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Abstract 

The dissolution and pyrolysis behaviours of cellulose -based materials, cotton 

yarns, and how to utilize the findings to instruct the fabrication of all cellulose 

composites (ACCs) with cotton textiles has been explored. The dissolution 

kinetics of two cotton yarns, a natural cotton yarn and a mercerized cotton 

yarn, in the ionic liquid, 1-ethyl-3-methylimidazolium acetate ([C2mim][OAc]) 

is studied as a function of processing time and temperature, where water is 

chosen to coagulate the dissolved cellulose. Wide angle X-ray diffraction 

(WAXD) and optical microscopy (OM) are chosen to analyse the resultant 

samples in association with quantifying the coagulated cellulose. The results 

show a time-temperature equivalence, and that the dissolution behaviour 

follows an Arrhenius behaviour, resulting in the calculation of dissolution 

activation energies (𝐸𝑎). For the natural cotton yarn, the dissolution activation 

energy is found to be independent of the fibre arrangement, giving an average 

dissolution 𝐸𝑎  of 96 ± 3 kJ/mol, and for the mercerized cotton yarn, the 

dissolution was quantified with four methods, and an independence of 

quantifying methods is seen on the activation energy, giving an average value 

of 74 ± 2 kJ/mol. Thermogravimetric analysis (TGA) is implemented on the 

two cotton yarns under different heating speeds and a modified first order 

global model is found to adequately describe the pyrolysis behaviour, leading 

to the pyrolysis activation energy of 153 ± 2 kJ/mol and 188 ± 9 kJ/mol for the 

natural and mercerized cotton yarns, respectively. The reason for the 

difference in the dissolution behaviour is hypothesized to be the carbohydrate 

composition and/or the molecular weight, while for that in the pyrolysis 

behaviour, the carbohydrate composition and/or crystalline structure 

dominate. All cellulose composites are finally made out of a fabric woven from 
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the mercerized cotton yarn, possessing a relatively low dissolution 𝐸𝑎  and 

high thermal stability, with [C2mim][OAc] as the solvent. A potentially 

continuous ACCs fabricating process is then proposed. The findings will be of 

interest to researchers fabricating ACCs and those studying the dissolution 

and pyrolysis kinetics of cellulose-based materials. 
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Chapter 1 Introduction and literature review 

1.1 Introduction 

Polymer composites are usually composed of at least two distinct phases, 

reinforcement and matrix, of which the former is usually providing stiffness 

with higher Young’s modulus and strength to the composites, while the latter 

is acting as a continuous constituent with flexible and soft mechanical 

properties that connects reinforcement such as particles and fibres together. 

Generally, a good combination of those two phases, the interaction between 

matrix and reinforcement, is always of concern when they are made of 

different materials. Weak interaction between them will lead to poor 

mechanical properties and will cause material failure in their applications, 

especially for those structural materials. Most of the polymer composites, such 

as plastics are petroleum-based and depend on the finite fossil-fuel resource 

estimated to be exhausted in 100 years, according to the currently discovered 

reserves. Besides, the plastic contamination in a region is barely reversible 

due to the natural mineralization process happening very slowly, which makes 

the plastic pollution entering speed higher than rate of clean-up in most cases. 

The plastic pollution results in potential impacts to the environment including, 

imbalance of carbon and nutrient cycles, habitat changes within ecosystems, 

ecotoxicity and some societal impacts. Although these problems have been 

known for decades and much research has been reported to recycle the 

plastics, most of the plastics are still not able to be recycled but landfilled or 

incinerated. Apart from that, lots of energy is usually needed for the separation 

of different phases in composites. Therefore, more and more attention has 
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been paid on not only the recycling of plastics but also the defossilization, by 

replacing those petroleum-based materials with renewable and biodegradable 

materials [1]. 

Consequently, the interest in biopolymer-based composites as a potential 

solution to the problems mentioned to replace those petroleum-based polymer 

materials and achieve carbon-neutral cycles is increasing. Cellulose is the 

most abundant biopolymer in nature, mostly existing in plants and working as 

the main structural component. Thus, it has huge potential to be used as a 

substitute of petroleum-based polymers. Although cellulose is so widely 

available and used in our daily life, products such as wood board, paper and 

cotton clothes are not efficiently recycled at the end of their life. Instead, most 

of them are either landfilled or incinerated, leading to the carbon stored in 

cellulose releasing into the atmosphere. Further, the processing of cellulose-

based products consumes lots of energy and other resources, for instance the 

global average water footprint for 1 kg of cotton is around 10 tons. If their end-

life waste such as clothes are not disposed of in a sustainable way, the ‘green’ 

effect of cellulose will be significantly restricted. Therefore, different ways were 

investigated to prolong those cellulose-based materials’ life, including down-

cycling and up-cycling [2]. For the former, cellulose-based wastes are 

processed to be lower value products than their original, such as the creation 

of newspaper out of writing paper. While, for upcycling, cellulose wastes are 

converted into greater-value products, such as ACCs made from waste 

clothes [3].It is this aspect which is the scope of this thesis. 

An all cellulose composite is also known as a single component composite or 

self-reinforced composite, where both the reinforcement and matrix are made 



- 3 - 

out of cellulose [4]. Therefore, the problem of weak interaction and 

compatibility between the matrix and reinforcement can be solved. Meanwhile, 

the cellulose-based waste can be upgraded to structural materials with greater 

values instead of landfill, incineration or being down-cycled. But unlike most 

of the petroleum-based polymers, cellulose is not meltable at elevated 

temperatures or dissolvable in most general solvents such as water, ethanol 

without chemical modification [5]. Until now, several direct (non-derivatizing) 

solvent systems have been reported to dissolve cellulose and fabricate all 

cellulose composites, such as a urea/NaOH/H2O system, NMMO and 

LiCl/DMAc [6]. However, most of them are harmful to the environment and 

difficult to recycle. Recently, some ionic liquids have been found to be able to 

dissolve cellulose as direct solvents [7] and can be used to make all cellulose 

composites [8-12]. Due to their notable advantages, such as high thermal 

stability, chemical stability, numerous combinations of anions and cations and 

low vapour pressure, ionic liquids have huge potential to be ‘green’ solvents 

for dissolving cellulose and making all cellulose composites. 

1.1.1 Project aims and objectives 

In this project, the aim has been to investigate the dissolution behaviour of 

cotton materials in an ionic liquid, pyrolysis kinetics of cotton materials and the 

fabrication of cotton-based all cellulose composites with the ionic liquid. 

Attention has been put on the 1-ethyl-3-methylimidazolium acetate 

([C2mim][OAc]) as a promising cellulose solvent which has been widely 

investigated in our group [13-15]. Water is chosen to be the anti-solvent for 

coagulating cellulose. Two cellulose sources, from a native cotton thread and 

a mercerized cotton thread, are taken for the research of dissolution of 
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cellulose in [C2mim][OAc] and the research of pyrolysis kinetics. Different 

dissolving conditions are designed with two parameters, time and 

temperature, to explore the dissolution behaviour through working out 

dissolution master curves and dissolution activation energies. A modified 

pyrolysis model, based on non-isothermal TGA test, is applied to express the 

pyrolysis behaviour and attain the pyrolysis activation energy. 

A mercerized cotton cellulose-based textile (a basket plain weave) and 

[C2mim][OAc], are used to fabricate all cellulose composites (ACCs) with the 

partial dissolving method, also known as the one-step method, where the 

cellulose samples are partially dissolved to form the matrix phases bonding 

different threads to form a composite. Different fabricating conditions by 

varying pressure, number of pressing stages, pressing time and alignment of 

two layers are implemented to make ACCs, where the outcomes from the 

research of dissolution of the mercerized cotton thread are used to tune the 

dissolving time and temperature. 

1.1.2 Thesis outline 

There are 7 chapters in this dissertation, and they are summarized as follows: 

Chapter 1 introduces the project and reviews the recent literature to give a 

broad understanding of the research field. The experimental section is 

introduced in Chapter 2. In Chapter 3, the details of how to investigate the 

dissolution of the native cotton threads with different arrangements (fibre, 

arrays and bundle) in [C2mim][Ac] are described, based on Paper I. Chapter 

4 describes the results of dissolution of mercerized cotton threads which are 

mainly based on Paper III. In Chapter 5 the two cotton samples are compared 
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according to their dissolution behaviour and pyrolysis behaviour, which is the 

main content of Paper IV. Chapter 6 provides the outcomes of fabrication of 

ACCs, and eventually in Chapter 7, the conclusions and suggestions for future 

work are summarized. 
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1.2 Literature review 

1.2.1 Cellulose 

Cellulose is the most abundant biopolymer in nature with renewability, 

biodegradability and recyclability, of which the annual production is about 150 

billion tons [16]. It exists in almost every plant on earth, acting as the structural 

material in plant cell walls, which makes the plants stiff and strong due to its 

high Young’s modulus [17-19]. The most commonly used cellulose in industry 

is in the secondary cell wall where lignin acts as the matrix and hemicellulose 

acts the crosslink points between lignin and cellulose. The proportions of 

individual components vary by plant species. Cotton possesses the highest 

cellulose content, about 90 %, which is much higher than wood with about 40 

%, see Table 1.1. Additionally, cellulose can be generated by some 

microbials, fungi, algae and bacteria [20, 21]. 
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Table 1.1 Carbohydrate compostion of plant cellulose materials. Credit: Sundarraj 

et al. [20] 

Source Cellulose (%) 
Hemicellulose 

(%) 
Lignin 

(%) 
Extract (%) 

Hardwood 43–47 25–35 16–24 2–8 
Softwood 40–44 25–29 25–31 1–5 
Bagasse 40 30 20 10 

Coir 32–43 10–20 43–49 4 
Com cobs 45 35 15 5 
Com stalks 35 25 35 5 

Cotton 95 2 1 0.4 
Flax (retted) 71 21 2 6 

Flax (unretted) 63 12 3 13 
Hemp 70 22 6 2 

Henequen 78 4–8 13 4 
lstle 73 4–8 17 2 
Jute 71 14 13 2 

Kenaf 36 21 18 2 
Ramie 76 17 1 6 
Sisal 73 14 11 2 
Sunn 80 10 6 3 

Wheat straw 30 50 15 5 

Cellulose was initially revealed by a French chemist, Anselme Payen, and 

extracted from plant substance in 1838. Celluloid derived from cellulose by 

mixing cellulose nitrate with camphor was the first thermoplastic polymer 

produced and industrialized in 1870. Its polymer chemical structure was 

determined by Hermann Staudinger in 1920 [20].  

(1) Chemical and physical properties 

A cellulose molecule can be formed by dehydration condensation of D-

glucose units which are linked by beta-1,4-glycosidic bonds, and its degree of 

polymerization (DP) can vary from 300 to more than 10000, dependent on 

different cellulose sources. The DP values in wood pulp are usually ranging 

from 300 to 1700 and in the case of fibres from plants such as cotton are 
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typically between 800 and 10000. In microbial cellulose, DP values are found 

to be 2000-6000 [22]. 

Cellulose is a linear multi-dispersed homopolymer with units of beta-D-

glucoses which are flipped over with respect to one another. There are three 

free hydroxyl groups at C-2, C-3 and C-6 atoms, see Figure 1.1(a). These 

hydroxyl groups and the oxygen atoms on the pyranose ring lead to abundant 

hydrogen bonds networks. The intramolecular hydrogen bonds are formed 

between two condensed monomers which enhance the stabilization of the 

network and result in a linear configuration of molecular chain. The 

intermolecular hydrogen bonds connecting two cellulose molecular chains 

make several molecular chains that stack up. The hydrogen bond plays 

important role in the cellulose crystalline structure and then the physical 

chemistry properties, such as solubility, chemical stability and mechanical 

properties [22]. 

