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Abstract 

With the continuous use of fossils and metals, the resources are depleting very 

fast and in order to maintain the supply with demand there is a need to find the 

best suitable alternative. Composites have brought a revolutionary change in the 

field of engineering, along with the very serious concerns for the environment 

too. In addition, the conventional fibre reinforced composites are polluting the 

environment very severely, hence disturbing the whole life cycle. To maintain 

the balance between nature and technology, there is a need to make most of the 

natural resources without making any harm to the environment. Following this 

idea, there is a lot of research going in the field of natural fibres. Despite the 

extra ordinary performance of carbon and glass fibres, its manufacturing, 

processing and decomposition compromises the environment health, hence 

leaving serious concerns. On the other hand, cellulose fibres which are not only 

manufactured from benign material but also are very less harmful for the 

environment along with its important properties making it efficient enough to be 

used in the engineering, textile, medical, food and cosmetics industry. 

“Considerable growth is expected in the production of man-made cellulose 

textile fibres.” [1] 

In this thesis the manufacturing and characterization of the best cellulose fibres 

produced is discussed. The cellulose fibres were produced by dissolving 4wt% 

and 6 wt. % DP890 in ionic liquid and also were later produced with Cellulose 

Nano crystals dispersion, winding speed was kept at 200rpm (approximately), 

needle diameter 340 um and spinning temperature between 50-60 degree 

Celsius. Fine fibres with diameter ~21um were manufactured and tested for 

mechanical properties and characterization. It was found that the tensile strength 

of the cellulose fibres was increased from 276 (±10.7) MPa to 630 (±35.5) MPa 

and the young’s modulus was increased from 21 (±1.2) GPa to 43 (±1.7) GPa 

when the fibres were dispersed with Cellulose Nano Crystals. The cellulose 
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fibres were briefly studied for curcumin dispersion as well. These were tested 

for mechanical properties in this thesis. 

Keywords: Nano Cellulose, Cellulose Nanocrystals, bio-composites. 
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Figure 1: Graphical representation of the project vision. 

 

Project Aim 

This project aims to fully understand - how to use a dissolution method to 

develop a manufacturing process for regenerated cellulose fibres with improved 

mechanical properties using ionic liquids as benign solvents. 

To manufacture and study Curcumin based cellulose composite fibres for bio-

medical applications. 

 

Objectives 

In order to achieve the overall aims, the objectives are outlined as below: 

1. To gain an in-depth understanding of cellulose dissolution and Nano-

particles dispersion. 

2. To manufacture regenerated cellulose fibres reinforced with cellulose 

Nano-crystals with high stiffness and strength. 

3. To develop cellulose fibres in order to replace glass fibres. 

4. To deliver more sustainable composites via novel, environmentally 

benign manufacturing method to spin high performance regenerated 

cellulose fibres.  
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5. To investigate the effects of different parameters on the mechanical 

performance, e.g. temperature, winding speed, cellulose concentration, 

etc. 

6. To establish threshold parameters for maximum stable winding speed and 

cellulose concentration for improved mechanical properties. 

7. To control and optimize the dispersion process of curcumin in cellulose 

matrix.  
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Chapter 1 

1.1 Introduction 

1.1.1 Cellulose 

Cellulose is one of the most abundant materials on the surface of the Earth, it is 

considered to be a source of raw material that is inexhaustible - thus making it a 

highly sought after material. For this reason, wood and other cellulose-rich 

resources are commonly used as sustainable and renewable materials within 

many of today's industries.  

It can also be described as the biopolymer that is naturally found in the cotton 

and wood plant cells. 

Cellulose is found in plants like wood and cotton. The highest concentration of 

cellulose, around 90%, is found in cotton plant, 40-50% in wood and the bast 

fibres like hemp, ramie or flax contribute about 70-80%. It is the main 

constituent in the cell wall of plants and trees and is the most abundant polymer 

in nature. Tunicates, algae, various bacterial species etc. are few other resources 

of cellulose. [1][2] 

1.1.2 Morphology of Cellulose 

 

 

 

 

 

 

Cellulose is an unbranched homopolysaccharide that is composed of ß-D-

Glucopyranose units linked together by 1, 4 glycosidic bonds. ß-D-

Glucopyranose is the beta isoform of D-Glucopyranose that is more commonly 

referred to as Beta-D-Glucose. ß-D-Glucose cannot be hydrolysed into a 

simpler form, making it a monosaccharide. When two monosaccharides 

Figure 2: Beta-D-Glucopyranose [4] 



MSc. R. Aerospace Engineering 

2 

 

undergo a condensation reaction, a molecule of H2O is removed and an alpha-

linkage or beta-linkages is formed. Both the α- and ß-linkages confer to very 

different structural properties even though the sequences are otherwise identical 

in composition. When a glycosidic linkage forms between two units of ß-D-

Glucose, the disaccharide cellubiose is produced. The glycosidic linkage 

between two monosaccharides is found between the anomeric carbon of one 

monosaccharide and a hydroxyl group of another- a hemiacetal group reacts 

with an alcohol group to form an acetal. The acetal that forms are 

configurationally stable under most conditions because once a glycosidic bond 

is formed, its configuration is maintained indefinitely. Also as a result of the 

bonds stability, no oxidation or reduction can take place at an anomeric centre 

that is involved in a glycosidic bond. [3] 

 

 

 

 

 

 

 

 

 

1.1.3 Structure of Cellulose 

While studying the structure of a cellulose fibre, it can be divided into three 

different levels: the molecular level, the supramolecular level, and the 

morphological level. The molecular level is as described in the beginning of this 

section and represented in figure 3. The supramolecular level defines the 

polymer chains ordered in crystalline and non-crystalline regions due to 

Figure 3: Hydrogen bonding within Cellulose. [4] 
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hydrogen bonding. The morphological level defines the cellulose fibre and its 

cell walls as shown in figure 4. [1] 

 

 

 

 

 

 

 

 

 

 

 

 

The above figure shows the defined structural levels of the cellulose fibres 

where the cellulose polymers  

(i) are aggregated to form micro fibrils 

(ii) Micro fibrils- long bundles of cellulose molecules which are stabilised 

by hydrogen bonding. 

(iii) Micro fibrils- oriented in different layers in the cell wall. 

(iv) And the different layers differ in fibril densities, direction, and 

textures. [1] 

1.1.4 Applications 

“The cellulose is a renewable and biodegradable polymer which has been 

known for about 150 years” [1]. It has been used as building material, energy 

source, and clothing, for a long time. 

Figure 4: Cellulose structure with defined different levels. 
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1.1.4.1 Medical and hygiene products: Nano cellulose has good absorption 

properties. Hence, the fibres dispersed with CNC can be used in non-woven 

products, tissues, or diapers. [1] 

1.1.4.2 Food industry: emulsions and dispersions can be prepared using Nano 

cellulose. It is also suitable for use in food products as stabilizers or as 

thickeners [1][2].  

1.1.4.3 Other applications: Cosmetics, automotive, films, painting, etc. are some 

of the other application areas of cellulose fibres.  

1.2 Nano-Cellulose 

1.2.1 Introduction and Historical Outline 

There are different types of Nano cellulose depending on the cellulose origin 

source and pre and post treatments. Hence, they have different aspect ratios (L/d, 

where L is the length and d is the diameter) and as well as mechanical 

properties [1]. 

The cellulose Nano-crystals have been considered as superior entities in terms 

of the mechanical properties when compared with recrystallized bio-materials. 

It has proven to have best fracture properties which has been published in recent 

studies as well. [5] 

There are some reviews about the research in the field of Nano cellulose. Most 

of them are about Nano cellulose as a reinforcement material in bio composites.  

Reviews are also found on the use of bacterial Nano cellulose (BNC) in medical 

or surgical products. New avenues in product development can be opened by 

expanding the knowledge in the area of Nano cellulose and by finding better 

techniques to control its properties during processing. Fossil fuel-based products 

can be replaced by bio based products with outstanding properties [1]. 

Nano cellulose shows extra ordinary properties when compared with Kevlar, 

stainless steel, carbon fibres or the bulk materials. The first pilot plant for CNC 

manufacturing was opened in 2011 in Sweden and the production factory was 
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opened in 2012 in Canada. And the most recent in North Sweden in 2016. Here 

they source the CNC from the paper industry and the pulp sludge. [1] [6] 

1.2.2 CNC Morphology, Structure and Resources 

When a cellulose fibre or crystal measuring at least one of its dimension in 

nanometer size range, it termed as Nano cellulose or Nano whiskers. [7] 

“For the synthesis of cellulose nanocrystals, the monocrystalline regions are 

hydrolyzed and the remaining crystals are in nanometer size range in all 

dimensions as shown in figure 5” [6, 1] 

 

Table 1: Dimensional characterisation of cellulose nano-crystals obtained 

from various sources [1, 6]. 

Figure 5: Non-crystalline and crystalline regions in cellulose fibres. [6] 
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The nano-crystal charge depends upon the acid used during the hydrolysis 

reaction. Depending on the concentration of CNC diluted in water, the stable 

colloidal dispersion is promoted by the charged sulphate groups on the nano-

crystals surface. The Aspect ratio and the dimension of different type of CNC’s 

from various sources: [1] [8] [9]  

Figure 6 and 7 shows the AFM and TEM images of tunicate and wood Nano 

crystals. “It is shown that the modulus of the tunicate cellulose is very high, at 

about 143 GPa”.  

 

 

Figure 7: TEM images for Tunicate-sulphate (left) and wood sulphate 

(right) [10] 

 

  

Figure 6: AFM topography images showing height measurements of 

ECN (left) and CNC (right) [10]. 
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1.2.3 Mechanical Properties and Applications 

A lot of research was previously carried out in the field of cellulose fibres and 

due to its strengthening properties and applications. “Macro-scale fibres 

composed of Nano-fibrillated chitin and cellulose (NFCh, NFC) inducing a high 

degree of orientation and alignment scales macro-scale mechanical stiffness, 

with the NFC-based fibres (ENFC = 33 GPa) outperforming the NFCh-based 

ones (ENFCh = 12 GPa) considerably have been manufactured.” [11, 12] 

Following different techniques to manufacture cellulose fibres, gives different 

properties. Also the strength and stiffness of the regenerated fibres depends on 

the solvent and the other manufacturing techniques. Where spinning fibres with 

pure cellulose with high alignment gives very good strength, same place it has 

been proven that addition of Nano cellulose crystals can enhance the fibres 

properties along with pre and post processing even up to 100%. [11, 13, 14, 6] 

1.3 Fibre spinning 

The Types of Spinning and the method chosen for this study are described as 

below:  

1.3.1 Dry Spinning 

Dry Spinning is a method used for polymers that have a melting temperature 

which is similar to their thermal decomposition temperature and that cannot be 

melt spun. During this process the polymer is dissolved in a volatile solvent, 

extruded through a spinneret, heated by hot air after emerging to remove the 

solvent through evaporation and is then collected by winding. 

