 90 degrees Celsius for 30 minutes. 

A separate flask containing distilled water was measured to create a 1:5 ratio of DMF to distilled 

water. The liquids measured 300mL to 1500mL. 
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The two solutions were then mixed at room temperature for 10 minutes. A filter paper was 

then used to filter out the precipitated mixture containing polystyrene and nanocellulose fibers. 

The filter was prepared through vacuum filtration. The precipitate was left to dry overnight. The 

dried precipitate (Figure 14) was then then extruded to create fine filaments. Two different batches 

of samples were produced from two different extrusion heat processing system. 

 

3.4 Filament Extrusion with Single-Heat Processing 

A filastruder extruder system was heated to 200 degrees Celsius and used to create 

filaments of nanocellulose and polystyrene with a diameter averaging 127um. The extrusion of 

natural fiber containing compounds begins with gravimetric metering of the polymer and additives 

and end with pressure build-up prior to the melt proceeding directly to a melt pump for further 

processing. The extruder as shown in Figure 15 has a temperature control unit, the torque can be 

controlled as well to create a controlled share rate and viscosity. The extruder was optimized in 

respect to the temperature and shear profile of the composite. With controlled process parameters, 

viscosity, and dispersion (plasticizing behavior), the nanocellulose fibers should be well aligned 

in the PS polymer matrix system. 

Figure 14: Composite containing CNF encapsulated in polystyrene 
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This should lead to an increased modulus. However, the extrusion process have not been 

reported to significantly increase the tensile strength of composites containing natural fibers 

through the extrusion process [170]. A picture showing the extrusion process and the extruded 

filament is in Figure 16. 

 

 

 

        (a)        (b) 

 

Figure 15: Filastruder extrusion system 

Figure 16: (a) Encapsulated CNF composite fiber material extruded using a filastruder extruder system 
and cooled (b) Extruded thin filaments with diameter averaging 127um 
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3.5 Filament Extrusion with Dual-Heat Processing 

The filastruder extruder was optimized by the addition of a second heater (Dual heat 

processing). This created a more uniform mixing in the plastication zone (Figure 17). There are 

three main zone in most conventional extruder. 

• Feed zone: This zone is for transportation and preheating of the solid material 

• Transition/Plastication zone: This zone is for compression and platication of the polymer 

• Metering zone: This is the last zone before the die, for conveying the melt, melt mixing, 

and pumping the melt to the die. This is shown in Figure 18. 

 

 

 

 

 

The voltage was kept constant, as it was observed that it changes the pressure, and thus the 

extrusion rate and diameter. Due to the effective heating, the shear rate, and viscosity was greatly 

affected. Temperature changes viscosity, thus extrusion rate and diameter. 10oC is about 0.10mm. 

Thus increasing temperature will decrease the filament diameter [214]. The filament diameter 

extruded from the dual-heat processing was seen to vary from 30um to 50um compared to the 

single-heat processing which was between 120um to 150um. Though the temperature was kept at 

200oC for all processing (single-heat and dual-heat).  

Figure 17: Extruder barrel with two heaters 
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(a)                                                     (b)                                                    (c) 

 

 

The coefficient of the barrel to the polymer friction and screw surfaces is one factor that 

affects the extrusion rate. This can be controlled by taken account of the polymer conveying 

efficiency and bulk density. For this batch of samples, a material take up system was also used. 

An in-house 3D printed spool was also produced as shown in Figure 19. 

Figure 18: Schematic diagram of a single screw dual extrusion system 

Figure 19: (a) Material take-up system (b) 3D Printing spool (c) 3D printed spools with filament 
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CHAPTER 4 

FILAMENT ANALYSIS AND RESULTS 

 

The performance of the extruded filaments was tested following the ASTM D638-03 

standard test method for tensile properties of plastics using a TA instruments DMA Q 800. The 

test method was kept the same for both sample from the single, and dual heat processing. Though 

two different 3D test tab type was used. The difference was in the second tab which was designed 

to fit perfectly into the DMA tab clamp to reduce testing error. The data for the tensile properties 

and modulus was collected. 

Filament analysis was done using SEM. Fibers were analyzed to understand their 

morphology and to measure their diameters with the purpose of identifying the quality of the 

extruded filaments. The filaments vibrations which is dependent on the masses of the atoms present 

was also analyzed using RAMAN. Thermal stability of the filament was also checked using TGA 

and this also confirmed the percentage composition of the cellulose fibrils in the filaments. 