Compared to starch molecules (Figure 1.1(b)), cellulose molecules have a 

higher chance of forming intramolecular and intermolecular hydrogen bonds. 

Furthermore, the cellulose molecules are in a stretched-out configuration and 

have higher DP than that of starch which makes cellulose fibres strong and 

difficult to be dissolved in general solvents. However, starch can dissolve in 

water and be digested by humans to provide energy to humans and plants, 

but not cellulose, because there are no cellulose enzymes in our bodies [22]. 
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Figure 1.1 Molecular structures of (a) cellulose and (b) starch 

During the production of cellulose in plants, disordered regions with randomly 

oriented molecular chains and ordered regions with aligned molecular chains 

are formed. The former is responsible for cellulose being flexible and 

extendable, but the latter makes cellulose stiff with high modulus. Cellulose is 

a semi-crystalline polymer, it is very important to study different crystalline 

structures (crystal allomorphs) and their conversions [22]. 

Figure 1.2 depicts the conversions of various forms of cellulose crystalline 

structures to one another, and Figure 1.3 shows the XRD results. The 

compounds cellulose I and cellulose II, which are identified in our cotton 

samples in this thesis, are discussed in depth here. Cellulose I (in Figure 1.3, 

the first from the top in (b) and the first from the bottom in (a)), commonly 

known as native cellulose, is a naturally existing cellulose formed by 

organisms. The quantities of two distinct polymorphs, cellulose I alpha and 

cellulose I beta, varies in different organisms. Cellulose I alpha is mostly found 

in bacteria and algae, whereas cellulose I beta is mostly found in plants such 

as cotton. Cellulose II, (in Figure 1.3, the fourth from the top in (b) and the 

second from the top in (a)), commonly known as man-made cellulose, is 
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produced via regeneration and mercerization of cellulose I. In the regeneration 

process, native cellulose is dissolved in a solvent and subsequently 

coagulated by an anti-solvent, such as ethanol and water, to produce cellulose 

II. To mercerize cellulose, an alkali aqueous solution, usually about 20 wt% 

caustic soda, is used to convert cellulose I to cellulose II [23]. Cellulose II has 

an anti-parallel molecular chain structure, making it more thermostable than 

cellulose I which has a parallel molecular chain arrangement. As a result, 

cellulose I to cellulose II conversion is irreversible [21]. Despite the fact that 

cellulose II is more thermodynamically stable, the Young's modulus of 

cellulose I along the direction of the chain axis is larger than that of cellulose 

II, as seen in Table 1.2. X-ray diffraction and Raman spectroscopy have been 

described as experimentally useful techniques to measure the mechanical 

properties of cellulose allomorphs [18, 24]. 
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Table 1.2 Elastic moduli of different cellulose allomorphs found from 

literature, where only those considering intramolecular hydrogen bonding are 

tabulated 

Cellulose 
allomorph 

Elastic modulus 
(GPa) 

Method Reference 

Cellulose I 
120-143 Experimental [17-19] 

145-180 Theoretical [25-28] 

Cellulose II 
88, 106-112 Experimental [17, 19] 

162.1, 98 Theoretical [29, 30] 

Amorphous region 9.35, 10-11, 12-14 Theoretical [31-33] 

 

 

Figure 1.2 Cellulose crystal allomorphs and conversions between each other. 

Image taken from the paper by Ottesen [34] 
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Figure 1.3 (a) XRD 2D patterns of different cellulose fibre polymorphs and 

(b) their equatorial XRD profiles. Cellulose I (the first from the top in (b) and 

the first from the bottom in (a)) and cellulose II (the fourth from the top in (b) 

and the second from the top in (a)) are discussed in this thesis. Credit: 

Nishino et al. [17] 

Due to the prevalent number of hydrogen bonds existing among intra and inter 

cellulose molecules, the melting point of cellulose is higher than its 

degradation temperature, which makes the melting process commonly 

applied to some general polymers such as polypropylene unfeasible. 

Likewise, most general solvents, e.g. water and ethanol, cannot dissolve 

cellulose, until in 1846 Christian Friedrich Schoenbein discovered the first 

process for the dissolution of cellulose [6]. In the following sections, the 

solvent systems of cellulose are detailed. 
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(2) Cellulose solvent systems 

Cellulose is insoluble in water and most organic solvents because of its highly 

crystalline structure and extensive intra-molecular and inter-molecular 

hydrogen bonds. Only after the hydrogen bonds are broken can it be dissolved 

[35]. In 1980, Turbak [36, 37] classified cellulose solvents into several groups, 

in terms of the interactions between cellulose and solvents, as: cellulose is 

acting as a base while the solvent is an acid; cellulose is acting as an acid 

with the solvent to be a base; cellulose is treated as a ligand while the solvent 

is a complexing agent, such as Cuam; and cellulose is a reactive agent and 

converted to a soluble cellulose derivative, either by functionalizing the 

hydroxyl groups or not prior to the dissolution of cellulose. More recently, 

cellulose solvents are classified, according to the need of a chemical 

modification on cellulose prior to its dissolution, into derivatizing and non-

derivatizing solvent systems [38]. 

Derivatizing solvents systems 

Before cellulose is dissolved, several chemical modifications are used to 

functionalize the hydroxyl groups, such as nitration [39-42], esterification [43], 

etherification [44] and xanthation [45]. But the processes are usually 

complicated and environmentally-unfriendly. For example, the first 

industrialized process for fabricating Rayon fibre, known as the viscose 

process, in which the very toxic carbon disulphide and aqueous sodium 

hydroxide, harmful to the environment, are used to make sodium cellulose 

xanthate. Then cellulose can be generated from the solution of sodium 

cellulose xanthate dissolved in aqueous sodium hydroxide by the treatment 

with an acid such as sulphuric acid, which is another harmful reagent for 
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human beings and the environment. Toxic gases, such as H2S and SO2, are 

discharged during this process, leading to heavy pollution[46, 47]. After the 

chemical modification, cellulose derivatives could be mostly dissolved in 

common polar organic solvents such as dimethyl sulfoxide (DMSO) and 

acetone, while this process is out of the scope of the studies in this thesis, due 

to the complicity and/or toxicity to the environment. 

Amine oxide procedure 

N-methylmorpholine-N-oxide monohydrate (NMMO) is one of the most 

important amine oxides as cellulose solvents. Likewise, it is another 

commercialised cellulose solvent system, industrially producing Lyocell (also 

known as Tencel® fibres). There is no need of pre-treatment and 

derivatization to dissolve cellulose, and the process is shown in Figure 1.4, 

depicting that lyocell can be spun from an NMMO/cellulose solution by adding 

an anti-solvent such as water. Due to its environmentally friendly nature, the 

NMMO-based approach initially published by Johnson in 1969 [48, 49] is 

considered an alternative to the viscose process, and the comparison in 

chemical mechanisms between the two approaches is shown in Figure 1.5. 

Although it is by far the most industrialised alternative to the viscose process, 

there are still a number of issues, including the NMMO/water system's poor 

thermal stability, cellulose degradation caused by by-product formation, and 

the need for stabilisers, which makes the process more complicated and 

increases the cost [16, 50]. 
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Figure 1.4 Industry process of dissolving cellulose with NMMO to generate Lyocell 

fibres. Image taken from the paper of Rosenau et al. [50] 

 

Figure 1.5 Comparison of the two important approaches, (a) viscose and (b) Lyocell 

process. Credit: Isik et al. [51] 

Lithium chloride/N,N-Dimethylacetamide (LiCl/DMAc) 

The history of dissolving polysaccharides by LiCl/DMAc system can be traced 

back to 1980s [52]. Its dissolving mechanism is depicted in Figure 1.6 and it 

is widely thought that the protons on cellulose hydroxyl groups connect with 

the Cl- via strong hydrogen bonds; and the cellulose intermolecular hydrogen 

bonding network is broken in combination with the Li+ Cl- ion pairs splitting; 
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further, complex cations of Li+DMAcx form, which accompany the hydrogen-

bonded Cl- to make the electric balance [53]. Prior to the dissolution by a 

LiCl/DMAc mixture cellulose has to be processed by an activation procedure 

in which the fibre is first rinsed with a polar medium [54]. Without the activation 

step, it could take thousands of hours to dissolve cellulose. Another drawback 

is the limited solubility of cellulose in LiCl/DMAc mixture, as the cellulose 

solubility increases with LiCl concentration while the solubility of LiCl has been 

reported up to 8.46 wt%, by Potthast et al. [55]. 

 

Figure 1.6 Schematic machenism of the dissolution of cellulose with the LiCl/DMAc 

mixture. Credit: Zhang et al. [53] 

Sodium hydroxide (NaOH) aqueous solution 

Due to the simplicity of NaOH/water systems, they have attracted huge 

attention to the application of dissolving cellulose. The history of the 

dissolution of cellulose with NaOH/water systems dates back to the 1930s [56, 

57] and this finding was barely used until the 1980s. The dissolution of 

cellulose by a NaOH/Urea/water system was first reported in 1990 by 

Laszkiewicz and Wcislo [58, 59]. As a result of the non-dissolution of cellulose 

in the NaOH/Urea/water system at ambient or high temperature, a relatively 

low temperature (below 0 °C) is required  in this method, which costs more 
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energy than those needing higher than ambient temperature [60]. Another 

disadvantage is the difficulty to recycle the solvent system. 

Ionic liquids 

The definition of ionic liquids (ILs) was provided by Walden as those bulky 

organic salts comprising of ions, cations and anions, with melting point below 

100 °C [61]. The first report about dissolving cellulose by ILs can be traced 

back to the patent published by Graenacher [62]. ILs have been considered 

to be a green solvent with huge potential to dissolve cellulose because of its 

benefits, such as high stability, sustainability and non-toxicity [6, 7, 46]. More 

details will be introduced in section 1.2.2, as an ionic liquid, [C2mim][OAc], will 

be applied as the solvent in the research on the dissolution kinetics of cellulose 

in this thesis. 

(3) Cellulose coagulation 

The coagulation of cellulose is a solidification process, where the cellulose is 

coagulated from its solution to a solid state [63-65]. It usually consists of two 

processes of which the first is the removal of the cellulose solvent by a suitable 

anti-solvent, followed by a drying process to evaporate those coagulants. In 

the first process anti-solvents, such as water [66], ethanol [67] and acetone 

[68], can stop the dissolving process by breaking the hydrogen bonds between 

solvent molecules and cellulose molecules and forming new hydrogen bonds 

between solvent and anti-solvent molecules [11, 69]. For the example of ILs 

solvents, the adding of anti-solvents reduced the basicities of solvents, which 

could be confirmed by the decrease in Kamlet-Taft value of 𝛽 − 𝛼, also known 

as the net basicity [63, 70]. 
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It has been found that coagulating conditions (including the coagulating 

temperature, the coagulant type and the ratio of coagulant to solvent), 

cellulose molecular weight/degree of polymerization, and cellulose 

concentrations in solutions influence the coagulating rate [63, 67, 70-75]. 

Further, the coagulating rate significantly affects the properties, such as 

transparency, mechanical properties, of the coagulated cellulose by changing 

its crystallinity and crystalline size [63]. For example, transparent films were 

generated in an ethanol coagulating bath compared with opaque films formed 

in a water coagulating bath, from cellulose/[C2mim][OAc] solutions [71]. The 

mobility of cellulose chains was concluded as the main parameter correlating 

to crystallinity and crystalline size [11, 63]. Additionally, the drying process can 

play a role in the final regenerated cellulose properties [71]. Therefore, it is 

feasible to vary the properties of the cellulose products by manipulating the 

coagulant concentration and the parameters such as the temperature in the 

subsequent drying process [11]. 