1.3.2 Wet Spinning 

Wet spinning is another spinning method that can be used on polymers that can 

thermally degrade before melting but can also be dissolved in solvents. During 

this process, the polymer is dissolved or suspended in the solvent, drawn 
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through the spinneret directly into a liquid coagulation bath (no air gap) and 

then wound.  

 

 

 

 

 

 

 

 

 

 

1.3.3 Dry-Jet Wet Spinning 

Dry-jet wet spinning is a combination of dry spinning and wet spinning, 

involving both evaporation and extraction for solvent removal. This technique is 

used for polymers with melting temperatures that are very close to their 

decomposition temperature. The schematics of dry-jet wet fibre spinning, as 

shown in figure 8, consist of four steps; 

1. Extrusion of Cellulose/EMIM DEP solution (solution dope) through a 

nozzle (spinneret) of the extruder. 

2. Stretching of the emerging fluid into a filament of the desired diameter 

through the air gap between the extruder and the coagulation bath.  

3. Immersing of the solvent-rich filament into the liquid media coagulation 

bath, where the solvent is removed from the filament.  

4. The winding of the coagulated filament using a motor-controlled winding 

unit.  

Figure 8: Schematic of dry-jet wet fibre spinning process. 
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Cellulose is a biological polymer that thermally degrades before melting so only 

wet spinning, dry spinning and dry-jet wet spinning can be used to manufacture 

fibres. Dry-jet wet spinning has been chosen in this study because it is believed 

to be the process which is best adapted to cellulose fibre production [20].   

1.4 Drawing techniques 

The fibres can be drawn in two ways: 

 An integral part of the spinning operation, or 

 In a separate step. 

The cellulose fibres can be drawn without any requirement of the external heat 

source. This process is known as cold drawing. Fibres like polypropylene and 

nylon can be drawn at temperature around 60 to 70 degree Celsius. Fibres spun 

at high temperatures are partially crystallized and partially oriented. Partially 

oriented fibres are more brittle. To improve these properties, the fibres are hot 

or cold drawn according to the desired properties soon after the spinning. Fibres 

like PET require immediate hot drawing in order to control the brittleness. 

Some other examples of hot spun fibres are Nylon, Kevlar 29 and Nomex, 

where the stiffness is nearly doubled the original value after the hot drawing 

[15]. 

1.4.1 Effect of Fibre Spinning and Stretching 

The long polymers that form spun filaments by the spinning process described 

in the previous chapter produce orientation to some extent. Orientation can be 

completed by drawing or stretching the filament. Stretching is a process that 

pulls the long polymer chains and align those along the longitudinal axis of the 

fibre, closely packed together with better cohesion. During the stretching 

process, the atoms tend to arrange themselves in an ordered manner and forms 

tightly packed bundles, called crystallites. The term crystallites indicate the 

regular and precise arrangement of these atoms. There are still some regions 

where molecules do not get align in a precise manner, called non-crystalline or 
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amorphous regions. Hence, while considering the fibre structure, these polymer 

chains maybe considered as the structure embedded with amorphous and 

crystalline regions. 

The polymer chains slide over each other while pulled along the longitudinal 

axis of the fibre during the drawing operation. As the operation proceed, more 

molecules come to a state where they are closely packed alongside one anther 

forming a crystallite. Hence, due to intermolecular forces, these tightly held 

molecules resist further movement with respect to one another. For example, in 

case of nylon, after spinning, it can only be stretched to as much as five times its 

original length. After this limit it resists stretching and hence breaks. This is 

called the threshold point where all the possible atoms have been aligned into 

crystallites and are held together tightly. This results in improved mechanical 

properties of the fibres. Hence the fibres can work with large load without any 

further stretching. [15] 

1.4.2 Mechanical Properties of the fibres 

The properties of a fibres depend on the degree of alignment of the molecule in 

several ways. The ultimate strength or the breaking strength of the fibre 

increases with increase in the degree of alignment. This also results in decrease 

in the strain range or the elongation limit of the fibre before it reaches its 

breaking point. This because, as most of the molecules are highly aligned and 

there is less tendency for them to slide over each other, as they could before the 

stretching operation. The high degree of orientation also results in higher 

stiffness or tensile modulus. When the load crosses the elastic limit of the fibre, 

the fibre ruptures.  

1.4.3 Water Resistance 

The increase in degree of alignment also resists water absorption. This is due to 

the reason that the crystalline region resists water penetration and the 

amorphous region inhibits the water absorption. It affects the dyeing properties 
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the fibres with high alignment. The increased resistant to water in fibre also 

resists the molecules of dye to migrate from the dye bath to the spaces between 

the fibre molecules. Since the highly aligned molecules are relatively less prune 

to the chemical attack, general chemical stability of a fibre also gets improved.  

Stretching also improves the appearance of the fibres. Fibres, e.g. cellulose is 

normally dull and opaque before drawing or stretching. The filaments acquire 

the luster and transparency characteristics when the molecules are highly 

aligned after stretching. 

A lot of work has been done in this sector. According to Saleh Hshmand study, 

they reported the CNC when spun with HEC shown improved mechanical 

properties up to 70% as compared to CNF spun itself. HEC also contributed 

towards the increase in alignment when lower concentration of CNC was spun. 

It also improved the wet strength of the fibres by decreasing the hydrophilicity 

[16]. The mechanical properties of the filaments increased with an increase in 

the spinning rate due to the higher degree of orientation along the axial direction 

of the filaments [17]. Lihong Gang reported that the increased strength and 

modulus values when CNF was wet spun. The flue induced alignment and the 

contact-induced alignment contributed towards the highly oriented filaments 

[18]. 

The effect of degree of alignment can also be seen in case of carbon Nano tubes, 

as Belén Alemán reported in 2015[19]. 

 

In this research work, cellulose fibres with pure cellulose (chapter 3) and with 

Nano cellulose crystals dispersions (chapter 4) has been manufactured and been 

tested mechanically for characterization. The effect of fibre stretching and 

variation in diameter on fibres mechanical properties is studied in chapter 3 and 

4. 
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Along with engineering applications, we have also looked into bio-medical and 

food packaging industry and have manufactured curcumin and cellulose based 

fibres as detailed in chapter 5. 
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Chapter 2 

Literature Review 

Among different bio renewable materials, cellulose is one of the most common 

natural polymers found in higher plants, algae, bacteria, fungi and marine 

animals. It is a linear polymer that consists of two glucose sugar units that are 

linked by β-1, 4 glycosidic linkage to form a dimer known as cellubiose[1, 2]. 

The length of cellulose chains can be very different due to the number of 

repeating units of glucose (from 20 to 10 000 or more),  also called degree of 

polymerization or DP [3]. Several studies have shown that cellulose and its 

derivatives have a good biocompatibility and in addition, can be regarded as 

slowly degradable materials [4-8]. Due to its excellent mechanical and barrier 

properties, biocompatibility and low cost, cellulose is used in many biomedical 

applications, like orthopedic devices and tissue engineering [9-10] and is an 

excellent candidate for food packaging [12, 13].  

Several studies have indicated that some herbal supplements contain 

phytochemicals that are able to prevent various relevant and wide-spread 

pathologies, including diabetes, cancer and autoimmune diseases [14-16]. 

Among these  many studies have reported that curcumin, a polyphenol derived 

from Curcuma longa, commonly called turmeric, has excellent pharmacological 

properties like antimicrobial, antiviral, anti-inflammatory and anti-tumor 

activities [17, 18]. Previous studies on wound healing in diabetic rats as well as 

genetically diabetic mice have shown the efficacy of curcumin treatment both 

by the oral and topical application. There was an improved neovascularization, 

earlier re-epithelialization, increased migration of various cells including 

fibroblasts, and dermal myofibroblasts, when curcumin was used to treat the 

wounds of animals [3, 19]. Furthermore,  curcumin  has been widely used as an 

active component in the food industry to create new packaging films with 

antioxidant and antimicrobial activities [20, 21]. 
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Ionic liquids (ILs) are a new class of benign solvents that can be liquid at room 

temperature (usually Tmelt<100 °C)[22].  Over the past 20 years, many studies 

have shown the countless properties of ionic liquids, in particular their low 

volatility that makes them benign solvents as compared to traditional volatile 

and aggressive solvents used for dissolving cellulose (Carbon disulphide, 

sulfuric acid etc.). ILs has good chemical and thermal stability, high ionic and 

thermal conductivity, high heat capacity and easy recyclability. All these 

properties can reduce many health and environmental related issues when ILs is 

used as solvents for the dissolutions of natural polymers like cellulose, lignin, 

starch and chitin [22-26]. There are several ILs that can directly dissolve  

cellulose upon heating, such as 1-allyl-3-methylimidazolium chloride (AMIM-

Cl) and 1- ethyl-3-methylimidazolium acetate (EMIMAc) [25,27]. Furthermore, 

in recent years there has been a great interest of the international scientific 

community on ILs, used as pharmaceutical ingredients that can modify the 

pharmacokinetics and pharmacodynamics of drugs [28, 29]. 

Cellulose nanocrystals (CNCs), the novel, high-performance materials have 

been the subject of extensive research, during the last couple of decades. 

Depending on the source and the chemical treatment, CNCs can vary in surface 

chemistry, morphology, degree of crystallinity, crystal structure, and aspect 

ratio[30]. From previous studies[31-34]
i
, CNC aspect ratios have been measured 

to range from 148 ± 147 for tunicate-CNCs to 23 ± 12 for wood-CNCs.The 

Young’s modulus of a single cellulose nanocrystal (CNC) has been estimated to 

be between 100 GPa to 160 GPa[35, 36, 39], which is significantly higher than 

modulus of glass fibres and is comparable to early generations of carbon fibres. 