 

4.1 DMA 

 

 

 

Figure 20: Tab setup on DMA tension clamp 
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Dynamic mechanical analysis was done on filaments with single-heat processing, with 

weight fractions from 0wt%, 0.5wt%, 1wt%, to 5wt% composite. Another set of filaments from 

the dual-heat process were also analyzed with weight fractions from 0wt%, 0.5wt%, 1wt%, 5wt% 

to 10wt%. The offset gauge was maintained at 10mm, with a strain of 2%/min at room temperature 

throughout all runs (Figure 20). 

 

 

 

 

 

The testing was done according to ASTM D638-03 [216] for tensile test of plastics. Sample 

tabs were produced according to ASTM D3379-75. For all experiments, the conventional paper 

tabs were not used (Figure 21). 3D printed tabs (Figure 22) were used for the first batch of 

experiment from the single-heat process. A large sample variation, and slipping was observed. The 

second set of sample from the dual-heat processing was tested using an improved 3D test tab 

(Figure 23). 

 

 

 

Figure 21: Current paper single fiber testing tab design [215] 

Figure 22: Single fiber testing tab design by 3D printing 
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The filaments were placed on the tabs, and glued to standard, to ensure that there is no 

slipping during test. A hot-melt adhesive glue gun was used. The adhesive gun operates at 

approximately 120oC and has a high melt viscosity which make them ideal for porous and 

permeable substrates. 

 

 

 

 

 

The tensile test of the filaments was done using 4 samples of each specimen of the 

polystyrene-cellulose nano fibril composite with loading from 0wt%, 0.5wt%, 1wt%, 5wt% 

to10wt%. The average results were obtained for the filament modulus and tensile strength. 

Comparison test on the neat and functionalized filaments was also done to validate the effect of 

modification on the CNF. 

 

4.1.1 DMA result for Single-Heat Processing 

For the single heater extrusion. The tensile strength of 0wt % filament reduced, though this 

has been reported to occur during extrusion of polymers. Nevertheless, the incorporation of CNF 

in the PS matrix shows a considerable increase in the tensile stress of the composite. A significant 

increase was observed in the maximum stress of 178% with the addition of 10wt% functionalized 

CNF (Figure 24). This proves the effectiveness of the reinforcement fibers in the matrix system. 

The higher loading of CNF could add positively towards the increase in the mechanical properties 

of the composite system. 

Figure 23: Improved single fiber testing tab design by 3D printing 
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Comparing the 0wt% filament, the CNF showed a very high modulus as seen in Figure 25. 

With the addition of CNF 0.5%, the modulus was 81% higher than that of the 0wt% (pure PS) and 

with 1wt% of fiber loading, the modulus was 121% higher than that of the 0wt%, and with the 

addition of 10wt% of fiber loading, the increase was up to 877%. 
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Figure 24: Comparing tensile strength of filaments with single-heat processing 

Figure 25: Comparing modulus of filaments with single-heat processing 
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Comparing the neat and functionalized samples, the functionalized samples showed a 

better interfacial bonding and adhesiveness between the CNF fiber and the hydrophobic PS matrix 

with a modulus increase of 7%, 28%, 20%, and 23% for the 0.5wt%, 1wt%, 5wt%, and 10wt% 

respectively. The tensile strength also increased by 19%, 23%, 14%, and 16% for the 0.5wt%, 

1wt%, 5wt%, and 10wt% respectively. More studies will be carried out in order to identify the 

optimal concentration of CNF in the PS matrix for filament production with the extrusion process. 

 

 

4.1.2 DMA result for Dual-Heat Processing 

For the dual-heat processing, the tensile strength of 0wt% filament showed similar reported 

tensile strength [217]. Nevertheless, the incorporation of CNF in the PS matrix shows a 

considerable increase in the tensile stress of the composite. A significant increase was observed in 

the maximum stress of 132% with the addition of 10wt% functionalized CNF (Figure 26). This 

proves the effectiveness of the reinforcement fibers in the matrix system. The higher loading of 

CNF could add positively towards the increase in the mechanical properties of the composite 

system. 
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Figure 26: Comparing tensile strength of neat and functionalized filament for dual heater 
extrusion 
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Comparing the 0wt% filament, the CNF reinforced filaments showed a very high modulus. 