1.2.2 Ionic liquids 

(1) Unique properties 

Ionic liquids, consisting of cations and anions, are often described as a salt in 

a molten state below 100 °C [61]. This is quite different to a general salt such 

as NaCl, whose melting point is much higher, of the order of 800 °C, due to 

its regular lattice structure [76]. The reason for this special property of ILs is 

thought to be the decreased columbic interactions derived from the 

disassociated and asymmetrical charge tendency of its component ions. The 

lattice structure is disrupted into a disordered one leading to a decrease in the 

melting point [46, 77-79]. 
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There are abundant combinations of cations and anions which lead to a huge 

number of ILs. Different cations and anions commonly used are listed in 

Figure 6. The special molecular structure of ILs results in a wide range of 

special and interesting properties [80]. 

Negligible vapour pressure 

The volatility of ILs is very low and this is one of the main reasons for their 

increasing usage and being of so much interest [7, 80]. It is reported that ionic 

liquids possess negligible vapour pressure [79] compared to typical organic 

solvents such as ethanol, which are usually much easier to be evaporated 

even than water [78]. Therefore, it is usually easy to remove other products 

which are liquids with relative high vapour pressure from the ionic liquids. In 

addition, low vapour pressure makes it safer in terms of potential air pollution, 

and in this case it is not toxic for humans due to the reduced risk of breathing 

it into our body [80]. 

Thermal stability 

Nonflammability is another advantage of ionic liquids, which makes them safe 

and green. ILs always stay thermally stable at relative high temperatures at 

which general organic solvents would be on fire or dramatically evaporating. 

So, the explosion hazard can be removed just by using ionic liquids as a 

chemical reaction medium/catalyst [80-83]. 
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Broad liquid applied range 

Ionic liquids can be used in a broad temperature range while still remaining in 

the liquid state. This temperature range is determined by the temperature 

span between the melting point and the boiling point or thermal degradation 

temperature. When ionic liquids are not evaporated and boiled by high 

temperature, the upper temperature is considered to be the degradation 

temperature. As a result, for experiments, ionic liquids can be used at a wide 

temperature range without worrying about their loss/evaporation [79, 84, 85]. 

Wide range of solubility and miscibility 

Because of the abundance of combinations of cations and anions, which can 

be easily designed, the polarity and coordination between ions is easily 

modified [86]. Therefore, ionic liquids have more strongly solvating properties 

than most organic solvents. As reported in the literature, ionic liquids can be 

designed to dissolve many substances including both organic and inorganic 

items and gases, liquids and solids, such as CO2 [87], benzene [88], 

carbohydrate [89], transition metals [90, 91], enzymes [92, 93], antibiotics [92], 

coal and rocks [94]. Furthermore, ILs can also dissolve both natural and 

synthetic polymers, for example cellulose and nylon [95, 96]. 

Applicable properties in chemical reactions 

Ionic liquids can be used as a dual agent in a large variety of chemical 

reactions [97, 98]. For example, ILs can act as a medium and/or catalyst in a 

chemical reaction, as they can be treated as Lewis acid or base, which relies 

on the combination of the properties of the cations and the anions in the ionic 

liquid [98, 99]. 
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Designable properties 

As discussed above, the properties of ionic liquids can be tailored and 

designed, which makes them applicable to a wide range of research fields. In 

general, there are several uses that have been reported: 

(1) Functionalizing specific functional groups into the cations and/or anions 

[100]. 

(2) Combining different cations and anions [100] 

(3) Making mixtures of different ionic liquids [101]. 

Sustainability 

The recyclability of Ionic liquids applied in processing cellulose has been 

reported in the literature [102], and an excellent recovery of ionic liquids has 

been achieved by recycling it from the waste liquids and then reusing it as a 

solvent for cellulose [103]. The recycled ionic liquids can also be obtained from 

the chemical reaction in which it acts as a medium or a catalyst [104-106].  

(2) Limitations of ionic liquids 

Although there are significant advantages of applying ionic liquids, there are 

still some limitations, which have to date slowed down the speed of their 

industrialization, and these problems have not yet been solved. 

Price 

The high price of most of ionic liquids has been considered to be the most 

significant restriction to their applications in industry. Most of them are much 
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more expensive than conventional organic solvents. The high cost of raw 

materials, complexity of their fabricating processes and high purity 

requirement make ionic liquids expensive. But Helmut Kaiser Consultancy 

predicts that the demand for ionic liquids will increase dramatically during the 

upcoming fifteen years, which will lead to a significant decrease in their price 

[107]. Obviously, in some cases, the use of slightly expensive ionic liquids 

may be acceptable if the advantages related to their application are able to 

compensate for the additional costs of the solvent [108-110]. 

Low flowability 

Most ionic liquids have comparable viscosities to oils, which are orders of 

magnitude greater than general organic solvents [111]. This issue results in 

high energy consumption and increased time required to mix them with other 

products in many industrial applications depending on the mass transfer. Due 

to the high viscosity of ILs, some co-solvents, such as DMSO and N,N-

dimethylformamide (DMF), are often used to dilute it and then make it less 

viscous [78, 108, 112]. 

Nonbiodegradability 

Most of the designed ILs are not biodegradable especially for the treatment 

on biomass such as cellulose, and this has been considered as an issue 

during the sustainability of a process involving Ils. Instead, the recyclability of 

Ils, attributing to its high stability and low vapour pressure [80], makes them 

recoverable from general solvents and reusable, which is an encouraging 

aspect for their applications, especially in the dissolution of biomass as 

solvents [7]. 
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(3) The mechanism of ionic liquids dissolving cellulose 

As discussed before, cellulose can only be dissolved in a restricted number of 

solvents (but not melted), by disrupting the hydrogen bond networks between 

intra and inter molecules [35]. Even though ionic liquids have been invented 

for over 100 years, and the first report of ionic liquids acting as the solvents of 

cellulose was in 1934 by Graenacher [62], research on dissolution of cellulose 

with ionic liquids was developed for just the most recent 20 years [61], 

especially since the research reported by Swatloski et al. in 2002 [7]. The 

mechanism of dissolving cellulose with ionic liquids is gaining growing 

attention, however it has not been completely understood. There are several 

hypothesises raised, and the most acceptable one is that the anions in the 

ionic liquids play a predominant role by competing with the oxygen atoms on 

the cellulose to form new hydrogen bonds. Ils containing low-basicity anions, 

such as [BF4], [PF6], [N(CN)2], [MeSO4], [HSO4] and [Tf2N] are not suitable 

solvents for cellulose [46, 113]. On the other hand, those Ils with high 

Brønsted-basicity anions could efficiently dissolve cellulose, for example 

[HCOO], [CH3(CH2)0–3COO], [PhCOO], [HSCH2COO] and [(MeO)(R)PO2] 

[46, 113, 114]. Additionally, the cations play a minor role in the solvation of 

cellulose, and there are several studies that have tried to prove this by 

molecular simulation studies and NMR measurements [115-117]. 

In terms of the effect of cations in the dissolution of cellulose, Zhang’s group 

presented a different view, see Figure 1.7. The mechanism proposed by them 

is that the anions and cations play a synergistic effect on the dissolving 

process and the role of cations was non-negligible. The relatively small anions 

prefer to form hydrogen bonds with hydrogen atoms of hydroxyls on the 
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cellulose molecules, and the protons on the imidazolium cation rings favoured 

to associate with the oxygen atoms of hydroxyl groups possessing a less 

steric barrier. And recently this hypothesis is confirmed by experimental and 

theoretical evidence [118-120]. Additionally, the cations in ILs could also 

decrease the cellulose solubility if they strongly interact with the associated 

anions or steric hindrance effect of large size group in their alkyl chains. 

 

Figure 1.7 Dissolving mechanism of cellulose in ionic liquids. Image adapted from 

the work of Zhang et al. [46] 

Some other fundamental research has been reported on the kinetics and 

rheology of the dissolution of cellulose in ILs [121-124]. From that research, 

rheological activation energies of cellulose/ILs solutions are reported to vary 

from 46 kJ/mol to 70 kJ/mol, which is dependent on the IL and cellulose 

concentration. Recently, several papers showed that the dissolution of 

cellulose in ILs followed Arrhenius behaviour [89, 122, 125, 126], and those 

published by our group indicated that the activation energy of dissolution of 

natural cotton, natural flax and mercerized cotton in [C2mim][OAc] were 96 ± 

3 kJ/mol [89], 98 ± 2 kJ/mol [125] and 73 ± 2 kJ/mol [126], respectively. 

Cuissinat et al. investigated the dissolution of cellulose from different sources 

and cellulose derivatives with different solvent systems, such as NMMO/water 
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[127-129], NaOH/water [128-130] and ionic liquids [131]. Among them, four 

phases (Figure 1.8) were reported during the dissolution of cotton and wood 

fibres in the ionic liquid solvent system, 1-N-butyl-3-methylimidazolium 

chloride ([C4mim]Cl)/DMSO: phase 1, cellulose balloon formation; phase 2, 

cellulose balloon breaking; phase 3, dissolving the unswollen regions; phase 

4, dissolving the cellulose balloon residues [131]. This is widely accepted as 

the microscopic cellulose dissolving process with ionic liquids. 

 

Figure 1.8 Wood fibres in [C4mim]Cl/DMSO observed by optical microscopy and 

(A) unswollen fibre, (B) balloon, (C) membrane and (D) unswollen section between 

two balloons. Image taken from the paper of Cuissinat et al. [131], without any scale 

bar originally provided 

1.2.3 The development of ACCs processed by ionic liquids 

All cellulose composites are single-component polymer composites, which 

were first reported by Nishino et al. who embedded ramie fibres in a 

regenerated cellulose of completely dissolved craft wood pulp with the 2-step 

method, shown in Figure 1.9 [4]. The issue of poor compatibility seen between 
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matrix and reinforcement phases in general composites, which are commonly 

made of different materials with different polarity, can be resolved. For 

instance a composite made from a high-polarity silica and a low-polarity 

natural rubber, which then needs an additive named bis(3-triethoxysilylpropyl) 

tetrasulfide (Si-69) to increase their interaction [132]. 

  

Figure 1.9 Schematic illustration of fabricating approaches for all-cellulose 

composites: one-step and two-step approaches 

As introduced in section 1.2.2(3), some ionic liquids are ‘green’ and effective 

solvents for dissolving cellulose, because of high thermostability, chemical 

stability, negligible vapour pressure and tuneable properties. They have high 

potential to be applied as solvents in the fabrication of all cellulose 

composites. Different cellulose sources being applied for the preparation of all 

cellulose composites with ionic liquids have been reported, and they are 

reviewed below in terms of the reinforcement material, while those made with 

other cellulose solvents are out of the scope of this thesis [4, 12, 133, 134]. 
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Microcrystalline cellulose or micro/nanofibrillated cellulose based ACCs 

Microcrystalline cellulose (MCC), microfibrillated cellulose (MFC) and 

cellulose nanofibres (CNF) are in the size range from nano-meters to microns 

in diameter, made by chemical or mechanical processing of cellulose, such as 

acid hydrolysis and mechanical shearing/grind processes. MCC is mostly 

used as a precursor of the matrix, and as to MFC and CNF, they are good 

candidates to be reinforcement phases in ACCs because of their high aspect 

ratio. Several papers [135-138] have reported that Ionic liquids, 

[C2mim][OAc], [C4mim]Cl and 1-(2-hydroxylethyl)3-methyl imidazolium 

chloride ([Hemim]Cl), could be used to process MCC/MFC/CNF to make 

ACCs via one-step and two-step methods. Among them some general 

solvents such as water, acetone and ethanol were applied as the coagulants 

to coagulate the dissolved cellulose to form the matrix phase in ACCs, of 

which the highest strength and modulus were 124.1 MPa [135] and 12 GPa 

[138], respectively. Due to the extra energy cost of making them from those 

natural plant cellulose materials, the application of MCC, MFC and CNF in 

fabrication of all cellulose composites is restricted. 