This combination of renewability, low density, excellent mechanical properties 

and high aspect ratio makes CNCs ideal candidates for reinforcements in high 

performance fibres which are potential upgrades and replacements to heavy 
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glass fibres used in composite materials serving the automotive, aerospace, civil 

and sports industries.  

A number of researchers have used CNCs to spin continuous fibres from 

aqueous suspensions of CNCs using hydrodynamic alignment[37], spinning and 

stretching of cellulose and chitin nanocrystals[38], CNC hydrogel stretching and 

spinning[39],as well as syringe spinning followed by high speed winding of 

CNC suspensions. These methods have yielded continuous fibres with good 

tensile moduli (12 GPa to 33GPa) and moderate tensile strengths (120 MPa to 

300 MPa). However, these methods also result in highly porous structures 

containing voids that make it difficult to consolidate the fibres. More recently, 

researchers have spun CNC-reinforced polymer Nano-composite fibres with 

polyvinyl alcohol, polyacrylonitrile and cellulose acetate matrices. However, 

the polymer matrix used was either water soluble (polyvinyl alcohol), or had 

poor mechanical properties (cellulose acetate) or was derived from non-

renewable resources (polyacrylonitrile) making it difficult to use them in for 

high performance composite applications.  

Ionic liquids have emerged as excellent solvents to dissolve a wide range of 

cellulosic biomass such as wood chips, lignocellulose, pure cellulose etc.,[40, 

41] and are found have a much lower environmental impact compared with the 

previous generation of solvents [38, 42]. In our previous work we have shown 

how ionic liquids solvents can be used to achieve uniform dispersion of carbon 

nanotubes[40]. Thus ionic liquids offer an excellent common medium to 

dissolve cellulose as well as disperse cellulose nanocrystal for seamless 

manufacturing of all cellulose composite where cellulose fibre matrix is 

reinforced with cellulose nanocrystals.   

Here we marry the cellulose nanocrystals derived from tunicate nanocrystals 

with wood pulp cellulose using ionic liquids common solvent medium. With 

this approach, we report for the first time manufacturing of strong cellulose 
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fibres with very good combination of strength ranging from 410 to 660 MPa as 

well as modulus from 32 to 43 GPa depending fibre spinning conditions. We 

further carry out the carbonisation of the cellulose fibres to produce carbon fibre 

with very good mechanical properties (Strength 1.2GPa and modulus 97 GPa) 

which are superior than glass fibres currently used in automotive, sports and 

civil construction industries. The strong consolidated CNC reinforced cellulose 

nanocomposite fibres can be used to replace heavy glass fibres as well as can 

act as a renewable precursor to produce carbon fibres to replace the non-

renewable PAN precursors.  Our unique all cellulose nanocomposite fibre 

manufacturing method in the long run will allow replacing heavy glass fibres 

(which also take a very high energy to manufacture) and non-renewable 

precursors of carbon fibres to help make the composite industry more 

sustainable. 

In biomedical applications and tissue engineering,  there is  need for soft 

polymers which show more compatibility with the soft tissue as compared to the 

stiff ones [43]. While taking this into account, cellulose is  not only 

biocompatible and green,  but also has advance applications while working 

under biological conditions[44, 45]. 

In view of its bio-applications, and to reap the benefits of a pharmacological 

drug, we have incorporated curcumin at different percentage by weight in a 

matrix of cellulose dissolved by ionic liquid to manufacture curcumin 

incorporated fibres. The focus of current work is to develop a simple but 

effective manufacturing method which will allow continuous manufacturing of 

strong cellulose/curcumin fibres. The strong cellulose/curcumin fibres thus 

obtained has the potential to be woven into bandages and to use in drug, food 

and cosmetic industry for various low cost affordable health care. 

The initial part of the fibre manufacturing protocol for curcumin based fibres 

was developed by Marta Gina Coscia as a part of her short internship at 
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University of Bristol. The author has reproduced those fibres based on this 

protocol. The characterization (Reproduction of fibres using the previous 

protocol, SEM, Optical Microscopy, FTIR, X-ray diffraction, fibre orientation 

factor measurements and crystallinity Index) of the fibres was done by the 

author of this thesis. 
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Chapter 3 

Experimental 

3.1 Materials 

3.1.2 Cellulose 

The cellulose used in this project was purchased in the form of pulp sheets with 

degree of polymerization (DP) of 890, manufactured by an American company- 

Rayonier in Jacksonville. 

3.1.3 Cellulose Nano-Crystals 

The freeze dried Cellulose Nan- Crystals were obtained from Maine University. 

3.1.4 Ionic liquids 

Ionic liquids are a salt in which the cations and anions are large and 

asymmetrical, meaning the ions cannot pack closely together and will remain 

liquid while still having the properties of a salt. One useful property of ionic 

liquids is that they do not evaporate like typical solvents; this is caused by a 

number of strong columbic interactions acting between the ions in the structure. 

Furthermore, ionic liquids can dissolve a large number of chemicals and 

materials because of these free moving ions that make up its structure.  

1-Ethyl-3-methylimidazolium diethyl phosphate ≥98.0%: EMIM DEP was 

chosen as the solvent for cellulose in this study because upon the addition of 

EMIM DEP, the hydroxyl hydrogen atoms from the dispersed cellulose form 

strong hydrogen bond associations with the phosphate anion of EMIM DEP, 

this is effectively makes the hydroxyl groups unavailable for inter- and intra- 

hydrogen bonds in cellulose. This is very important as it means the fibres 

produced cannot bundle up into a larger structure, for example, a micro fibril.  

The experimental procedure follows the method established by Dr. Sameer 

Rahatekar’s group at University of Bristol previously [1]. The process was 

modified by dispersing Nano particles and by altering the spinning parameters 

in order to optimize the fibres properties. The fibres mechanical testing and 
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characterization follows the ASTM standards of single fibre testing for the 

composite fibres. 

3.2 Methods 

Using hotplate magnetic stirrer, 4% DP890 was dissolved slowly in EMIM DEP 

at 80 degrees with constant stirring for 6 hours. The degassing of solution was 

done for (12-16) hours before spinning. 

3.2.1 4% DP890 fibre spinning 

Using the syringe pump the 4% DP890 solution was spun at room temperature 

with water bath acting as the coagulation bath. The winding speed was 

controlled by a voltage controller. 

3.2.2 4% DP890 Fibre Stretching 

The fibres were wet stretched under water manually up to 40% of its originally 

length as demonstrated in the below figure 9. 

 

 

 

 

 

 

 

 

 

F= Force under no load. 

FA= Force under tension. 

 

Figure 9: Wet fibre stretching Demonstration. [2] 
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3.3 Characterization of fibres 

3.3.1 Scanning electron microscopy  

TM3030 Plus Scanning Electron Microscope, was used for measuring the fibre 

diameter and for its characterisation. 

Scanning electron microscopy (SEM) was performed on stretched and un-

stretched fibres in order to observe the diameters of the fibres. The SEM images 

were taken and were evaluated using Image j software in order to measure the 

diameter. 

The diameter of the un-stretched fibres was measured as ~ 21um 

The diameter of the stretched fibres was ~ 16 um. 

3.3.2 Fourier Transform Infrared Spectroscopy (FTIR): 

To confirm that EMIM DEP was completely removed from the cellulose fibres, 

FTIR was performed using Parking Elmer Fourier Transform Infrared 

Spectroscopy testing machine 

3.3.3 Mechanical properties 

This set of testing took place so that the stress-strain behaviors of the fibres 

could be understood. It was ensured that all the samples that were tested were 

prepared in the exact same method as shown in figure 10, so that they could 

prevent any damage to the samples prior to testing.  

 

 

 

 

 

 

 

 

 

Figure 10: Design of a tensile sample with one fibre filament between two 

plastic tabs held on a frame. [3] 
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The fibres were mounted on plastic tabs with gauge length of  2mm. UV curing 

adhesive glue was used to fix the sample ends. The glue was cured for 30 mins 

before testing. 

Dia-Stron Ltd. (Andover, UK) was used to perform the tensile testing of the 

fibres at 25 °C, using 20N load cell under a constant deformation rate of 2 

mm/min. The gauge length of the fibres was taken as 2cm. The ultimate tensile 

strength and strain were determined at the breaking point of the fibres. The 

Young’s modulus was calculated from the slope of the linear portion of the 

stress–strain curve before the yield point.  

The mechanical properties of the stretched and un-stretched fibres as tested are 

shown in table 2. E.g., ‘266MPa’ is the average tensile strength of the un-

stretched cellulose fibres taken by testing 10 successful fibre test trials; ‘(±85)’ 

indicates the standard deviation from the 10 tested samples. 

 

Fibres Type 

 

Tensile Strength 

(MPa) 

 

Young’s 

Modulus 

(GPa) 

 

Strain 

(mm/mm) 

 

4% DP 890 Un-

stretched Fibres 

 

266.3 (±85) 

 

17.6 (±4.2) 

 

5.6 (±1.2) 

 

4% DP 890 

Stretched Fibres 

 

308 (±48) 

 

20.4 (±2.3) 

 

3.8 (±0.8) 

 

Table 2: Mechanical Properties of Stretched and un-stretched 4%DP890 

fibres. 
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3.4 Summary 

As we can clearly see the diameter of the fibres decreased with stretching. 

Decreased diameter represents the high alignment and more closely packed 

molecules. Hence, the improved mechanical properties. The mechanical 

properties results stated above justify this statement, where the tensile strength 

improved by ~40MPa and the stiffness value improved by 3GPa. This is due to 

the fact that the atoms are closely packed up to its maximum possible stable 

stretch and hence formed a crystalline phase. Hence, there is a drop in the strain 

value of the fibre at the breaking point. 

 

This chapter gives a brief introduction of the characterization of the fibres. The 

mechanical properties and characterization of the fibres are discussed in detail 

in the next chapter.  

3.5 Reference: 

1. Sameer S.Rahatekar, Asif Rasheed, Rahul Jain, Mauro Zammarano, 

Krzysztof K.Koziol, Alan H.Windle, Jeffrey W.Gilman, Satish Kumar; 

Deformation mechanisms in ionic liquid spun cellulose fibers; 

https://doi.org/10.1016/j.polymer.2016.07.007; Volume 99, 2 September 

2016, Pages 222-230. 