As seen in Figure 27, with the addition of CNF 0.5wt%, the modulus was 44% higher than that of 

the 0wt% (pure PS) and with 1wt% of fiber loading, the modulus was 65% higher than that of the 

0wt%, and with the addition of 10wt% of fiber loading, the increase was up to 113%. Comparing 

the neat and functionalized samples, the functionalized samples showed a better interfacial 

bonding and adhesiveness between the CNF fiber and the hydrophobic. 

 

 

4.1.3 Comparing DMA result for single and dual heat processing  

Though both results showed an increase strength and modulus as seen in Figure 28 and 

Figure 29 respectively, the increase was more for the filaments tested from the dual-heat 

processing. Nevertheless, the single-heat processing showed a better increase rate in modulus from 

0.5wt% to 10wt% of up to 877%. The tensile strength increase was more for the DHP filaments 

up to 128% increase comparing at 10wt% loading to the SHP filaments. This should be as a result 

of better process and testing parameter. The dual-heat processing is known to have better heat 

distribution, thus affecting the shear rate and viscosity of the extruded filaments [214, 218]. This 

should hence make the filament smaller in diameter, and stiffer [219]. 
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Figure 27: Comparing modulus of neat and functionalized filament for dual heater extrusion 
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                                       Single-heat                     Dual-heat 

 

 

 

Furthermore, testing the dual-heat processed filaments were a lot easier, faster and had a 

lot less variation in data due to the enhanced 3D tab which was design to reduced errors 

encountered during testing with the initially produced 3D tabs. Most of the test had gauge breaks, 

though only gauge break data was reported. 

 

 

                                                     Single-heat                  Dual-heat 
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Figure 28: Comparing tensile strength of single and dual heat processing 

Figure 29: Comparing modulus of single and dual heat processing 
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4.2 SEM 

SEM was done on 0wt%, 1wt%, and 5wt% SHP filaments only. Since the filaments are 

non-conductive, they were gold sputter coated before the SEM analysis using a polaron range 

sputter coater. Measurement of the extruded filament was also done using the SEM. The average 

diameter of the SHP filaments was found to be 127um (Figure 30). All samples were prepared and 

cut to standard, to ensure standard analysis requirements was observed all through the analysis. 

 

 

 

          (a)                          (b) 

 

 

 

          (a)                          (b) 

 

Figure 30. (a) Filaments gold sputter coated (b) SEM filament measurements 

Figure 31: (a) SEM 0wt% filament (b) SEM 1wt% neat filament 
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          (a)                          (b) 

 

 

 

          (a)                          (b) 

           

 
The surface morphology of the 0wt% PS-CNF filament was smooth, compared to the 1wt% 

neat PS-CNF which was very coarse as seen in Figure 31. The coarseness reduced in Figure 32 

which shows the functionalized 1wt% CNF. This surface roughness reduced significantly in the 

5wt% CNF-PS filament in Figure 33. This could be as an effect of the neat CNF not been able to 

disperse in the PS. While the functionalized CNF could adhere better to the PS matrix system. 

 

 

Figure 32: (a) SEM 1wt% neat filament (b) SEM 1wt% functionalized filament 

Figure 33: (a) SEM 1wt% functionalized filament (b) SEM 5wt% functionalized filament 



  

50 
 

4.3 FTIR 

Fourier transform infrared spectroscopy (FTIR) was the main characterization method used 

to discern the effectiveness of the chemical modification in this experiment. In making 

comparisons between the stock and chemically functionalized nanocellulose fibers, there were 

distinct patterns in the spectrum showing functionalization had occurred. FTIR was used primarily 

due to the speed of data acquisition and relative accuracy of data point collection. The information 

derived through chemical modification involved addition of larger functional groups, mainly 

silanol moieties, to the extended hydroxyl groups on carbons two, three, and six on the d-

glucopyranose units. 

 

 

 

 

 

In both functionalized and neat fibers there were absorption bands at 1430 cm-1, indicating 

C-H deformation vibrations from CH2. At 1112 and 1165 cm-1 there were stretching vibrations 

indicative of the cellulose ether [209]. Ether stretching vibrations at 1112 and 1165 cm-1 were to 

be expected due to the structure of the d-glucopyranose rings composing the nanocellulose fibers. 

There is also a strong increase in absorption between 1250 and 1150 cm-1, indicating an increase 

in Si-O bond formation. An increase in Si - O bond absorption is due to the presence of three 

Figure 34: FTIR spectrum for neat CNF 
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silicon-to-oxygen bonds present on each siloxane molecule [220]. A graph depicting FTIR spectra 

of neat and chemically functionalized nanocellulose fibers is shown in Figure 34, and Figure 35 

respectively. 