Natural plant cellulose-based ACCs 

Natural plant cellulose materials, including cotton [139], flax [140], jute [141], 

wood [142] and natural plant-based materials such as filter paper [143] have 

been reported to act as the cellulose source in the fabrication of ACCs with 

ionic liquids. 

As introduced before, cotton with cellulose content to be 90%, the highest in 

plants, has been used as cellulose sources in ACCs. [C2mim][OAc] and 
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[C4mim]Cl were used to be the solvents in fabrication of cotton-based ACCs. 

As reported, the highest tensile strength was found to be 68 MPa [144] and 

modulus to be 134 MPa [139]. 

Flax fibre possesses cellulose I content of about 70 % and other substances 

such as hemicelluloses, pectin and lignin of about 30 %. The single flax fibre 

was reported to have tensile strength of 1.2 GPa, Young’s modulus of 60 GPa 

[145], which indicates huge potential of being used in ACCs. Several flax 

materials have been reported to make ACCs, including flax nonwoven textile 

[140], linen textile [146], flax yarns [147], where [C4mim]Cl, 1-butyl-3-

methylimidazolium acetate ([C4mim][OAc]) and [C2mim][OAc] were applied 

as solvents, respectively. The highest tensile strength and Young’s modulus 

were reported to be 151.3 MPa and 10.1 GPa, respectively on the flax yarn-

based ACCs made with one-step method [147]. 

Wood powder [142], sheets [148, 149] and blocks [139] were reported to 

fabricate ACCs with [C4mim]Cl and [C2mim][OAc]. The highest tensile 

strength and Young’s modulus were found for the ACCs made by wood plies 

with [C2mim][OAc] to be 430 MPa and 39 GPa, separately [149]. Additionally, 

other cellulose-based materials, such as denim fabrics, filter paper and hemp 

fabrics, etc., are reported be make ACCs, and their mechanical properties are 

summarized and tabulated in Table 1.3. 
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Regenerated cellulose fibre-based ACCs 

Rayon and Lyocell fibres, made from natural sources of regenerated cellulose, 

consists of only cellulose II and amorphous cellulose. Ionic liquids, 

[C2mim][OAc] [150], [C4mim][OAc] [146] and [C4mim]Cl [151] were reported 

to process Rayon and Lyocell fabrics to create ACCs. The ACCs made from 

rayon fabrics possessed tensile strength and Young’s modulus to be up to 144 

MPa [150] and 7.3 GPa [152], respectively. Those made from Lyocell textiles 

were reported to have up to 103 MPa [153] and 7.2 GPa [140] to be tensile 

strength and Young’s modulus, respectively. 
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Table 1.3 Summary of mechanical properties of ACCs made by one-step and two-

step methods with ionic liquids 

Solvent/method/co
agulant 

Reinforcement 
Processing temperature 

(°C) and time 
Ultimate tensile 
strength (MPa) 

Modulus 
(GPa) 

Failure 
strain (%) 

Ref. 

[C2mim][OAc]/2-
step/water 

Rayon fabric 
Room temperature-80 

(0.5 h-24 h) 
45-144 1.5-3.6 3.8-16.7 [150] 

[C4mim]Cl/2step/wat
er 

Rice husk 100-130 (3 h-8 h) 55.8-126.4 13.2-29.2 2.24-26.7 [154] 

[C4mim]Cl/1-
step/methanol 

Canola straw 85 (5 min-8 h) 28-208 5.9-20.0 1.8-9.8 [155] 

[C4mim]Cl/1-
step/acetonitrile 

Cotton fabric 150 (0.5 h) 16-22 0.01-0.13 26-125 [139] 

[C4mim]Cl/1-
step/acetonitrile 

Hinoki Lumber 210 (0.5 h) 12-51 3.3-6.3 11-15 [139] 

[C4mim]Cl/1step/eth
anol 

Wood flour 100 (10 min),210 (13 min) 5.5 1.9 - [142] 

[C4mim][OAc]/1step/
water 

Rayon textile 110 (80 min) 70.16 2.45 - [146] 

[C4mim][OAc]/1step/
water 

Linen textile 110 (80 min) 46 0.86 - [146] 

[C4mim]Cl/1-
step/water 

Microfibrillated 
cellulose 

100 (20 min-160 min) 82.3-124.1 6.9-10.8 1.5-1.9 [135] 

[C4mim]Cl/1-
step/water 

Filter paper 100 (20 min-160 min) 58.6-91.8 4.5-5.8 2.7-3.8 [135] 

[C2mim][OAc]/1-
step/water 

Soft wood kraft 
pulp-paper 

95 (30 min-330 min) 80-192 7.8-17.5 2.0-9.7 [156] 

[C4mim][OAc]/1-
step/water 

Rayon textile 95 (1 h) 65-91 1.08-4.1 - [157] 

[C4mim][OAc]/1-
step/water 

Rayon textile 95-115 (30 min-90 min) 71.2-77.7 5.4-7.3 - [152] 

[C4mim]Cl/1-
step/water 

Microfibrillated 
cellulose 

100 (5 h) - 0.7-1.1 - [136] 

[HeMIM]Cl/2-
step/water 

Microcrystalline 
cellulose 

85 (2 h) 43.6-51.9 1.2-3.6 2.11-15.9 [137] 

[C4mim]Cl/1-
step/water 

Flax nonwoven 
textile 

103 (1 min) 34 4.6 0.8 [140] 

[C4mim]Cl/1-
step/water 

Lyocell nonwoven 
textile 

103 (1 min) 78 7.2 5.2 [140] 

[C4mim]Cl/1-
step/water 

Lyocell fabric 110 (0.5-4) 35-48 0.25-1.75 17-26 [151] 

[C4mim]Cl/1-
step/water 

Lyocell fabric 110 (3 h) 38-44 0.25-1.8 17-26 [158] 

[C4mim]Cl/2-
step/water 

Lyocell fabric 110 (1 h,2 h) 31-103 0.2-4.2 7.4-28.6 [153] 

[C4mim]Cl/1-
step/water 

Jute fabric 110 (2 h-8 h) 22-29 0.24-0.31 24-37 [141] 

[C4mim]Cl/1-
step/water 

Filter paper 80 (0.5 h-4 h) 7.3-76.4 0.05-1.02 3.28-34.25 [143] 

[C4mim]Cl/1-
step/acetonitrile 

Manchurian ash 
sheet 

100 (1 h) 74.6-214.1 - 3.7-13.0 [148] 

[C4mim]Cl/1-
step/acetonitrile 

Hemp fabric 100 (0.5 h) 47.4-81.1 0.22-1.50 5.5-11.1 [159] 

[C2mim][OAc]/1-
step/water 

Birch wood plie 95 (0.5 h) 430 39 - [149] 

[C2mim][OAc]/1-
step/water 

Flax yarn 
Room temperature (15-60 

min) 
117.9-151.3 8.4-10.1 2.2-3.0 [147] 

[C4mim][OAc]/2-
step/water 

Denim fabric 95 (1.5 h) 25-29 2.5-4.3 - [160] 

[C2mim][OAc]/1-
step/water 

Filter paper 60 (5-60 min) 41.7-120.8 1.5-2.7 7.6-18.2 [161] 

[C2mim][OAc]/2-
step/acetone and 

ethanol 

Cellulose 
nanofibre 

90 (5-10 min) 57-110 5-12 1-8 [138] 

[C4mim][OAc]/2-
step/water 

Denim nonwoven 
fabric 

110 (1 h) 33.1 2.1 - [3] 

[C4mim][OAc]/1-
step/water 

Denim nonwoven 
fabric 

110 (1 h) 42.7 6 - [3] 

[C2mim][OAc]/1-
step/water 

Cotton cloth 
40, 60 and 80 (0.5 h, 2 h, 

24 h) 
30-68 - - [144] 
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Compared with the two-step method, the one-step method is relatively simple 

and could achieve high content fraction of the reinforcement phase in ACCs, 

where the orientation of the reinforcement phase is easier to be aligned. 

Additionally, the interfacial interaction between the matrix and the 

reinforcement phases is generally stronger in the ACCs made via one-step 

method than those via two-step method, as an identical chemical composition 

is involved in the one step process. But it is not as easy as the two-step 

method to control the size and the fraction of matrix content with the one-step 

method [162]. Among the plant fibre materials, cotton has the highest market 

occupation [20], however cotton-based ACCs made with ionic liquids possess 

relatively low mechanical properties, indicating a need to improve the 

fabrication process to make comparable ACCs from cotton materials. 

1.2.4 Summary 

All cellulose composites have been successfully prepared by one-step and 

two-step methods with certain ionic liquids for several years [4, 137, 150, 153, 

163]. But there is significant space on the systematic research and preparing 

processes waiting to be filled. The problems in the application of ionic liquids 

for dissolving cellulose and making all cellulose composites are summarized 

as: (1) the mechanism of cellulose dissolution in ionic liquids is still not totally 

understood; (2) how to control the contents of reinforcement and matrix 

phases in the one-step ACC fabrication method is yet to solved; (3) the 

recycling of ionic liquids was rarely reported, which is considered to be the 

best way to decrease the high costs and protect the environment. 
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This project will focus on the research in the following aspects:  

(1) the dissolution behaviour of two cotton samples - dissolution master 

curves and determination of the dissolution activation energy; 

(2) the pyrolysis behaviour of the two samples, using a new pyrolysis 

activation energy calculation method;  

(3) how to choose a proper cotton yarn, i.e with a lower dissolution 

activation energy and higher thermostability, from the two samples to make 

ACCs with the one-step method, and how the results of the dissolution 

research could direct the matrix/reinforcement ratio. 

The findings in this research can deliver informative knowledge and new 

methods for investigating other cellulose-based materials and in the 

fabrication of all cellulose composites. 
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Chapter 2 Experimental 

2.1 Materials 

Two cellulosic cottons are used as the source of cellulose, one is a natural 

cotton (obtained from Airedale Yarns, Keighley, UK), the other is a mercerized 

cotton (100m-nr50, No. 1716, Coats Group plc, UK). 1-ethyl-3-

methylimidazolium acetate ([C2mim][OAc]) with purity ≥ 95 % was purchased 

from Sigma-Aldrich Corporation. The water content of [C2mim][OAc] was 

always below 0.5 wt. % in the experiments, as determined by a Karl Fischer 

titration machine (899 Coulometer, Metrohm U.K. Ltd., UK). A cold curing 

epoxy resin (Epoxicure, Cold Cure Mounting Resin from Buehler, UK) was 

used to embed samples for optical microscopy (OM) and Raman 

spectroscopy. 