2. http://www.tms.org/pubs/journals/JOM/0502/Fig6a.large.gif 

3. HANS-GEORG ELIAS, Mega Molecules, Springer link (1987) 
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Chapter 4 

Marrying Cellulose Nanocrystals with Wood Pulp Cellulose to 

Manufacture High Modulus Cellulose Nanocomposite Fibres 

 

 

 

 

4.1 Introduction: 

Cellulose nanocrystals (CNCs), the novel, high-performance materials have 

been the subject of extensive research, during the last couple of decades. 

Depending on the source and the chemical treatment, CNCs can vary in surface 

chemistry, morphology, degree of crystallinity, crystal structure, and aspect 

ratio[1]. From previous studies[2-5]
ii
, CNC aspect ratios have been measured to 

range from 148 ± 147 for tunicate-CNCs to 23 ± 12 for wood-CNCs.The 

Young’s modulus of a single cellulose nanocrystal (CNC) has been estimated to 

be between 100 GPa to 160 GPa[6, 7, 10], which is significantly higher than 

modulus of glass fibres and is comparable to early generations of carbon fibres. 

This combination of renewability, low density, excellent mechanical properties 

and high aspect ratio makes CNCs ideal candidates for reinforcements in high 

performance fibres which are potential upgrades and replacements to heavy 

glass fibres used in composite materials serving the automotive, aerospace, civil 

and sports industries.  

Figure 11: Graphical representation of the spinning process. 
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A number of researchers have used CNCs to spin continuous fibres from 

aqueous suspensions of CNCs using hydrodynamic alignment[8], spinning and 

stretching of cellulose and chitin nanocrystals[9], CNC hydrogel stretching and 

spinning[10],as well as syringe spinning followed by high speed winding of 

CNC suspensions. These methods have yielded continuous fibres with good 

tensile moduli (12 GPa to 33GPa) and moderate tensile strengths (120 MPa to 

300 MPa). However, these methods also result in highly porous structures 

containing voids that make it difficult to consolidate the fibres. More recently, 

researchers have spun CNC-reinforced polymer Nano-composite fibres with 

polyvinyl alcohol, polyacrylonitrile and cellulose acetate matrices. However, 

the polymer matrix used was either water soluble (polyvinyl alcohol), or had 

poor mechanical properties (cellulose acetate) or was derived from non-

renewable resources (polyacrylonitrile) making it difficult to use them in for 

high performance composite applications.  

Ionic liquids have emerged as excellent solvents to dissolve a wide range of 

cellulosic biomass such as wood chips, lignocellulose, pure cellulose etc.,[11, 

12] and are found have a much lower environmental impact compared with the 

previous generation of solvents [9, 13]. In the previous work done by DR 

Sameer Rahatekar, they have shown how ionic liquids solvents can be used to 

achieve uniform dispersion of carbon nanotubes[11]. Thus ionic liquids offer an 

excellent common medium to dissolve cellulose as well as disperse cellulose 

nanocrystal for seamless manufacturing of all cellulose composite where 

cellulose fibre matrix is reinforced with cellulose nanocrystals.   

Here we marry the cellulose nanocrystals derived from tunicate nanocrystals 

with wood pulp cellulose using ionic liquids common solvent medium. With 

this approach, we report for the first time manufacturing of strong cellulose 

fibres with very good combination of strength ranging from 410 to 660 MPa as 

well as modulus from 32 to 43 GPa depending fibre spinning conditions. We 
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further carry out the carbonisation of the cellulose fibres to produce carbon fibre 

with very good mechanical properties (Strength 1.2GPa and modulus 97 GPa) 

which are superior than glass fibres currently used in automotive, sports and 

civil construction industries. The strong consolidated CNC reinforced cellulose 

nanocomposite fibres can be used to replace heavy glass fibres as well as can 

act as a renewable precursor to produce carbon fibres to replace the non-

renewable PAN precursors.  Our unique all cellulose nanocomposite fibre 

manufacturing method in the long run will allow replacing heavy glass fibres 

(which also take a very high energy to manufacture) and non-renewable 

precursors of carbon fibres to help make the composite industry more 

sustainable.   

4.2 Experimental Section 

4.2.1 Materials 

Cellulose pulp sheets with a degree of polymerization (DP) of 890 were 

obtained from Rayonier (Jacksonville, US). Cellulose nanocrystals were 

obtained for Maine University and KTH. Ionic liquid 1-ethyl-3-

methylimidazolium diethyl phosphate (EMIM DEP, >98%), used here as a 

solvent, was obtained from Sigma Aldrich. Silverson L5M high shear mixer and 

VCX-750 Sonicator were used to prepare the cellulose nanocrystals suspension. 

IKA magnetic stirrer hotplates were used to prepare the cellulose solution. A 

gear pump (model: Nexus 6000) purchased from KR Analytical Ltd. was used 

to extrude the solution from the syringe. 60ml three-part plastic syringes with 

luer-lock and BD 23G grade needles were used to spin the fibres. A voltage 

controller was used to control the winding speed of fibres.  

4.2.2 Preparation of Cellulose Nanocrystals suspension 

The aqueous CNC suspension was freeze dried to remove the water overnight 

for 48 hours. The new CNC suspension in ionic liquid was prepared by 

mechanical homogenization of the freeze-dried pulp and was slowly diluted. A 
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ceramic mortar and pestle was used for mechanical homogenization followed by 

high shear mixing, followed by pulse sonication. 

4.2.3 Cellulose Dope Preparation 

Two types of solutions were prepared: 

4.2.3.1 Neat cellulose: cellulose pulp derived from wood was dissolved in 

EMIM DEP to achieve the required mass solution by heating at 90˚ C with 

constant stirring for 4 hours. 

4.2.3.2 Cellulose Solution with nanocrystals dispersion: First, the desired 

amount of the CNC was dispersed in EMIM DEP using a combination of high 

shear mixing and sonication. Wood pulp cellulose was added slowly with 

constant stirring at 100rpm. The solution was kept at 90˚ C while mixing for 4 

hours. 

This solution was further transferred to a 60ml three-part BD plastic syringe 

with luer-lock and was kept in vacuum oven for 12 hours to 24 hours at 60ºC to 

remove air bubbles.  

4.2.4 Fibre Preparation 

Continuous cellulose microfibres were prepared by dry jet wet fibre spinning, as 

shown in figure 12. The cellulose solution was extruded using a syringe pump 

with piston speed of 33.3mm/s. An air gap of 3cm between the needle and water 

bath was maintained. The fibres were wound at the downstream end using a 

winding speed of 200mm/s. After the initial winding and coagulation of the 

fibres they were kept in water for two days for complete removal of the ionic 

liquid. The fibres were dried at room temperature for two days making sure 

there is no moisture content and were stored until tested. 
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While still maintaining the stability and continuity of the fibres, the spinning 

was slowly accelerated to test the maximum achievable winding speed.  The 

final fibres were spun at the two most stable winding speeds of 600.4mm/s and 

750mm/s, keeping the extrusion speed constant at 91.83mm/s.  

The final fibres were spun at 750 mm/s were taken under consideration for 

further characterization. 

4.2.5 Fibres Characterization 

4.2.5.1 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) was used to study the fractured cross-

section of the fibres broken under tension as well as to measure the diameters of  

Figure 12: Dry Jet Wet Spinning System. 
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the fibres. Cross-sectional length of each sample at three different locations was Figure 13: A, B: The SEM images of neat cellulose fibres(A) and cellulose 

fibres dispersed with CNC (B).  

C and D shows the pulled cross-section of the Cellulose fibres and Cellulose 

fibres with Tunicate Cellulose Nano Crystals respectively from the surface 

under tensile load.  

E and F are the high-resolution SEM images for the fibres cross-section taken 

at different angle. 
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measured for 7 fibres of each type. The average diameter and standard deviation 

(SD) of each fibre sample were calculated based on results from twenty 

measurements. The measurements were taken was found using Image J 

software, as shown in figure 13. The sample cross-sections were coated with 1-2 

nm layer of gold-palladium to render them conductive. The sample was then 

imaged at 5 kV in a scanning electron microscopy (SEM) using a high-

performance ion conversion and electron detector to investigate the dispersion 

of CNCs. Focused Ion Beam milling was employed to prepare electron 

transparent transmission electron microscopy (TEM) samples. TEM imaging 

was done at 300kV, with a 10-micron objective aperture using a 10eV wide 

energy filter centered at zero loss. This imaging was done in order to study the 

possible orientation of the CNC dispersion in the polymer matrix and on the 

surface of the filaments as shown in Figure 13. 

4.2.5.2 Mechanical Testing 

The Dia-Stron Ltd. (Andover, UK) was used to perform the single fibre tensile 

tests at 25 °C. A 20N load cell under a constant deformation rate of 2 mm/min 

was used. 20 samples of gauge length = 2 cm were tested.  Each sample was 

glued to a tab to reduce the influence of clamping. The stress–strain curve for 

each fibre was obtained considering the mean cross-sectional area of the fibres 

as measured by SEM.  The ultimate tensile strength and strain were determined 

at the fibre breaking point from the observations. The Young’s modulus was 

taken as the slope of the linear fitted curve of the stress–strain graph before the 

yield point indicating the stiffness of the fibres. 

4.2.5.3 Fourier transform infrared (FTIR) Spectroscopy 

In order to investigate the presence of residual EMIM DEP in the fibres after the 

water bath, Fourier transform infrared (FTIR) spectroscopy was performed on a 

PerkinElmer Spectrum 100 instrument. The resolution was set at 4 cm
-1 

and the 

measurements were made from 4000 cm
-1

 to 600 cm
-1

 in transmittance mode.
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4.2.5.4 2DWide Angle X-ray Diffraction 

The SAXSLAB GANESHA 300 XL SAXS system was used in order to study 

the alignment of the fibres. Four fibres of each type were mounted straight on 

the sample holder, placed on a sample stage between the X-ray and the two-

dimensional detector. Each fibre was exposed for around 8 hours to the Cu Kα 

radiation with a wavelength of 0.154 nm in a vacuum chamber to obtain the 

Wide-Angle X-ray Diffraction patterns for single fibre filaments. The sample-

to-detector distance was kept at 100 mm. The beam size and beam stop were 0.8 

mm and 2 mm, respectively. IDL and SAXSGUI software were used for data 

reduction and analysis. XRD spectra and images of pure cellulose fibres and 

those with CNC reinforcements was obtained.  