 

 

 

 

 

The FTIR reveal there are peaks around 1350 and 1175 cm-1, indicating sulfonates in the 

nanocellulose. Due to the fabrication process used by the University of Maine in creating the 

cellulose whiskers, this is to be expected [54, 221]. We observed O-H stretching between 3000 

and 3700 cm-1 in both the natural and functionalized structures, indicating the presence of 

hydroxyl groups spread around the d-glucopyranose rings. 

 

4.4 RAMAN 

This experimental methodology depends on measuring the shift in position of 

characteristics peaks within the Raman spectrum of cellulose when deformed.  Branched alkanes 

have C-C stretch Raman bands in the 850-750 cm-1 region, so C-C stretches in the substituents 

may contribute intensity in this region. C-C stretch is the dominant contribution in the 950-900 

cm-1 region with the strongest bands for the most branched celluloses. 

Figure 35: FTIR spectrum for functionalized CNF 
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The bands in the 1200-1000cm-1 region also have contributions from C-C and C-O 

stretches. The neat CNF has stronger Raman bands from 1097 and 1122cm-1 and from C-C at 

1153cm-1 (medium). The region 1500-1200cm-1 is typical for CH bends, many of which have 

strong Raman intensity. For the Neat CNF bands in this region are found at 1478(weak), 1462(w), 

1410(w), 1380(strong), 1338(medium) and 1294cm-1 (w). Figure 36 shows the Raman spectrum 

for the neat, functionalized and a combination of both. 

In making the comparison between the neat and functionalized fibers, the O-H stretching 

peak became broader and much smoother, indicating a disruption of intermolecular hydrogen 

bonding. This was taken to be a supporting point for the functionalization of the fibers [222]. 

This disruption of hydrogen bonding shows interference of parallel nanocellulose fiber adhesion 

of neighboring fibrils. Furthermore, this disruption will ultimately lead to lower levels of 

agglutination of the cellulose fibrils when contained in a nonpolar mixture. 

Figure 36: Combined spectrum for neat and functionalized CNF 
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The addition of dibutyltin dilaurate was a key reagent in this reaction to aid in propagation 

reactions, of which include isocyanate-hydroxyl reactions. This is very important in that dibutyltin 

dilaurate prefers to activate hydroxyl groups for reaction with the siloxane (3-

(triethoxysilyl)propyl isocyanate) than free hydroxyl groups present within the solution. This leads 

to higher yields of chemically functionalized nanocellulose [223]. 

Filament characterization was done on RAMAN to show the presence of CNF in the CNF-

PS filament. The 0wt% filament showed consistent peaks of polystyrene with low 

frequency carbon-carbon (C-C) vibrations are at around 800 cm-1. We see the vibrations of two 

carbon atoms linked by strong double bonds (C=C) at around 1600 cm-1. This is at a higher 

frequency than two carbon atoms linked by a weaker single bond (C-C, 800 cm-1). When 

compared to the 10wt% filaments, the low C-C bond vibration is stretched further to form a 

stronger C-C bond found in same vibrations as CNF (1200-1000cm-1). A combined Raman spectra 

of the 0wt% and 10wt% is shown on Figure 37. 

 

 

 

Figure 37: Combined RAMAN spectrum for 0wt% and 10wt% filament 
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4.5 TGA 

Thermogravimetric analysis (TGA) was used as one of the characterization methods for 

determining physical degradation of the nanocellulose fibers after chemical modification occurred. 

TGA was carried out on the neat nanocellulose fibers and chemically functionalized nanocellulose 

fibers through silylation. Through analysis of data output between the neat and chemically 

functionalized nanocellulose fibers, we concluded that the drop in weight percentage loss, 4.09% 

of the chemically functionalized nanocellulose fibers as compared to a 7.68% weight decrease in 

the neat fibers was attributed due to cleaning of the surface of the nanocellulose fibers through 

chemical modification. The previous modification involving sulfuric acid was attributed to the 

acid hydrolysis fabrication method used to create the nanocellulose, which makes use of sulfuric 

acid [71, 221]. Figure 38 shows a combined thermogravimetric analysis of the neat and 

functionalized raw material. 