2.2 Characterization 

2.2.1 Optical microscopy 

An optical microscope (BH2-UMA, Olympus Corporation, Japan) with different 

magnifications (x 50, x 100 and x 200) was used for exploring the morphology 

of the raw materials and the processed samples in transmission and reflection 

mode. A camera (UI-3243CP-M-GL, IDS Imaging Development Systems 

GmbH, Germany) with a resolution of 1280 x 1024 was used to capture 

photos. Epoxy resin was used to embed dried samples for cross-section 

observation via the optical microscope, where the mass ratio of epoxy resin 

and hardener is about 4 to 1 and the mixture was stirred thoroughly before 

use. The samples were fixed perpendicularly to the polishing surface on the 
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bottom of a Teflon circular container to which the premixed resin was 

decanted. Then a curing process was followed: first left at room temperature 

for 24 hours with a further curing process followed at 50 °C for 5 hours. Finally, 

a grinding and polishing process was applied with a polishing machine 

(STRUERS ROTOPOL-11 / ROTOFORCE-1, Struers Ltd., UK) on the epoxy 

resin, with samples being embedded, to make it about 2 cm thick. All the dried 

samples were stored at room temperature with a relative humidity of ca. 50 % 

for over 48 hours before they were embedded in the resin with the above-

mentioned method. The image processing software ‘ImageJ 1.52d’ was used 

for further size measurement and image processing. Further details can be 

found in the beginning of each relevant chapter. 

2.2.2 Wide-angle X-ray diffraction 

For characterizing the crystalline structure of the cotton samples, an X-Ray 

machine (DRONEK 4-AXES, Huber Diffraktionstechnik GmbH & Co. KG, 

Germany) was used to conduct wide-angle X-ray diffraction (WAXD) under 

transmission mode on non-powder samples. Three 2θ line scans along the 

equatorial direction of the 2D X-ray diffraction pattern were carried out on each 

sample from 5° to 40° with the step of 0.2° per 50 seconds and the X-ray was 

generated by Cu-Ka at 40 kV and 30 mA with a wavelength λ to be 0.154 nm. 

When samples were mounted on the machine, the axial direction of the 

samples is perpendicular to the equatorial scan direction (the plane of 2θ line 

scans). The intensity vs. 2θ curves were obtained by subtraction of a 

background scan carried out with no sample loaded. All the samples were 

stored at room temperature with a relative humidity of ca. 50 % for over 48 

hours before they were tested under the same condition as mentioned above. 
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The measurement was repeated three times for each sample, and the width 

of the sample was larger than the diameter of the X-ray beam, 2 mm. 

For analysing the composition of cellulose I and cellulose II in the samples, a 

deconvolution method was used where cellulose I and cellulose II peaks are 

deconstructed to subpeaks fitted with Gaussian functions, deconvolution 

results of the raw natural cotton and the raw mercerized cotton are shown in 

Figure 2.1(a) and (b) respectively. Diffraction peaks at 14.8°(110), 16.3° (11̅0) 

and 22.4 (200) are assigned to cellulose I and those at 12.4° (11̅0), 20.2° (110) 

and 21.8° (200) to the cellulose II crystal structure [164]. It is worth noting that 

the cellulose I peak at 20.6° (120), see Figure 2.2, cannot be observed on an 

equatorial scan of our non-powder samples which is therefore not further 

discussed in this thesis [165]. There is also a broad peak centred at 18.2° of 

2θ which belongs to the amorphous fraction. After deconvolution, the 

summation of area under each peak for different crystal forms was obtained 

via integration, and the fraction of area summation of each crystalline structure 

to the total is used for quantifying dissolution; it should be noted that this is not 

a measure of the absolute cellulose I and cellulose II crystallinity, which would 

require a powder sample. The cellulose I and cellulose II area fractions are 

denoted as CI and CII, respectively. 
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Figure 2.1 WAXD spectrum deconvolution curves of (a) the raw natural cotton 

sample and (b) the raw mercerized cotton sample with relevant peaks labelled, 

where the open dots are the raw data and the solid grey lines are summation of all 

deconvolution peaks, CI and CII represent cellulose I and cellulose II respectively 

 

Figure 2.2 (a) Photograph of fibres from a linen sample and (b) its two-dimensional 

WAXD pattern, where cellulose I crystal peaks are labelled with Miller index. Taken 

from the paper by De et al. [165] 
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Due to the irreversible conversion from cellulose I to cellulose II, the 

dissolution of cotton samples is marked by changes in the ratio of summation 

of the 200, 110 and 11̅0 peak areas in a line scan to the total area, equivalent 

to coagulation fraction, 𝐶𝐹𝑋𝑅𝐷  which can be calculated by the following 

equation: 

𝐶𝐹𝑋𝑅𝐷 = (𝐶I𝑂 − 𝐶𝐼
′)/𝐶𝐼𝑂 Equation 2.1 

where 𝐶𝐼𝑂
 and 𝐶𝐼

′ represent the cellulose I fractions from an equatorial line 

scan of the raw sample and the processed sample, respectively. Our 

hypothesis, which we subsequently confirm, is that although we do not 

calculate the absolute cellulose I crystallinity, following the reduction in the 

equatorial cellulose I crystal peaks (200, 110, 11̅0) with time and temperature 

allows the activation energy to be determined from our time-temperature 

superposition (TTS) analysis. Indeed, our hypothesis is that any parameter 

that can be quantitatively measured, and therefore tracked as a function of 

time and temperature, can be used to assess whether TTS holds and hence 

calculate an activation energy.  
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Chapter 3 The dissolution of natural cotton cellulose in 

[C2mim][OAc] 

3.1 Introduction 

Cotton is the purest form of cellulose among plants consisting of about 90% 

cellulose [20]. It needs about 1000 gallons of water to grow 1 pound of cotton 

and requires even more water usage during production of a garment product 

[166]. Hence many studies[139, 167-170] have been done on recycling cotton-

based materials, such as polycotton (blend of cotton and polyester) and cotton 

fabrics via dissolution process with ‘green’ solvents, such as ionic liquids (ILs) 

to increase their sustainability. However, as discussed in the literature review 

chapter, the dissolution mechanism of cellulose in ILs has not been fully 

understood and the dissolution activation energy is an important fundamental 

parameter. 

In the following chapter, a natural cotton is chosen as the cellulose source and 

its dissolution behaviour in an ionic liquid 1-Ethyl-3-methylimidazolium acetate 

([C2mim][OAc]) is investigated. This ionic liquid has been widely investigated 

as a solvent for dissolving cellulose materials in our group [13-15, 125, 171] 

and indeed by other groups [123, 170, 172-178]. It is a room-temperature ionic 

liquid - being liquid at room temperature. It is a good cellulose solvent and the 

maximum cellulose concentration soluble in [C2mim][OAc] has been reported 

to be around 26 wt.%, but it is very difficult to reach this upper limit because 

of the extremely high viscosity of such solutions [179]. 
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Here, both WAXD and optical microscopy are used to allow for the growth of 

the dissolved and coagulated fraction (CF) at different temperatures and times 

to be quantitatively measured. The effect of cotton sample arrangement 

including single yarns, arrays and bundles on dissolution in [C2mim][OAc] is 

studied with TTS. The cellulose dissolution behaviour is quantified by 

determining a dissolution activation energy for each sample arrangement. The 

effect of cotton sample arrangement on the dissolution speed is also explored. 

The content of this chapter is mainly from my publication I. 

3.2 Methods 

3.2.1 The procedure of dissolving the natural cotton samples with 

[C2mim][OAc] 

The supplied raw natural cotton sample was in the form of a bundle of six 

yarns, as shown on the left in Figure 3.1. A single yarn was obtained by 

untwisting the bundle and an array was made by closely aligning 30 single 

yarns together.  

  

Figure 3.1 Three cotton sample arrangements studied in this chapter 
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For the dissolution process, see Figure 3.2, a Teflon picture frame was used 

on which the untwisted cotton yarns were wound by five separate loops, and 

the array was made by aligning 30 turns of single yarns next to each other on 

one side of the frame. After fixing all the yarns to the frame, the frame with 

samples was then submerged in a Teflon dish fully filled with about 50 mL of 

[C2mim][OAc]. The [C2mim][OAc] and the dish were preheated at the desired 

temperature in an oven for 50 min. The mass ratio of cotton sample to 

[C2mim][OAc] is about 1 to 40, where the [C2mim][OAc] was in excess[179]. 

The dissolution process was then implemented under different temperatures 

for different times in a vacuum oven (Shellab 17L Digital Vacuum Oven SQ-

15VAC-16, Sheldon Manufacturing, Inc., USA) under vacuum. A coagulation 

process then followed with a water bath after the samples mounted on the 

frame were taken out from the [C2mim][OAc] bath. The coagulation process 

then further took place under a tap of running water for 24 hours to remove all 

the [C2mim][OAc], where very minor amount of solvent could run into the sink. 

After that, a drying process was applied to the samples at 120 °C for 1 hour 

under vacuum. For the bundles, the same dissolving procedure was applied 

as described above, but 5 turns of bundles were separately wound on a frame. 
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Figure 3.2 Process of dissolving cotton single yarns and arrays in [C2mim][OAc] 

The samples are named as follows: processed samples were named CY-x-y, 

CB-x-y and CA-x-y, indicating a single cotton yarn, a cotton bundle and a 

cotton array processed at temperature ‘x’ (°C) for ‘y’ (hours) respectively. 

3.2.2 Optical microscopy 

Each set of three samples were embedded in the epoxy resin, using the 

method described in section 2.2.1, and observed under reflection mode in the 

optical microscope at room temperature. The areas of different sections of the 

processed samples were measured with the image processing software 

‘ImageJ 1.52d’, including the total cross section area and the undissolved 

section in the core (blue portion), see Figure 3.3. For each sample, three 

different polishing surfaces were observed, which was used for the size 

measurement - calculate the average and standard error. 
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Figure 3.3 Polished epoxy resin, containing fibers ready to be photographed (Left) 

and a cross sectional image of a cotton single yarn (Right) with a scale bar 

indicating 200 microns. The fibre schematic highlights the areas of coagulated 

cellulose (Red) and the undissolved core (Blue) 

An outer ring of dissolved and coagulated cellulose was clearly observed in 

all processed samples, which hereafter is named the coagulation fraction 

(CF). The CF obtained from the optical microscope images, 𝐶𝐹𝑂𝑀 , is 

calculated by Equation 3.1: 

𝐶𝐹𝑂𝑀 = 𝐴𝑟𝑒𝑑/(𝐴𝑟𝑒𝑑 + 𝐴𝑏𝑙𝑢𝑒)  Equation 3.1 

where 𝐴𝑟𝑒𝑑 and 𝐴𝑏𝑙𝑢𝑒 represent the area of the coagulated material and the 

area of the central fibre as shown in Figure 3.3. 

3.2.3 Wide-angle X-ray diffraction 

The detail of the WAXD method can be found in section 2.2.2. 
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3.3 Results and discussion 

3.3.1 Micromorphology of cotton single yarns and cotton bundles 

The optical microscope images of cotton single yarns (CY) and cotton bundles 

(CB) processed under different temperatures and times are shown in Figure 

3.4. 

The original CY consists of a loose arrangement of many small 

filaments/microfibres, each with a diameter of ca. 13 μm, see Figure 3.4(a). 

As shown in Figure 3.4(b)-(g), after processing, CY became smaller in 

diameter. This could be because of the expansion of the fibre composed of 

non-bonded filaments in the original sample by the epoxy resin. 

It is also depicted from the micrographs that the central fibre area was barely 

dissolved, suggesting that the processed CY can be treated as a composite 

which is comprised of a central core surrounded by a coagulated fraction. 