4.3 Results 

4.3.1 Scanning Electron Microscopy 

The diameters of the neat cellulose and tunicate CNC reinforced fibres were 

found to be 21.9 µm ± 0.22 µm and 15.2 µm ± 0.73 µm, respectively. The 

diameter of the fibres with and without CNC varied between 21 um to 15 um 

when the winding speed was increased from 600 mm/s to 750 mm/s 

respectively and spinning temperature around 40 - 50 C. 

The Figure 13C and 13D shows the fracture behavior of the fibre under tension. 

It can be seen that unlike neat cellulose fibres, the fibres with CNC dispersion 

show long pulled fibrils at cross-section indicating the presence of high aspect 

ratio Nano cellulose crystals. 

 

4.3.2 Mechanical Properties 

The ultimate tensile strength and Young’s modulus of the spun fibres are shown 

in Table 3. It was found that the tensile strength of the fibres increased 

significantly from ~276 MPa to ~660 MPa when reinforced with CNCs and the 

Young’s modulus increased from ~21 GPa to ~43 GPa. Although there was a 
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drop in the strain value of cellulose fibres on addition of CNC due to the low 

strain range for the CNC, hence decreasing the ductility. “Based on a rule of 

mixture-based micromechanical model, usually implemented for short-fibre 

composites [16], the modulus of the CNC was estimated to 

be ~𝟏𝟑𝟏. 𝟕 𝐆𝐏𝐚(considering the cellulose density = 1.64g/cm
3
 and the CNC 

density = 1.37 g/cm
3  

[14, 15] ) as below which is close to the most commonly 

measured value of about 120 ~ 150 GPa [16]. 

 

 

Fibres 

 

Tensile Strength 

MPa 

Young’s 

Modulus 

GPa 

Strain 

(%) 

 

Cellulose Fibres 

 

 

276 (±10.7) 

 

21 (±1.2) 

 

5 (±0.5) 

Cellulose Fibres 

with CNC 

 

630 (±35.5) 

 

 

43 (±1.7) 

 

 

4 (±0.5) 

 

Carbonized 

Cellulose Fibres 

 

~1000-1200 

 

 

~97 

 

 

~2.5 

 

 

Table 3: Mechanical Properties comparison between current cellulose 

fibres with CNC before and after carbonisation with wood, silk, glass and 

carbon fibres. 

 

E1 =  EcncVcnv + Edp890Vdp89043 GPa =  Ecnc ∗0.199 + 21 

 

Ecnc = 131.66 𝐆𝐏𝐚 
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4.3.3 FTIR Spectroscopy 

The samples of cellulose fibres, neat cellulose and EMIM DEP were observed 

under FTIR in order to study the complete removal of ionic liquid from the 

fibres. The figure 14 shows the comparisons of the FTIR spectrum of the 

cellulose fibres to the ones obtained from EMIM DEP and neat cellulose. 

 

 

 

 

 

 

 

 

 

 

 

 

From Figure 14, The absence of the peaks corresponding to the C=N (1575 cm
-

1
) [9] and P=O (1250 cm

-1
) [17-19]

,
[18], represents the near complete removal 

of EMIM DEP. The typical excitations of cellulose C-H ring vibrations (896 

cm
-1

) and C-O-C pyranose ring skeletal vibration (1160 cm
-1

) [20, 21] can be 

observed which indicates the presence of the neat cellulose and cellulose fibres. 

4.3.4 Wide Angle X-ray Diffraction of the fibres 

The XRD diffractogram of the cellulose fibres with and without CNC are shown 

in Figure 15A and 15B. The Bragg peaks shown in the figure reflect the 

cellulose II structure, thereby confirming the crystallinity pattern of the 

Figure 14: FTIR spectrum for cellulose fibres, neat cellulose and EMIM DEP 

confirming complete removal of ionic liquid. 
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regenerated cellulose after dissolution [11, 22, 23].  There are secondary Bragg 

peaks at 20.4
0
 and 22.1

 0
(corresponding to lattice planes (110) and (020), 

respectively) and three short and broad shoulders around 12.8
0
, 15.5

0
 and 33.1

0
 

(lattice plane (110), (200) and (004), respectively), assigned to the diffraction of 

cellulose I. [16]  

 

 

 

 

 

 

The radial scanning data and Azimuthal scanning data is shown in above figure 

15. The Azimuthal scanning data was used to find the cellulose fibres crystal 

alignment. Orientation Factor P2 Average = 0.85 and 0.81 indicates the high 

alignment in the Fibres. 

The crystallinity index of the cellulose fibres was calculated to be ~65% which 

is similar to [11] and [24], based on the Segal’s method, which gives a relative 

measure of the crystallinity [16]. 

 

Figure 15: W-XRD diffraction pattern for two type of fibres- Neat Cellulose 

(A) and Neat Cellulose with Tunicate CNC (B). 
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CrI (%) =  
Itotal − Iam

Itotal
× 100 =  

68.21 − 23.45

68.21
× 100 = 65.62% 

Where, I002 = peak intensities of crystalline region. And Iam= Peak intensity for 

the amorphous region. 

In order to characterize the cellulose crystallite orientation in our fibres, the 

orientation factor ‘f’ is determined from the scattering data for each fibre as; 

 

f = < P2(Cos θ) >
(3 < cos2 θ > −1)

2
= (−2)

∫ ρ(∅)P2(cos ∅) sin ∅d∅
π

0

∫ ρ(∅)
π

0
sin ∅d∅

 

 

Here,  

P2 is the second order Legendre function.𝛉 is the average polar disorientation 

angle of a crystallite with respect to the fibre axis. 𝚽 is the azimuthal angle of 

the scattering in the diffraction pattern.  f = -0.5 and f = 1, indicates the perfect 

orientation of cellulose crystallites would have perpendicular and parallel to the 

fibre axis respectively. [1, 9, 25-27]. Using the intensity spectra shown in Figure 

6, the orientation parameter was calculated by the Davidson method and was 

found to be 0.85 and 0.81 for the neat cellulose and cellulose with 

reinforcements, respectively, representing high alignment of cellulose chains in 

the polymer.  

4.4 Discussions 

4.4.1 Wet Spinning of Cellulose Fibres 

The shear thinning behavior was observed while preparing the CNC suspension 

in ionic liquid which has been found in previous studies also [28]. Hence 

increasing the tendency to increase the cellulose percentage in the solution. 

Alsoit’s been proven in previous studies that with the increase in the fraction of 

cellulose nanocrystals, the strain tendency of the filaments decreases[14]. Hence, 
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in this case, the neat cellulose and CNC weight fraction ratio was kept around 

7:3 in order to get the continuous fibres with maximum possible ductility. 

The key challenge here was due to the air gap, to maintain the stability and 

continuity of the fibres, which was optimized by controlling extrusion rate, 

winding speed and the spinning temperature. 

4.4.2 Structure and Morphology of the Spun Fibre 

As from figure 17, fibres show the flexibility of the filaments after drying at the 

room temperature. The ductility of the fibres was studied from the SEM images 

of the fibres showing long pulled fibres at the cross-section. It was observed that 

the length of the pulled fibres increased when dispersed with CNC, which might 

be due to the high aspect ratio of the tunicate cellulose nanocrystals.  

 

Figure 16: TEM images of cellulose fibres with Cellulose Nano-crystals, darker 

regions representing the presence of dispersed CNC in the amorphous cellulose 

matrix. 
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The high resolution SEM images show the CNCs sticking out from the surface. 

Further to investigate the CNC dispersion, the TEM imaging was done at 

zeroloss filtering which enhances the contrast arising from the density variations. 

The crystalline CNCs are expectedly denser than a large amorphous cellulose 

matrix. No staining was done. The resulting images clearly shows CNCs as a 

darker phase, well dispersed and distributed in light cellulose matrix as in figure 

16. There are also some aggregates, but the morphology overall is well 

dispersed due to the matrix-filler compatibility. The CNCs appear to be aligned 

along the fibre axis and shows consistency in overall images. 

4.4.3 Orientations and Mechanical Properties 

The orientation parameter was calculated by using Saxsgui software and St. 

Davidson method. These fibres shows a similar trend has been found in the 

previous studies [11, 14, 23].A slight increase in the orientation parameter was 

observed with an increase in the spinning rate for the fibres. 

According to the previous studies[16], “the increase in the speed rate will 

provide high shear force, subsequently increasing the alignment of the CNC in 

the fibre direction.”  

The solvents used in this study are far better than what already have been done 

using the sulphuric acid and other harmful chemicals which are not very 

convenient and not easy to handle[9, 13].The process implemented in this study 

is very conventional and has produced one of the best fibres with 43.2GPa 

(±1.7) stiffness. The stiffness and tensile strength of the Cellulose fibres with 

tunicate CNC were improved from 35Gpa to 43Gpa and 471MPa to 660MPa 

respectively by changing the winding speed and hence finer diameter and 

improved alignment. Figure 17 shows the stress strain curve of the fibres with 

and without tunicate cellulose nanocrystals. 

 

 

200nm 

200nm 

Fibre Direction 
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Here, 

Neat Cellulose + CNC-1 = Fibres spun at lower winding speed. 

Neat Cellulose + CNC-2 = Fibres spun at higher winding speed, hence more 

stretched. 

It is clear from the figure 17 that the tensile strength and the tensile modulus of 

the fibres increased when CNC was dispersed in the cellulose matrix. Whereas, 

Figure 17: (A) Stress Strain curve for cellulose fibres obtained with neat cellulose with 

and without tunicate CNC dispersions. 

B & C: showing the flexibility of the cellulose fibres bundle. 
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on further stretching/drawing of CNC dispersed cellulose fibres shows 

improved tensile modulus but it also results in reduced strain range of the fibres, 

which is a critical mechanical behavior in the field of composites.  