 

 

 

Figure 38: Combined thermogravimetric analysis of neat and functionalized raw material 
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Between the temperatures of 30 and 225 degrees Celsius, there was a 7.68% decrease in 

weight percentage of unfunctionalized nanocellulose fibers and a 4.09% decrease in weight 

percentage of the chemically functionalized nanocellulose fibers [222]. 

The thermal decomposition behavior of the extruded composite and the pure PS sample 

(0wt%) was analyzed as shown in Figure 39. It was obvious that the thermal decomposition 

temperature of the 0.5wt% sample was higher than the corresponding 0wt% sample. The 

improvement of the thermal stability of the 0.5wt% composite is certainly attributed to the 

protective effect of the Si-O bond formation, which restricts the thermal motion of PS chains and 

shields the degradation of PS in the composite microsphere. This further proves evidence of the 

silane coupling agent. 

 

 

 

Figure 39: Thermogravimetric analysis of extruded 0wt% and 0.5wt% functionalized filaments 
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CHAPTER 5 

CONCLUSION AND FUTURE WORK 

 

This research aimed to develop a strategy for nanocellulose biocomposites as a replacement to 

traditional reinforcement through creation of a hybrid laminate. The goals are to demonstrate proof 

of concept for chemical modification of nanocellulose fibers to aid in the solubility, and increase 

subsequent adhesion and dispersion in polymer matrix systems. The conclusion of successful 

modification of nanocellulose fibers was determined through analysis through Fourier transform 

infrared spectroscopy, RAMAN and Thermogravimetric analysis. Concerning Fourier transform 

infrared spectroscopy, increases in absorption in the target wavelength areas indicate chemical 

modification has taken place. These two target areas correlated with silicon and carbon bond 

formations along with silicon and oxygen bond formations, both of which are present within the 

added siloxane. While the thermal analysis of nanocellulose showed decreasing percentages of 

degradation between 30 degrees Celsius and 225 degrees Celsius. We believe that to be as a result 

of cleaning, and subsequent modification of the nanocellulose fiber surface during chemical 

treatment. This increased its dispersion in the PS matrix system and consequently improved its 

contact angle. Raman spectrometer was also used for performing characterization because it can 

give a precise matrix displacement of the polymer and nanofibril. The disruption of intermolecular 

hydrogen bond caused a smoother and broader O-H stretching peak. This was taken to be a 

supporting point for the functionalization of the fibers. 

The raw materials (neat and functionalized) was then encapsulated in a polystyrene matrix 

through a solvent process and non-solvent precipitation process. The result taffy was then extruded 

into thin filaments using different heat processing; which could affect the mechanical properties 

of the composite through possible linear alignment of the filament during extrusion. The filaments 

morphology and size was analyzed using an SEM. Treated fibers showed better surface 

smoothness than the untreated fibers. 

The filament composite produced were tested for their mechanical performance using a DMA. 

Results showed an increase in tensile strength and modulus with peak values attributed to the dual-

heat processing. Nevertheless, the single-heat processing showed a better increase rate in modulus. 
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Comparing the 0wt%, with the addition of the functionalized CNF 0.5wt%, the modulus was 81% 

higher. Also, with 1wt% of fiber loading, the modulus was 121% higher than that of the 0wt%, 

and with the addition of 10wt% of fiber loading, the increase was up to 877%. This was the highest 

observed increase. Correspondingly for the single-heat processing, the tensile strength of 0wt% 

filament reduced compared to reported values, which is common due to the extrusion process. 

Nevertheless, the incorporation of CNF in the PS matrix shows a considerable increase in the 

tensile strength of the composite. A significant increase was observed in the maximum stress of 

178% with the addition of 10wt% functionalized CNF. The tensile strength increase was more for 

the DHP filaments up to 128% increase comparing at 10wt% loading to the SHP filaments. This 

should be as a result of better process and testing parameters. The results revealed the strong 

reinforcing ability of CNF and their compatibility with polystyrene if well treated (functionalized). 

 

 

 

 
 

Future work would involve fabricating a hybrid composite system using glass or carbon 

fiber textile, through a filament tow replacement strategy as seen in Figure 40. Using the density 

as the hybrid volume fraction in the rule of hybrid mixture, the mechanical properties of the hybrid 

system can be extrapolated. Through this advancement, hybrid composite textile can be 

manufactured both at small and large scale through extrusion process. They can be used to produce 

composite textile sheets or as filaments for 3D printing for additive manufacturing. 

Figure 40: Tow replacement methodology 
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