Figure 3.4(h) shows that there are six single yarns in one cotton bundle and 

the dissolution happened not only at the perimeter of the samples, but also in 

the central area of the fibre bundles. This can be further confirmed by Figure 

3.4(o), a magnified view of the circled area in Figure 3.4(I), where the arrows 

are pointing to the coagulated fraction in the interior between the individual 

fibres. 
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Figure 3.4 Optical microscope pictures of cotton single yarns (CY) from (a) to (g) 

and cotton bundles (CB) from (h) to (o) processed at different temperatures for 

different times with scale bars indicating 200 microns. Image (o) is a magnification 

of the area enclosed within the red circle in (I), in which the arrows point to the 

coagulated area 
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A ring-like coagulation fraction was observed in both CY and CB which was 

growing in size upon the increasing of temperature and/or time. But Equation 

3.1 is only valid for CY samples to quantify the dissolution process via CFOM, 

but not for CB samples. This is because the interior of processed CY samples 

does not show any visibly dissolved cellulose, however the interior of the 

processed CB samples contains partially dissolved cellulose among different 

cotton yarns which form the bundles. For quantifying the dissolution of CB and 

CA samples, another method - WAXD - was used for determining the growth 

of the CF with temperature and time. 

3.3.2 Analysis of dissolution of cotton single yarn in [C2mim][OAc] with 

TTS 

Upon the dissolution of single yarns at different temperatures and times, CF 

was measured by OM (Figure 3.4) and calculated by Equation 3.1, of which 

the results are depicted in Figure 3.5(a). 

With the increase of processing time and/or temperature, the CF increases, 

see Figure 3.5(a), which is consistent with the observation results from OM 

images in Figure 3.4. A time-temperature equivalence was suggested by the 

examination of the curves in Figure 3.5(a) that a master curve at each specific 

temperature could be created, as is routinely done in rheological analysis and 

was first proposed in our research group on the study of the dissolution of flax 

fibres in the same ionic liquid [125]. 
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Figure 3.5 Coagulation fraction dependence of time for cotton single fibres (CY) on 

(a) linear time scale and (b) natural-logrithmic time scale; the time-temperature 

superposition plot after being shifted to 40 °C on both (c) natural-logrithmic time 

scale and (d) linear time scale; (e) Arrhenius plot with 𝜒2>0.99. Some of the error 

bars are smaller than the symbols, and the dash lines in (a)-(d) provide guide for 

eye, and that in (e) is a fitting line 

Here, a master curve at the specific reference temperature of 40 °C was 

obtained by the following steps: The data points attained at 40 °C were set to 
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be the reference dataset, where a shift factor equal to one was applied (𝛼40 =

1). In order to make the shifts of the other datasets of different temperatures 

easier to control, the x-axis is converted from normal time scale, 𝑡, to a natural 

logarithm time scale, 𝑙𝑛 𝑡, as it now consists of a horizontal shift only, see 

Figure 3.5(b). After that, the dataset of 40 °C was fitted with a preliminary 

polynomial function in order to provide a guide to the eye for further shifting. 

Then each other temperature dependant dataset was horizontally shifted, by 

a number equal to 𝑙𝑛 𝛼𝑇 , to the reference data/curve by eye after which all the 

data points were treated as an entirety and fitted with a final polynomial 

function. Finally, the 𝜒2 value, also known as the coefficient of determination 

ranging from 0 to 1, of the final fitting polynomial function was maximized by 

adjusting the shift factors 𝛼𝑇 at 30 °C and 50 °C. 

Table 3.1 Shift factors of different temperatures, obtained from the TTS analysis on 

cotton single yarns, used to plot Figure 3.5(e) 

Temperature(°C) 𝜶𝑻 𝐥𝐧𝜶𝑻 Error in 𝒍𝒏𝜶𝑻 

30 0.25 -1.37 0.01 

40 1 0 - 

50 2.65 0.97 0.01 

 

The optimised master curve, in natural logarithmic time scale, fitted with a 

polynomial function (at 40 °C) is shown in Figure 3.5(c) and the one 

transformed back to linear time scale can be found in Figure 3.5(d). The 

formation of a convincing master curve from those isolated datasets proves 

the interchangeability/equivalence between time and temperature. The results 
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show that the dissolution speed is quite high in the beginning and then slows 

down as time progresses to a plateau. 

Plotting the natural logarithmic shift factors versus the inverse temperature, 

results in a linear plot with a coefficient of determination 𝜒2 to be 0.99, see 

Figure 3.5(e) and Table 3.1, indicating that the dissolution dynamics follow an 

Arrhenius behaviour. This allows the activation energy for the process to be 

calculated using the natural logarithmic Arrhenius equation, 

𝑙𝑛 𝛼𝑇 = 𝐴 + 𝐸𝑎/𝑅𝑇  Equation 3.2 

Where 𝐸𝑎, 𝐴, 𝑅 and 𝑇 represent activation energy, Arrhenius pre-factor, gas 

constant and temperature, respectively. 𝛼𝑇  represents the shift factor at 

temperature 𝑇. 

The activation energy of the dissolution of the cotton single yarn in 

[C2mim][OAc] was calculated from the slope of Figure 3.5(e) to be 96 ± 8 

kJ/mol, according to Equation 2.1. This value is very close to the flax 

dissolution activation energy of 98 ± 2 kJ/mol in [C2mim][OAc] reported by 

Hawkins et al[125]. It is worth noting that the dissolution activation energy is 

different from the reported rheological activation energies ranging from 46 

kJ/mol to about 70 kJ/mol [121, 123, 180]. For the rheological activation 

energies, they were measured on the already-fully dissolved cellulose in its 

proper solvents, which does not include the decrystallization of cellulose. But 

the decrystallization process contributes to the dissolution activation energy. 

The speed of growth of the coagulation fraction was found to fall with the 

increase of time, see the master curve in Figure 3.5(d). This is hypothesized 
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as that the dissolution of cotton single yarn starts from its outer side, and the 

dissolved cellulose adheres to the undissolved core due to the locally high 

viscosity and the lack of mechanical turbulence such as stirring. With 

increasing time, the outer dissolved cellulose is thicker which results in a 

protective barrier between the undissolved core and the exterior solvent to 

slow down the dissolution speed. 

3.3.3 Crystalline structure of cotton arrays and cotton bundles 

As discussed in section 3.3.1, OM and Equation 3.1 are not suitable for 

quantifying the dissolution process of cotton arrays (CA) and cotton bundles 

(CB). Therefore, WAXD was used on both CA and CB to characterize their 

crystalline structure and the cellulose I fraction, with the method detailed in 

section 2.2.2. The raw cotton sample was found to be composed of only 

cellulose I and amorphous regions, with 65% and 35% area fraction ratio on 

the equatorial scan, respectively. The WAXD spectrum by equatorial scans 

were shown in Figure 3.6 which show that upon processing of both CA and 

CB, the height ratio of cellulose I peaks, especially the main reflection at 22.4°, 

to the amorphous peak at 18.2° was reduced and a conversion from cellulose 

I to cellulose II on crystalline structure is showed, seen most notably by the 

shifting of the main cellulose I peak of 22.4° to the dominant cellulose II peak 

of 20.2°[181, 182]. 
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Figure 3.6 XRD spectra of cotton arrays (CA) processed at (a) 30 °C, (b) 40 °C and 

(c) 50 °C, and (d) cotton bundles (CB) processed at 50 °C for different times. The 

peaks appearing at around 20.2° and 21.8° are attributed to the cellulose II 

crystalline structure 

By increasing both time and/or temperature a more significant crystalline 

structure conversion from cellulose I to cellulose II resulted. The WAXD 

spectrum of CA processed for various times at temperatures of 30 °C, 40 °C 

and 50 °C, are shown in Figure 3.6(a), (b) and (c), respectively. The relative 

size of the double peak at about 15° in 2θ, which is a convolution of the peaks 

at 14.8° and 16° belonging to cellulose I crystal without any notable cellulose 

II crystal peaks[181, 182], is used to indicate the amount of dissolution. At an 

elevated temperature, i.e. 50 °C, these two peaks were significantly lower, 
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suggesting that a dramatically increased speed of dissolution and a greater 

level of conversation from cellulose I to cellulose II. 

By comparison between the graphs in Figure 3.6(c) and (d), the CB samples 

dissolve far more slowly - as is evident by the lack of change from a cellulose 

I to cellulose II signal. Even after 11 hours at 50 °C, the bundles still show a 

strong cellulose I peak at 22.4° and the two merged diffraction peaks at 14.8° 

(110) and 16.3° (11̅0) 

3.3.4 Dissolution of cotton arrays and cotton bundles analysed with 

TTS 

The coagulation fraction associated with the CA and CB was calculated using 

Equation 2.1 in conjunction with the cellulose I content from the deconvolution 

of WAXD data. Plots of the coagulation fraction for CA and CB against 

processing time at different temperature are shown in Figure 3.7 and Figure 

3.8, respectively. 
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Figure 3.7 (a) Coagulation fraction as a function of dissolution time and temperature 

for cotton arrays (CA), the time-temperature superposition after being shifted to 40 

°C on both natural-logrithmic time scale (b) and linear time scale (c); Arrhenius plot 

(d) with 𝜒2>0.99. Some error bars are smaller than the symbols, and the dash lines 

in (a)-(c) provide guide for eye, and that in (d) is a fitting line 
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Figure 3.8 (a) Coagulation fraction as a function of dissolution time and temperature 

for cotton bundles (CB), the time-temperature superposition after being shifted to 40 

°C on both natural-logrithmic time scale (b) and linear time scale (c); Arrhenius plot 

(d) with 𝜒2>0.97. Some error bars are smaller than the symbols, and the dash lines 

in (a)-(c) provide guide for eye, and that in (d) is a fitting line 

As shown in Figure 3.7(a) and Figure 3.8(a), the 𝐶𝐹𝑋𝑅𝐷 of both CA and CB 

became greater with processing time progressing and/or the temperature 

increased, and a similar time-temperature equivalence, as for the CY, is 

found. Compared with CB, CA dissolved faster with increasing temperature, 

as evident by a higher coagulation fraction while increasing by the same 

amount with temperature but with the same dissolution time. These results 

are consistent with the qualitative results from the WAXD spectrum in Figure 

3.6 that increasing dissolution time and/or temperature more crystalline 
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transformation from cellulose I to cellulose II can be observed. This 

transformation of CA is more obvious and faster than that of CB samples. 

In order to obtain a master curve for the CA and CB, the same TTS procedure 

as the one used for CY samples outlined in section 3.3.2 was also applied to 

the 𝐶𝐹𝑋𝑅𝐷 datasets and the shift factors are summarized in Table 3.2. The 

master curves at 40 °C for CA and CB were shown in Figure 3.7(c) and Figure 

3.8(c), respectively. A similar phenomenon on CY was also observed on CA 

and CB that the 𝐶𝐹𝑋𝑅𝐷 increased dramatically in the beginning of dissolution 

and slowed down as the dissolution progresses then reached a plateau. 

Table 3.2 Shift factors of different temperatures, obtained from the TTS analysis on 

cotton arrays and cotton bundles, used to plot Figure 3.7(d) and Figure 3.8(d) 

respectively 

Sample Temperature(°C) 𝜶𝑻 𝐥𝐧 𝜶𝑻 
Error in 

𝒍𝒏 𝜶𝑻 

cotton arrays 

30 0.28 -1.29 0.01 

40 1 0 - 

50 2.97 1.09 0.01 

cotton bundles 

40 1 0 - 

50 3.67 1.30 0.02 

60 8.17 2.11 0.02 

 

Arrhenius plots were again applied to both CA and CB with 𝜒2 of larger than 

0.99 and 0.97 respectively. According to Equation 3.2, the corresponding 

activation energies are calculated, from the slopes in Figure 3.7(d) and Figure 

3.8(d), to be 97 ± 3 kJ/mol (CA) and 91 ± 11 kJ/mol (CB) respectively, which 
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are very similar to the value determined from the single cotton fibres of 96 ± 8 

kJ/mol. 