Figure 18 shows the mechanical properties comparison of the fibres 

manufactured in this report with the previous work done by Oksman-2015[14], 

Orlando J. Rojas-2016[10] and L. Daniel So¨derberg-2014[8] using the similar 

concentration of cellulose Nano-crystal and with Glass fibre type-E. From the 

Tensile Strength/Density vs Stiffness/Density graph, it is clear that the 

mechanical properties of current cellulose fibres reinforced with CNC are better 

than the previous work and the carbonized fibres show better Stiffness and 

similar tensile strength while compared with Glass fibres considering the fibres 

density. Current cellulose fibres show better young’s modulus than what already 

have been achieved and with tensile strength in the range what already been 

achieved. The carbonized fibres show the similar trend when compared with 

Glass Fibres-E.  

In recent studies by Sinan[29], where CNCs interaction with the cellulose 

matrix has been studied using a simulation model to improve the mechanical 

properties of the Nano paper. This model shows the relation between the 

mechanical properties of the CNC Nano paper and the increasing CNC overlap 

length and interfacial energy. It has been proven from the results of this study 

that the modulus and the strength both increases with increase in the overlap 

length of CNC. Hence, it supports our results from figure 17. 
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4.5 Summary 

We have been successful in manufacturing one of the highest modulus cellulose 

Nano-composite fibres using combination of wood pulp cellulose and tunicate 

derived cellulose nanocrystals. Ionic liquid namely Ethyl Methyl Diethyl 

phosphate was found to be very effective in dissolving the wood pulp cellulose 

as well as disperse the tunicate cellulose nanocrystals in the cellulose solution 

dope. The modulus of cellulose fibres spun from neat cellulose increased from 

21 GPa to up to 43GPa due to addition of cellulose nanocrystals and varying 

winding speed(drawing). The SEM studies revealed that the cellulose 

nanocomposite fibres show protrusion of nanofibres which strongly indicates 

strong reinforcement due using tunicate nanocrystals. The X-ray diffraction 

studies indicated excellent alignment of cellulose chains along the fibre axis 

which can also explain good mechanical properties of the cellulose 

nanocomposite fibres. The specific modulus of cellulose nanocomposite fibres 

produced in this work exceeds to that of glass fibres. Hence our cellulose 

Figure 18: The mechanical properties comparison of the fibres 

manufactured in this report with the previous work. 
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nanocomposite fibres offer an excellent alternative to potentially replace heavy 

glass fibres for wide range of applications for renewable composite in 

automotive, sports and construction industries.  
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Chapter 5 

Characterization of Regenerated Cellulose/Curcumin Composites Fibres  

 5.1 Introduction 

Among different bio renewable materials, cellulose is one of the most common 

natural polymers found in higher plants, algae, bacteria, fungi and marine 

animals. It is a linear polymer that consists of two glucose sugar units that are 

linked by β-1, 4 glycosidic linkage to form a dimer known as cellubiose[1, 2]. 

The length of cellulose chains can be very different due to the number of 

repeating units of glucose (from 20 to 10 000 or more),  also called degree of 

polymerization or DP [3]. Several studies have shown that cellulose and its 

derivatives have a good biocompatibility and in addition, can be regarded as 

slowly degradable materials [4-8]. Due to its excellent mechanical and barrier 

properties, biocompatibility and low cost, cellulose is used in many biomedical 

applications, like orthopedic devices and tissue engineering [9-11] and is an 

excellent candidate for food packaging [12, 13].  

Several studies have indicated that some herbal supplements contain 

phytochemicals that are able to prevent various relevant and wide-spread 

pathologies, including diabetes, cancer and autoimmune diseases[14-16]. 

Among these  many studies have reported that curcumin, a polyphenol derived 

from Curcuma longa, commonly called turmeric, has excellent pharmacological 

properties like antimicrobial, antiviral, anti-inflammatory and anti-tumor 

activities [17, 18]. Previous studies on wound healing in diabetic rats as well as 

genetically diabetic mice have shown the efficacy of curcumin treatment both 

by the oral and topical application. There was an improved neovascularization, 

earlier re-epithelialization, increased migration of various cells including 

fibroblasts, and dermal myofibroblasts, when curcumin was used to treat the 

wounds of animals.[3, 19]. Furthermore,  curcumin  has been widely used as an 
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active component in the food industry to create new packaging films with 

antioxidant and antimicrobial activities [20, 21]. 

Ionic liquids (ILs) are a new class of benign solvents that can be liquid at room 

temperature (usually Tmelt<100 °C)[22].  Over the past 20 years many studies 

have shown the countless properties of ionic liquids, in particular their low 

volatility that makes them benign solvents as compared to traditional volatile 

and aggressive solvents used for dissolving cellulose (Carbon disulphide, 

sulfuric acid etc.). ILs have good chemical and thermal stability, high ionic and 

thermal conductivity, high heat capacity and easy recyclability. All these 

properties can reduce many health and environmental related issues  when ILs 

are used as solvents for the dissolutions of natural polymers like cellulose, 

lignin, starch and chitin [23-26]. There are several ILs that can directly dissolve  

cellulose upon heating, such as 1-allyl-3-methylimidazolium chloride (AMIM-

Cl) and 1- ethyl-3-methylimidazolium acetate (EMIMAc) [25,27]. Furthermore, 

in recent years there has been a great interest of the international scientific 

community on ILs, used as pharmaceutical ingredients that can modify the 

pharmacokinetics and pharmacodynamics of drugs [28, 29]. 

In biomedical applications and tissue engineering,  there is  need for soft 

polymers which show more compatibility with the soft tissue as compared to the 

stiff ones [30]. While taking this into account, cellulose is  not only 

biocompatible and green,  but also has advance applications while working 

under biological conditions[31, 32]. 

In view of its bio-applications, and to reap the benefits of a pharmacological 

drug, we have incorporated curcumin at different percentage by weight in a 

matrix of cellulose dissolved by ionic liquid to manufacture curcumin 

incorporated fibres. The focus of current work is to develop a simple but 

effective manufacturing method which will allow continuous manufacturing of 

strong cellulose/curcumin fibres. The strong cellulose/curcumin fibres thus 
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obtained has the potential to be woven into bandages and to use in drug, food 

and cosmetic industry for various low cost affordable health care. 

The initial part of the fibre manufacturing protocol was developed by Martha 

Gina Coscia as a part of her short internship at University of Bristol. The author 

has reproduced those fibres based on this protocol. The characterization 

(Reproduction of fibres using the previous protocol, SEM, Optical Microscopy, 

FTIR, X-ray diffraction, fibre orientation factor measurements and crystallinity 

Index) of the fibres was done by the author of this thesis. 

5.2 Materials and Methods 

Cellulose pulp sheets (A4 size cardboard sheets) with a degree of 

polymerization of 890DP were purchased from Rayonier (Jacksonville, US). 

Curcumin in powder, purity about 95%, was purchased from 

https://supplementsyou.com/ (Jersey, United Kingdom). The ionic liquid 1-ethyl 

-3-methylimidazolium diethyl phosphate (EMIM DEP, >95%) was obtained 

from Io-li-tec, and used without further purification. 

5.2.1 Cellulose/curcumin fibres formation 

This process was first established by Marta Gina Coscia as described below and 

has been reproduced in this thesis by the author for further characterization. 

The cellulose pulp sheets were finely chopped into (1×1 cm
2
) small pieces using 

scissors and grinded into filaments using a Bosch MMB43G3BGB Glass Jug 

Blender. To prepare cellulose/curcumin composite fibres, 4 % of cellulose (with 

respect to the mass of the ionic liquid) was dissolved in EMIM DEP. The 

solution preparation was carried out in a fume hood using a magnetic stirrer 

hotplate from Fisher Scientific (Loughborough, UK) with an oil bath heated at 

80 °C. The viscous solution was stirred for 6 h until there was a complete 

dissolution of cellulose. When the cellulose was dissolved 0 wt.%, 1 wt.%, 5 

wt.% and 10 wt.% of curcumin (with respect to the mass of cellulose) was 

added to the 4 wt.% cellulose/EMIM DEP solutions. The cellulose/EMIM DEP 
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with 0 wt.%, 1 wt.%, 5 wt.% and 10 wt.% of curcumin was transferred into a 

20-ml Luer lock syringe (Terumo, UK). The solution in the syringe was 

degassed in a vacuum oven at 60 °C overnight to remove any bubbles before 

spinning. A lab-built spinning facility, which consists of a syringe pump, a 

deionized water bath and a winding drum with a monitor, was used for the dry-

jet wet fibre spinning of cellulose (Figure 1). The cellulose/curcumin/EMIM 

DEP solution was injected into the water bath at a fixed extrusion velocity (V1 

= 2.9 × 10
-2

 m/s), while the winding drum and electric motor were continuously 

winding the fibres at varying winding velocities (V2) of 1.5 × 10
-1

 m/s, 2.9 × 10
-

1
 m/s and 4.8 × 10

-1
 m/s downstream. After spinning, the fibres were immersed 

in deionized water for 2 days, with a change of water every 24 h, and then rolled 

and dried in a fume hood for a further 48 h. According to [27], the fibres spun 

under high extension rate within the air gap tends to align better and shows high 

crystallinity. Following the similar trend, here we have investigated the fibres 

spun with the higher draw ratio. 

In the fibre spinning process, the air gap between the die and the roller was 

maintained at d = 3cm. Here, the draw ratio, DR = V2/V1 is the degree of 

stretching applied to the fluid filament within the air gap. Here, V1is the 

average velocity at which fluid is ejected from the die. V2 is the velocity at 

which fibre is taken up on the spool.V1 = Q/πr
2
,where Q is the volume flow rate 

and r is the die radius.[27]. 

               Eq. 1 

Here, P2 is the second order Legendre function. 𝛉 is the average polar 

disorientation angle of a crystallite w.r.t the fibre axis. 𝚽 is the azimuthal angle, 

the angle of the scattering in the diffraction pattern. f = -0.5 and f = 1, indicates 

the perfect orientation of cellulose crystallites would have in the perpendicular 

and a perfect orientation parallel to fibre axis respectively.  
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By Segal’s law [32, 33], the following equation was used to calculate the 

crystallinity index of the fibres:  

CrI (%) = [(I002 – Iam) / I002] × 100% 

Where, I002 = peak intensities of crystalline region. And Iam= Peak intensity for 

the amorphous region. 