3.3.5 Analysis of the effect of sample arrangement on the dissolution 

behaviour 

The activation energy as a function of sample arrangement (CY, CA and CB) 

and a time-temperature superposition plot containing data from all sample 

types were plotted in Figure 3.9 and Figure 3.10 respectively, so as to analyse 

the effect of sample arrangement on the dissolution behaviour. 

Depicted in Figure 3.9, the activation energies of three cotton samples are 

very similar, giving an average value of 96 ± 3 kJ/mol. This result interestingly 

suggests that there is no influence of cotton sample arrangement on the 

dissolution activation energy when the errors are taken into consideration, 

even though the speed of dissolution depends on the fibre arrangement. 
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Figure 3.9 Comparison of activation energies for cotton single fibers, arrays and 

bundles. the dot-dashed line indicates position of the average value and the 

rectangular shape indicates the error margin. For the array, the error bar is smaller 

than the size of symbol used 

In Figure 3.10, the effect of arrangement on the dissolving speed is compared 

and analysed, where the three master curves at 40 °C of different cotton 

samples were combined into one plot. To recap, two techniques, optical 

microscopy for CY and wide-angle X-ray diffraction for the CA and CB, were 

used to determine the growth of coagulation fraction with time and 

temperature via Equation 3.1 and Equation 2.1, respectively. The dissolving 

speed of CY is quite similar to that of CA, even though different experimental 

methods were used to obtain the datasets. 
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Figure 3.10 Comparison of time-temperature superposition after being shifted to 40 

°C among cotton single yarns (CY), cotton arrays (CA) and cotton bundles (CB). 

The dash lines provide guide for eye, and some error bars are smaller than the 

symbols 

 

It is shown, in Figure 3.10, that the CB dissolved more slowly than the other 

two cotton samples, CY and CA. It can be proposed that the cotton yarns 

composing the CB are loosely twisted giving more space for [C2mim][OAc]. 

While the interior of the CB is full of dissolved cellulose, [C2mim][OAc] can 

barely get access to the inner surface of the bundles but only the outer 

surface, bringing a slower increase in CF. The dissolution speed among three 

arrangements is ranked as: CY≈CA>CB, indicating that cotton samples 

arrangement dominates the dissolution rate of cotton samples with excess 

[C2mim][OAc]. These findings could be used for future studies on the other 

cellulose fibres and cellulose fibre based all cellulose composites. 
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3.4 Conclusions 

In this chapter, the dissolution of natural cotton in [C2mim][OAc] and the effect 

of sample arrangement (CY, CA and CB) on the dissolution are studied with 

time-temperature superposition. Two experimental techniques-optical 

microscopy and wide-angle X-ray diffraction - are used to characterize the 

dissolution progress of the cotton samples upon processing at different 

temperatures and times. The amount of dissolution was quantified by 

calculating the coagulation fraction from either optical microscope images of 

processed CY cross section, or WAXD deconvolution by which the cellulose I 

area fraction was obtained. The growth of coagulation fraction was found to 

follow time-temperature superposition, giving master curves at 40 °C and an 

Arrhenius behaviour was found for the shift factors, 𝛼𝑇 . The changes on 

morphology of CY and CB are observed via an optical microscope, where the 

dissolution starts from exterior, resulting in a layer of coagulated cellulose 

surrounding the undissolved fraction on CY samples and the thickness of 

coagulated layer increased with either processing time or temperature 

increased. While, for the CB the dissolution happens not only from the exterior 

of the samples, but also from the interior, due to the loose twisting of the six 

cotton yarns, leading to the quantifying method expressed with Equation 3.1 

not applicable for CA and CB. As a result, the nature that the crystalline 

transformation from cellulose I to cellulose II is irreversible and so is used to 

quantify the dissolution of CA and CB via Equation 2.1. WAXD results show 

that there are only cellulose I and amorphous regions in the raw sample, and 

upon dissolution, cellulose I is transformed to cellulose II and amorphous 

indicating that the coagulated layer on CY is composed of cellulose II and 
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amorphous. This transformation is seen to be more significant on CA than CB 

with the same amount of processing time increased and at the same 

dissolving temperature. In other words, CA dissolves with a higher speed than 

CB. 

The kinetics of cellulose dissolution is quantified by an activation energy 

calculated from the slope of Arrhenius plot via Equation 3.2. Activation 

energies of CY, CA and CB are found to be 96 ± 8 kJ/mol, 97 ± 3 kJ/mol and 

91 ± 11 kJ/mol, respectively, giving an average value of 95 ± 2 kJ/mol. This 

result implies the independence of cotton sample arrangement on the 

dissolution activation energy. By contrary, the arrangement dominates the 

dissolving rate dramatically with a ranking of CY≈CA>CB. 

  



- 60 - 

Chapter 4 Dissolution of mercerized cotton cellulose in 

[C2mim][OAc] 

4.1 Introduction 

The dissolution behaviour of cellulose of natural cotton, containing only 

cellulose I and amorphous cellulose and a collection of smaller molecules, in 

[C2mim][OAc] has been successfully analysed with TTS in Chapter 3. This 

chapter investigates the dissolution behaviour of mercerized cotton in 

[C2mim][OAc], with a different composition of allomorphs, which to the best of 

our knowledge, has not been previously studied with TTS. The work in this 

chapter is an expanded version of that already published in paper III. 

Mercerization is an industrial process often used for cotton fibres and named 

after John Mercer, in the 1850’s, who was granted with a patent in which a 

concentrated sodium hydroxide solution was used to treat the natural cotton 

textiles [23, 183]. The best advantage of his invention is to increase the 

adhesion of dyestuffs on cotton textiles, while the disadvantage is a shrinkage 

of up to 18%, leading to a thickening in fibre diameter. Lowe, in 1889, 

discovered a method to overcome the shrinkage by carrying out the 

mercerization process under tension, which finally made it a commercial 

success as seen today [23, 184, 185].  

The modification degree can be effected by the concentration of alkali, length 

of treatment and processing temperature [186]. In the aspect of the changes 

in chemical properties upon the process, the cellulose crystallinity of a cotton 

sample was decreased from 81.2% to 66.5%, reported by Yue et al [187]. The 
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cellulose molecules rearranged to a more compact pattern – cellulose II which 

is more thermally stable than cellulose I existing in natural cotton [188], see 

Figure 4.1. It can often lead to a decrease in molecular weight [184] and 

extensive fibrillation, which is breaking down the fibre bundles into shorter and 

smaller fibres by releasing lignin and hemicellulose [186].  

 

Figure 4.1 XRD spectra of natrual cotton (C0) and mercerized cotton, where C10, 

C15 and C20 represent the concentrations, 10 wt%, 15 wt% and 20 wt%, of sodium 

hydroxide solution used for mercerization, respectively. Reported by Yue et al. [187] 

In terms of physical changes, the process results in a greater strength and 

lustre of the mercerized cellulose samples and also a greater capacity to 

absorb dye [187, 189, 190], shown in Figure 4.2. The shape of natural cotton 

fibres is ribbon-like, exhibiting flat and twisted structure with a distorted cross 

section of crushed lumens, see Figure 4.2(a). But as the mercerization 

process progresses, the twisted structure gradually disappears and the cross 

section becomes rounder with the hollow structure shrinking and 

disappearing, shown in Figure 4.2(b)-(d) [190]. 
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Figure 4.2 SEM images of (a) natrural cotton fibres and mercerized cotton treated 

with 15 wt% sodium hydroxide solution at room temperature for (b) 10, (c) 40, (d) 

60 min with a zoom-in picture showing the cross-section at the top-right corner at 

each picture. Credit: Yu et al. [190] 

Due to the huge benefits brought by mercerization, mercerized cotton is a very 

important cellulose material widely used in garment industry and has huge 

potential as a cellulose source in the fabrication of all cellulose composites 

from its virgin and potentially recycled textiles. The work presented in this 

chapter follows on from the content in Chapter 3, but focuses on the 

mercerized cotton and the effect of different dissolution, quantifying methods 

on the dissolution activation energy. The dissolution behaviour of a 

mercerized cotton yarn in the ionic liquid, [C2mim][OAc], is investigated, upon 

processing with different combinations of temperature and time. The partially 

dissolved cellulose is coagulated with the anti-solvent - water, forming a 

cellulose network filled and swollen by water in the pores, for the sake of 

simplicity, called hydrogels, then followed by a drying process. Optical 



- 63 - 

microscopy (OM) and wide-angle X-ray diffraction (WAXD) are used to 

characterize the changes in morphology and crystalline structure caused by 

different processing temperatures and/or times. The dissolution progress is 

quantified on both hydrogels and their dried samples with different quantifying 

methods based on the results from OM and WAXD. It is hypothesized that the 

activation energy is independent of the quantifying method. Meanwhile, a 

novel and straightforward technique to measure the water content (volume 

fraction) in hydrogels is also proposed and compared to the weighing-mass 

method already widely reported by others [191, 192]. The main findings in this 

chapter, i.e. the dissolution master curve and dissolution activation energy, 

will provide important information for fabricating all cellulose composites in a 

later chapter. 

4.2 Methods 

4.2.1 The procedure of dissolving the mercerized cotton yarns with 

[C2mim][OAc] 

Notably, the mercerized cotton yarns (MCY) mentioned in this chapter are 

used as received, instead of being mercerized by ourselves. In order to 

investigate its dissolution behaviour, a method similar to the one for natural 

cotton yarns detailed in section 3.2.1 is used. To begin, the yarn was wound 

on one side of a Teflon frame into five separate loops; and then an array 

consisting of 30 loops aligning closely to each other was wound on the other 

side, see Figure 4.3. After that the samples and the frame were soaked in ca. 

50 mL of [C2mim][OAc] contained in a Teflon dish, with a mass ratio of cotton 

sample to [C2mim][OAc] to be 1 to 40 where the [C2mim][OAc] is in an excess 
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amount [179]. The [C2mim][OAc] bath had been preheated at the designated 

temperature for 50 min before the samples were put into it. The dissolution 

was conducted at different temperatures for a period of time, after which the 

samples were taken out from the [C2mim][OAc] bath to a coagulation process 

– a water bath. To get rid of any residual [C2mim][OAc] in the samples, the 

coagulation process continued under a tap of running water for 24 hours. After 

that, hydrogels/swollen samples were attained and kept in a water bath for 

further examination. A drying process then followed, with a vacuum oven at 

120 °C for 1 hour, to get dried samples. It is noteworthy that all the samples 

were kept on the frame all the time until the final drying process finished, 

resulting in a constant sample length upon the drying process. 

The processed samples are nomenclated as follows: MCYH-x-y, DMCY-x-y 

and DMCA-x-y indicating a mercerized cotton yarn hydrogel, a dried 

mercerized cotton yarn and a dried mercerized cotton array respectively, 

dissolved at temperature ‘x’ (°C) for ‘y’ (hours). 

 

Figure 4.3 Apparatus for dissolving mercerized cotton yarns and arrays 
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4.2.2 Optical microscopy 

The morphology of processed samples, transverse view for MCYH and cross 

section for DMCY, is investigated with the optical microscope. For the DMCY, 

each set of three samples were embedded in the epoxy resin, using the 

method detailed in section 2.2.1, and their cross sections were exanimated 

under reflection mode with the optical microscope. As to the MCYH, it is 

difficult to observe its cross section, instead the transverse view is observed 

under light transmission mode. The MCYH mounted on the Teflon frame was 

submerged in a water bath during observation, to stop water evaporating from 

the hydrogel samples, see Figure 4.4. All the microscopic observations were 

conducted at room temperature with a relative humidity of ca. 50 %. For each 

DMCY sample, three different polishing surfaces were observed to calculate 

the average value and standard error. As to the MCYH, 15 different places 

were measured on each sample, and the average value and standard error 

were then calculated. The size measurement was conducted with the image 

processing software ‘ImageJ 1.52d’. 
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Figure 4.4 Schematic graph of hydrogels/swollen samples soaking in a water bath 

for optical-microscopic observation of their transverse view 

4.2.3 Wide-angle X-ray diffraction 

In order to investigate the effect of dissolution condition on the crystalline 

structure, WAXD is implemented to the DMCA samples. The detail of WAXD 

method can be found in section 2.2.2. 