5.2.2 Statistical analysis 

All data obtained after measuring the fibre diameter was analyzed using Prism 

software version 7. Two-way ANOVA with Bonferronipost-tests was carried 

out; p value less than 0.0100 were considered significant. Mechanical testing 

was subjected to the same analysis.  

5.3 Results 

5.3.1 Surface Morphology 

The surface morphology   of    dry   cellulose/curcumin fibres were investigated 

using the optical microscope. All the fibres maintained their continuity without 

any visible cracks. 

5.3.2 Scanning electron microscopy 

Cross-section Observation of Cellulose Fibres 

 To determine the true cross section of cellulose fibres, the cross-sections of 

regenerated cellulose-curcumin fibres were imaged using optical microscope. 

Six to seven randomly picked filaments of cellulose fibres with 0 %, 1 %, 5 % 

and 10 % curcumin were mounted vertically and parallel to each other into a 

cylindrical resin mold. A combination of PRIME™ 20LV epoxy resin and 

PRIME™ 20 slow hardener purchased from Gurit (Newport, UK) with a mix 

ratio (weight) of 100:26 was used for the moulds. After filament mounting, the 

moulds were cured at room temperature for 2 days. They were then polished 

perpendicular to the filament axis direction using a Buehler Beta™ grinder 

polisher and a Vector™ power head (Esslingen am Neckar, Germany). 
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The cross-sectional shapes of fibre filaments mounted in resin moulds for 

cellulose fibres with 0 %, 1 %, 5 % and 10 % curcumin were observed using a 

ZEISS Axio Imager 2 microscope (Cambridge, UK). It is clear from the cross-

sectional images in figure 19 that the neat cellulose fibres and cellulose 

curcumin composite fibres (with 1wt %, 5wt % and 10wt % curcumin) has 

almost circular cross-section. Although there are impurities on the surface of the 

Figure 19: Microscopic image for cross-sections of the cellulose fibres with (A) 0% 

curcumin fibres. (B) 1% curcumin fibres. (C) 5% curcumin fibres. (D) 10% 

curcumin fibres. 
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fibres that can be seen clearly from the figure 20, but doesn’t have major 

contribution towards the diameter variations of the fibres. Following the work 

that has previously been done by our group [57], the diameter was measured 

from the fibres surface. Hence, it supports the calculated diameter values for the 

cellulose fibres with neat cellulose and cellulose/curcumin fibres composites (1 

wt.%, 5wt % and 10 wt.% curcumin). 

 

 

 

SEM images shown in Figure 20 and Figure 21 show the morphological 

observation to greater extent. No sign of large clumps of curcumin particles or 

sign of fibre breakage was observed in the samples with increasing 

concentration of curcumin. Figure 20 shows the variation in the diameter of 10 

wt.% cellulose/curcumin composite fibres spun at three different winding 

speeds i.e. 0.15 m/s, 0.29 m/s and 0.48 m/s. As seen from figure 20 the diameter 

of the cellulose/curcumin fibre decreases with increase in the winding speed. 

Similar trend in reduction in fibre diameter with increase in winding speed was 

observed for other set of fibres with difference curcumin concentration. 

Figure 20: SEM images for the Cellulose fibres with 10% curcumin 

representing the decrease in diameter with increase in the winding speed 

from 1.5x10-1 m/s, 2.9x10-1 m/s and 4.8x10-1 m/s. 
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Additional experiments were carried out to check if the cross section of the 

fibres is circular. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: A, B, C, D represents (macro-level) images of the fibres of the bundle of cellulose 

fibres with 0%, 1%, 5% and 10% curcumin respectively- Indicating the colour change with 

increase in curcumin concentration. 

A1, B1, C1, D1 represents (micro-level) images of the pulled out cross-section of a single  

cellulose fibre with 0%, 1%, 5% and 10% curcumin respectively. 
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The average diameters of the fibres at three different winding velocities (V2) of 

0.15 m/s, 0.29 m/s and 0.48 m/sand different concentration of curcumin are 

shown in Figure 20. Figure 20 showed no effect of increase of curcumin 

concentration on the fibre diameter in various groups represented in clusters of 

increasing curcumin concentration. However different winding showed 

significant decrease in fibre diameter in similar groups in all concentrations of 

curcumin studied. Hence the average diameter of the fibres decreases with the 

increase in the winding velocities but had no effect on it with increasing 

curcumin concentration. (Figure 22). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: Graphic representation of fibre diameter at different winding velocities: 

1.5 × 10-1 m/s, 2.9 × 10-1 m/s and 4.8 × 10-1 m/s. significant statistical variation was 

seen in the fibre diameter with different winding speed. 
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5.3.3 Mechanical properties 

This testing was done by Marta Gina Coscia and myself. The fibres spun with 

maximum stable winding speed 0.48 m/s were used to do the mechanical testing 

and further fibres characterization. 

As with tensile strength, the largest and the smallest values of the Young’s 

modulus were measured in 1% curcumin fibres (16.2GPa) and 10% curcumin 

fibres (13.06 GPa), respectively[63].  However, statistically no significant 

variation in the tensile strength was observed with the increase of curcumin 

concentration. 

5.3.4 FTIR spectroscopy 

The FTIR spectrum of the fibres without curcumin was compared with those of 

as-received EMIM DEP and cellulose (Figure 23). In the FTIR spectrum of 

regenerated cellulose and cellulose/curcumin fibres (Figure 23A) the peaks 

associated with the functional groups of solvent EMIM DEP, namely P=O 

(1250 cm
-1

) [35] is not present which indicates that the EMIM DEP solvent is 

completely removed from the regenerated fibre. 

 

Figure 23: FTIR spectra of EMIM DEP solvent and the regenerated 

cellulose and cellulose/curcumin fibres. 
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Furthermore, the FTIR was used to confirm the presence of curcumin inside the 

cellulose/curcumin fibres (Figure 23A and 23B). The peak at 1628 cm
-1

 present 

in pure curcumin and the curcumin/cellulose fibres is from curcumin mixed 

stretching vibrations of C=O and C=C bonds [36, 37]. The peaks at 1429 cm
-1

, 

found in pure curcumin and cellulose/curcumin fibres  are assigned  to in plane 

bending of aromatic (CCC, CCH)[38, 39].  

FTIR Spectroscopy for studying removal of EMIM DEP from cellulose fibres is 

shown in figure 24. 

 

 

Figure 24: FTIR spectra of EMIM DEP solvent and the regenerated cellulose and 

cellulose/curcumin fibres; none of the regenerated cellulose fibres show the P=O 

bond peak at 1238cm-1 indicating that the solvent is completely removed from the 

fibres. 
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5.3.5 Wide Angle X-ray Diffraction (WAXD) of the Fibres 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: WAXD image of (a) pure cellulose fibre (b) 10% 

curcumin/cellulose fibre. 

Figure 26: Radial Scan of WAXD of (a) pure cellulose fibre 

(b) 10% curcumin/cellulose fibre. 
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Figure 25 shows the 2D diffraction pattern of cellulose and cellulose curcumin 

composite fibres. The radial scanning data of cellulose (with varying curcumin 

percentage) is shown in the Figure 26. The intensity and 2-theta graph in Figure 

26 clearly shows the diffraction pattern of the fibres which is similar to that of 

the cellulose II crystal structure according to previously reported work on 

cellulose fibres[33].The peak at two theta 12 degrees shows the 110 crystal 

plane, at 22 degrees corresponds to 020 plane and at 28 degrees corresponds to 

the 002 crystal plane in cellulose. 

5.3.6 Orientation Factor 

 

Figure 27 represents the effect of curcumin on cellulose fibre alignment which 

is measured in terms of the orientation factor (refer to section 5.5.2.4). The 

  

Figure 27: Variation of orientation factor of the fibres while processing 

in ionic liquid with the increase of curcumin. 
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orientation factor of 1 represents complete alignment of polymer chains in the 

direction of the fibre axis and the orientation factor 0 represents completely 

random orientation of polymer chains in a given sample/fibre.  Figure 27 shows 

that with the increment in curcumin percentage from 0wt% to 10wt%, the 

orientation factor of cellulose fibres decreases from 0.74 to a lower value 0.69. 

Hence, the addition of curcumin partly disturbs the orientation of cellulose 

chains in the fibres. Diagrammatic representation of the same has been shown in 

Figure 30 in the boxes below the actual graph. 

5.3.7 Crystallinity Index 

The crystallinity of cellulose and cellulose curcumin fibres were calculated 

using the Segal’s equation as explained in section 5.5.2.4, the crystallinity index 

of the fibres with curcumin concentration 0wt%, 1wt%, 5wt% and 10wt% was 

found to be 63%, 67%, 66% and 65% respectively. 

5.4 Discussion 

In this thesis, we have successfully manufactured curcumin /cellulose based 

fibres using ionic liquid as a solvent. The fibres have the potential to be used in 

drug, cosmetic and food industry. Curcumin, a pharmacological product which 

is obtained from a rhizome has been found to have anti-inflammation, anti-

oxidation and anti-cancer activities[40-42]. In the past, various methods have to 

been used to entrap curcumin to harness its medicinal benefits. Success has 

been obtained in the form of membranes/ films [40] fibrous 

mats[43]nanoparticles[44], Nano fibres[32, 45] and electro spun fibres[34]. Due 

to its low solubility, alkaline nature and high degradation rate as well as use of 

various synthetic carriers have however rendered its potential unexplored.  

On the other hand cellulose is widely used in drug [31, 32],cosmetic and food 

packaging industry[46, 47]. Here we have manufactured curcumin based 

cellulose fibres in various concentrations and at different winding speed. The 

fibres showed good dispersion of curcumin as evident by the following set of 
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experiments conducted, with SEM, showing non-porous cross-sectional surface, 

FTIR- reflecting similar curcumin peaks for all the tested samples and wide 

angle, X-ray diffraction results confirming the consistency of results for each 

sample when compared with the pure cellulose diffraction pattern. 

Dispersion of curcumin in cellulose however renders its use in medical science.  

Curcumin although has low solubility in water[48, 49] but was found to be 

easily dispersed in ionic liquid solution with cellulose. This entrapment of 

curcumin in fibre form with cellulose which is highly biocompatible [31, 43] 

thus renders it highly versatile in food packaging industry. 

The fibres thus obtained showed a decrease in the diameter with increase in the 

winding speed (Figure 20). Similar results were obtained by Rahatekar[50].This 

is due to the fact because in dry wet jet spinning, there is a 3 cm air gap between 

the spinneret and the water bath where the water get stretched before entering in 

the coagulation process. This stretch helps in better alignment of the fibre [33]. 

On increasing the winding speed, the stretch in the fibre in the air gap as well as 

in the water bath increases. This results in better alignment of the cellulose 

chains in the fibre hence increasing the orientation parameter as shown in figure 

27.  

From SEM images, figure 20, 21, no aggregated curcumin clumps were found 

on the surface neither there was any evidence of breakage in fibre surface due to 

aggregations. 

The mechanical properties of our cellulose/curcumin composite fibres showed 

no significant increase with the addition of more curcumin to cellulose. 

According to Zainuddin[32], the addition of curcumin improves the mechanical 

properties of the fibres moderately. But it starts decreasing with increase in 

curcumin concentration due to the binding tendency of curcumin on the matrix 

surface, which can be further improved by cross-linking process. Dai also 

observed the improvement in the Young’s modulus after adding the modified 
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curcumin particles in the fibre matrix, but there was no significant changes 

when he analyzed the fibres dispersed with unmodified curcumin particles[34]. 

The tensile strength of the fibres obtained in our studies were still higher than 

many viscose fibres being produced [51 , 52-54].  

FTIR results corresponding from figure 24 also showed that the solvent peak 

corresponding to EMIM DEP was not present in any of the regenerated 

cellulose fibres which strongly indicated that the solvent EMIM DEP is 

removed from the fibres. We also confirmed the presence of curcumin with its 

characteristic peaks in cellulose/curcumin composites. Similar characteristic 

peaks [36]  were observed by other researchers in gelatin and curcumin 

composites [34] where they manufactured electro spun curcumin gelatin 

blended Nano fibrous mats and  water soluble complexes of curcumin with 

cyclodextrins[55].  

The orientation factor of our fibres was found to be reduced with increase of 

curcumin concentration as shown in figure 27. This is due to the limited 

tendency of curcumin molecules to dissolve in the matrix. Up to certain 

percentage curcumin supports the fibre crystal structure which has been 

reported by (Dai, 2016), with further increase in concentration it acts as 

impurity in the matrix and hinders the hydrogen bonding in the cellulose matrix. 

This effect the alignment of the fibre as evident from results been reported by 

(Norhidayu Zainuddin, 2017a), where Norhidayu found the decrease in 

mechanical properties with increasing concentration of the curcumin in the 

polymer matrix. Here when we relate the orientation factor with mechanical 

properties of the fibres, it is clear that better aligned fibres with good orientation 

factor shows improved mechanical properties and vice versa (C. Zhu1, 2013; 

L.V. Haule, 2016). 

X-ray analysis, corresponding to figure 25 and 26, however showed that 

addition of curcumin [56] in cellulose fibres doesn’t have significant difference 
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on the degree of crystallization for all cellulose/curcumin fibres compared with 

the neat cellulose fibres. These values are similar to what earlier been reported 

by Rahatekar in [33, 50], where the cellulose fibres were spun using wet 

spinning technique. As evident from Marcela’s results where they worked on 

the methylcellulose-based films containing graphenes and curcumin[56], it is 

clear that the curcumin has no significant effect on the crystallinity index of the 

fibre matrix. 

In this work, we have significantly improved the art of manufacturing cellulose 

fibres reinforced with curcumin while working with different concentration and 

winding speed. These fibres has the potential applications in cosmetics, food 

industry, packaging and many other biomedical applications as well. 

5.5 Summary 

In this thesis, we have manufactured strong regenerated cellulose and 

cellulose/curcumin composite fibres (ranging from 1wt% to 10wt% curcumin) 

with use of EMIM DEP as a solvent. The increase in curcumin concentration in 

cellulose fibres did not affect the fibre diameter. However increased winding 

speed significantly reduced in the diameters of cellulose and cellulose/curcumin 

composite fibres. Curcumin was found to be uniformly dispersed in cellulose 

fibres as evident by SEM and optical microscopy analysis. The tensile strength 

of regenerated cellulose/curcumin fibres were found to be ranging from 223 to 

336 MPa and Young’s modulus ranging from 13 to 14.9 GPa. The high winding 

speed resulted in efficient alignment of cellulose chains as confirmed by X-ray 

diffraction, orientation factor ranging from 0.69 to 0.74. However, increase in 

the curcumin concentration caused small reduction in degree of alignment of 

cellulose chains, no major change was observed in the crystallinity index of the 

fibres due to addition of curcumin. In this work, we have successfully managed 

to entrap curcumin in cellulose fibres which can have potential applications in 

medical and food packaging industry. 
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Chapter 6 

Conclusion and Future Work 

In this thesis, cellulose composite fibres are manufactured for engineering and 

bio-medical studies. Considering the main aim of the thesis, to manufacture 

strong and stiff, 4% DP890 fibres were manufactured and tested for mechanical 

properties. On wet stretching, it was observed that the tensile strength and the 

stiffness was improved, although there was a drop in the strain range. This is 

due to the fact that the fibrils in the fibres were highly aligned to its maximum 

possible optimized limit, hence stronger and stiffer than the un-stretched fibres. 

At the same time, as the fibres were already been stretched to its limit, hence, 

the strain value was decreased. 

At this stage, the mechanical properties of the fibres manufactured were found 

to be moderate while considering to be used as pre-cursor for carbon fibres. and 

there was a huge scope for its improvement. Cellulose Nano crystals has always 

been a keen interest of the researcher working in the field of cellulose due to 

their extra-ordinary mechanical properties. Depending on the source and the 

technique followed for its extraction, the aspect ratio of the fibres varies, and 

hence the mechanical properties. Tunicate CNC show better mechanical 

properties among the others due to their high aspect ratio. Therefore, at this 

stage, cellulose composites fibres were manufactured by marrying, DP890 

cellulose matrix with tunicate CNC and was wet stretched to improve the 

alignment of the fibres and hence the stiffness from 32GPa to 43GPa. Where the 

CNC provides the mechanical strength, the wet stretching/drawing improves the 

orientation of the structure, making it stronger. This is the first time when CNC 

dispersed cellulose fibres are manufactured using ionic liquid and have shown 

reasonably good results. 

The orientation factor and the improvement in degree of alignment after 

stretching was confirmed by X-ray diffraction. For composite fibres, the 
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complete removal of the ionic liquid is significant. Washing the fibres with 

water twice for two days completely removed the solvent from the fibres which 

can be recycled.  The high resolution images of the pulled out cross-section of 

the fibres re-enforced with CNC shows longer fibrils sticking out of the surface 

than the ones without CNC re-enforcement. It could be due to the high aspect 

ratio of the CNC in the matrix. Hence, confirms the uniform dispersion of CNC 

in the DP890 cellulose matrix. The properties achieved from these fibres are 

close enough to the best ever been reported. Not only properties, also the 

manufacturing method been established during this work is novel and the 

solvent is less harmful for the environment and can be recycled as well.  

On carbonization, the properties of these fibres are comparable with glass fibre.  

Considering the density, the carbonized fibres (1.56g/cm3) produced in this 

study are lighter that that of E-glass fibers (2.60g/cm3) and similar tensile 

strength and stiffness behavior from Table 3, page 39. Hence a potential 

replacement for glass fibres and can also be used as pre-cursor for carbon fibres. 

These fibres can potentially be used in sports applications, racing cars, 

helmets[1], mobile and laptop covers, automotive and wind- turbine 

applications by replacing the glass fibres. 

The cellulose composite fibres were also studied for bio-medical applications. 

Here, the curcumin based cellulose nanoparticles were manufactured 

successfully with moderate mechanical properties. The potential applications 

for these fibres can be for food packaging, bandages, and drug delivery 

applications, successfully.  

Future Work:  

Although the fibres spun in this study show reasonably good mechanical 

properties, still there is a potential to improve the strain range as well as tensile 

strength for these to be used as carbon fibres precursor. This can be done by 

further increasing the concentration of cellulose as well as by optimizing the 
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diameter of the fibres while considering the alignment as well. As the end 

results for the cellulose composite fibres could potentially be carbon fibres after 

graphitization or carbonization, it is significant to have enough thickness of the 

cellulose composite fibres before carbonization in order to attain enough yield 

and hence the properties.  

Dispersion of Nano-crystals is also a significant area in this study which can be 

further studied and optimized by controlling the pre or post processing of 

CNC’s for dispersion. It would also be interesting to work on manufacturing the 

cellulose composite fibres using CNC’s from various sources as well as 

extracted using various techniques. The degree of polymerization of the 

cellulose also plays an important role in the strain range. Hence, this could be an 

interesting area to look at in future. It is critical to analyse whether the CNC’s 

are actually dispersing or diluting to confirm the visual results from high 

resolution SEM images in this study. It is suggested to study the dispersion and 

dilution process to understand the rheology of the material. 

Although, ionic liquids can be re-cycled, but this has not been done during this 

study. It would be interesting to find out the ways to recycle the ionic liquids 

while working at small or lab scale projects. 

Curcumin based cellulose composite fibres show the presence of curcumin after 

washing the ionic-liquid off from the fibres. For these type of fibres, it would be 

interesting to see their impact from the prospect of cell study. These fibres were 

manufactured only by using DP890 cellulose. It is well known that CNC are 

highly potential for drug delivery. Hence, manufacturing curcumin based fibres 

using CNC would be an interesting area to look at while considering the life of 

the product, delivery and the impact. 

Dispersion of curcumin and cellulose Nano-crystals is a challenging subject. A 

very little work has been done in this sector. And the majority used the Viscose 

process which leaves very harmful impact on the environment. Here in this 
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study, we have established a process where we are not only using natural 

resources also the solvent that is less hazardous to the environment and can be 

recycled. We have succeeded in dissolving and dispersing cellulose, cellulose 

Nano-crystals. In this thesis, full characterization of curcumin dispersed 

cellulose fibres has been done, which is completely novel. These newly 

developed fibres (Nano-cellulose crystals and curcumin dispersed) will find 

potential applications in engineering and the bio-medical applications. 
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