4.2.4 Quantification of dissolution 

In this chapter the dissolution progress of the mercerized cotton is quantified 

with two indexes, the coagulation fraction (𝐶𝐹) and the radial length of the 

outer coagulated cellulose ring, and for simplicity the latter is hereafter called 

ring thickness. The qualification is applied on both dried and swollen/hydrogel 

samples according to the results from either OM or WAXD. 

For dried samples, 𝐶𝐹 obtained from both OM and WAXD, 𝐶𝐹𝑂𝑀 and 𝐶𝐹𝑋𝑅𝐷, 

were measured according to the methods detailed in section 3.2.2 and section 

2.2.1, respectively. They are used to verify the universality of our TTS analysis 
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method - not only suitable for the natural cotton samples, but also feasible on 

the mercerized cotton samples – and their TTS analysis results work as 

references when analysing the dissolution progress associated with MCYH 

samples. 

As mentioned in section 4.2.2, it is difficult to observe the cross section of 

MCYH via OM, therefore the sizes of MCYH are measured from its transverse 

view image, see Figure 4.5(a). Two other quantifying methods – measuring 

the coagulation fraction (𝐶𝐹𝑂𝑀−𝐻 ) and ring thickness of MCYH (𝑇𝐻 ) - are 

introduced, using the size measurement results of MCYH. The 𝐶𝐹𝑂𝑀−𝐻  is 

calculated with Equation 4.1: 

𝐶𝐹𝑂𝑀−𝐻 =
𝜋(0.5𝑎𝐻)2 − 𝜋(0.5𝑏𝐻)2

𝜋(0.5𝑎𝐻)2
 

Equation 4.1 

Where 𝑎𝐻 and 𝑏𝐻 represent the outer diameter of the hydrogel sample and 

the diameter of the undissolved/central region in the hydrogel sample, 

respectively. They are indicated with the green double-arrow line for (𝑎𝐻) and 

orange double arrow line for (𝑏𝐻) in Figure 4.5(a). 
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Figure 4.5 Optical microscopy images of (a) the transverse view of a mercerized 

cotton yarn hydrogel soaking in a water bath and (b) the cross section of the dried 

mercerized cotton yarn, in which the undissolved section, the total sample and the 

outer ring are indicated in orange (𝑏𝐻 and 𝑏𝐷), green (𝑎𝐻 and 𝑎𝐷) and red (𝑇𝐻 and 

𝑇𝐷) double-arrow lines, respectively 

 

The ring thickness of MCYH, 𝑇𝐻 , shown with the red double-arrow line in 

Figure 4.5(a), is calculated via Equation 4.2: 

𝑇𝐻 =
𝑎𝐻 − 𝑏𝐻

2
 Equation 4.2 

The growth of the amount of coagulated cellulose is quantified with different 

parameters, 𝐶𝐹𝑂𝑀 and 𝐶𝐹𝑋𝑅𝐷 for DMCY samples, 𝐶𝐹𝑂𝑀−𝐻 and 𝑇𝐻 for MCYH 

samples, allowing the dissolution activation energies to be determined from 

the time-temperature analysis. The results from comparing these activation 

energies can be used to verify the fact that any parameter, which can be 

tracked as a function of time and temperature, can be used to examine 

whether TTS holds and calculate an activation energy. It is proposed that the 
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methods applied on mercerized cotton hydrogel are faster than those on dried 

samples, because the time spent on the drying process is saved. 

4.2.5 Water volume fraction and swelling ratio 

For cellulose hydrogels/swollen cellulose samples, the most commonly used 

method of measuring their water contents is the weight loss technique [191, 

192]. It directly measures the change in sample mass during immersion 

followed by a drying process, whereby the water left on the surface of the 

sample needs to be removed by being patted with an absorbent material such 

as tissue paper. However, there is not a criterion to quantify the dryness – how 

many times the samples should be patted with tissue paper – which reduces 

the measurement accuracy. Further, the diameter of our cotton yarn is very 

small, around 160 μm, resulting a high difficulty to control the dryness. 

Hence, we introduce water volume fraction, 𝜙𝑤𝑎𝑡𝑒𝑟, to quantify the amount of 

water in MCYH samples, using the changes in water volume, 𝑉𝐻2𝑂. The water 

volume fraction is expressed by Equation 4.3: 

𝜙𝑤𝑎𝑡𝑒𝑟 =
𝑉𝐻2𝑂

𝑉𝑠𝑤𝑜𝑙𝑙𝑒𝑛
=

𝑉𝑠𝑤𝑜𝑙𝑙𝑒𝑛 − 𝑉𝑑𝑟𝑦

𝑉𝑠𝑤𝑜𝑙𝑙𝑒𝑛
 

Equation 4.3 

𝑉𝑠𝑤𝑜𝑙𝑙𝑒𝑛 = 𝐴𝑠𝑤𝑜𝑙𝑙𝑒𝑛 × 𝐿swollen 
Equation 4.4 

𝑉𝑑𝑟𝑦 = 𝐴𝑑𝑟𝑦 × 𝐿dry 
Equation 4.5 

where 𝑉𝑠𝑤𝑜𝑙𝑙𝑒𝑛 and 𝑉𝑑𝑟𝑦 represent the volumes of MCYH sample and DMCY 

sample, respectively. In Equation 4.4 and Equation 4.5, 𝐿𝑠𝑤𝑜𝑙𝑙𝑒𝑛  and 𝐿𝑑𝑟𝑦 
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mean the lengths of MCYH sample and DMCY sample respectively, and 

𝐴𝑠𝑤𝑜𝑙𝑙𝑒𝑛  and 𝐴𝑑𝑟𝑦  are the relevant cross areas, either the coagulated/outer 

ring or the undissolved/central core, of MCYH and DMCY, respectively. 

Because the sample length was constant during the drying process, therefore 

Equation 4.3 can be rearranged to be: 

𝜙𝑤𝑎𝑡𝑒𝑟 =
𝐴𝑠𝑤𝑜𝑙𝑙𝑒𝑛 − 𝐴𝑑𝑟𝑦

𝐴𝑠𝑤𝑜𝑙𝑙𝑒𝑛
 

Equation 4.6 

It should be noted that, 𝐴𝑠𝑤𝑜𝑙𝑙𝑒𝑛 is calculated from the diameter, either 𝑎𝐻 or 

𝑏𝐻, with the formula for area of circle, while 𝐴𝑑𝑟𝑦 can be measured from OM 

images. 

The changes in radial length of the outer ring and central core, labelled with 

red double-arrow lines and orange double-arrow lines respectively in Figure 

4.5, are used to calculate their swelling ratios. For the outer ring, its swelling 

ratio, 𝑅𝑟𝑖𝑛𝑔, is expressed with Equation 4.7: 

𝑅𝑟𝑖𝑛𝑔 =
𝑎𝐻 − 𝑏𝐻

𝑎𝐷 − 𝑏𝐷
 

Equation 4.7 

where 𝑎𝐷 and 𝑏𝐷 measure the diameter of the whole sample and that of the 

undissolved/central region of DMCY, see Figure 4.5(b). 

So as to determine the swelling extent in the radial direction of the undissolved 

central core, its swelling ratio, 𝑅𝑐𝑜𝑟𝑒, is calculated by  
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𝑅𝑐𝑜𝑟𝑒 =
𝑏𝐻

𝑏𝐷
 

Equation 4.8 

Because the samples were being kept on frames during the drying process, it 

is assumed that there was no shrinking in the axial direction, which is quite 

similar to the industrial measures to eliminate sample axial shrinking during 

the mercerization process, where a tension is usually applied to constraint 

sample length [185, 193]. According to the definition of swelling ratio in this 

thesis, the higher the value is, the less the sample is retained/the more the 

swelling is. 

4.3 Results and discussion 

The dissolution of the mercerized cotton samples in [C2mim][OAc] is explored 

with OM and WAXD of which the results will be presented and discussed in 

this section. Before starting the analysis, for the purpose of convenience, the 

dissolution process introduced in this chapter and how the qualification 

parameters are measured are schematically shown in Figure 4.6. 
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Figure 4.6 Schematic graph explaining the measurements and qualification of the 

dissolution process, connecting parameters with techniques and samples, where for 

the mercerized cotton yarn hydrogel (MCYH) 𝐶𝐹𝑂𝑀−𝐻 and 𝑇𝐻 mean its coagulation 

fraction and ring thickness from optical microscopy, respectively; and for the dried 

samples (dried mercerized cotton yarn (DMCY) and arrays) 𝐶𝐹𝑂𝑀 and 𝐶𝐹𝑋𝑅𝐷 

represent the coagulation fractions calculated from the results of optical microscopy 

and wide-angle X-ray diffraction, respectively 
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4.3.1 Micromorphology 

The processed MCYH and DMCY were observed with an optical microscope, 

and the transverse view images of MCYH and the cross-section images of 

DMCY are shown in Figure 4.7. 

 

Figure 4.7 Optical-microscopic transverse-view images of (a) the raw mercerized 

cotton yarn after soaking in water for 24 hours and (b)-(f) the mercerized cotton 

yarn hydrogels (MCYH); cross-section images of (g) the raw mercerized cotton yarn 

and (h)-(l) the dried mercerized cotton yarn (DMCY), and look to section 4.2.1 for 

nomenclature in detail 
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As shown in Figure 4.7(b)-(f), there are ring-like coagulated regions in the 

MCYH samples, presenting a lighter colour and covering the black 

central/undissolved regions. The size of outer ring increased upon the 

processing temperature and/or time increasing, and no visible dissolved 

cellulose was found in the central region, indicating that the dissolution starts 

from the exterior of the mercerized cotton yarn and moves into the central 

yarn. As mentioned for the natural cotton yarns in section 3.3.2, our 

hypothesis is recalled: once the dissolution starts, the dissolved cellulose acts 

as a protective layer to the central region. The outer ring was found thicker in 

the MCYH sample processed at higher temperature than that processed at 

lower temperature, when both were processed for the same amount of time, 

e.g. MCYH-30-1 and MCYH-50-1 shown in Figure 4.7(c) and (f) respectively. 

This suggests that the higher the temperature is, the faster the mercerized 

cotton sample dissolves. 

Compared with MCYH samples, the DMCY samples showed a similar 

dissolution behaviour that the coagulated region grew as either the processing 

temperature or time increased, see Figure 4.7(h)-(i). Due to the swelling effect 

of water, the outer ring in MCYH is thicker than that in its DMCY sample, upon 

the same processing condition, allowing the growth of the outer ring to be 

followed more easily with the increase of temperature and time. Additionally, 

shown in Figure 4.7(g), the raw mercerized cotton yarn consists of a bunch of 

micro-filaments with an average diameter of about 8.3 μm and they were 

swollen by the epoxy resin. Notably, the OM result of DMCY is very similar to 

that of natural cotton yarns. 
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4.3.2 Analysis of mercerized cotton array crystalline structure 

To follow the change in crystalline structure during the dissolution process, 

and to again determine the coagulation fraction, WAXD was used on the 

DMCA (dried mercerized cotton array) samples. The WAXD spectra from 

equatorial line scans are shown in Figure 4.8. 

 

Figure 4.8 WAXD spectra of dried mercerized cotton arrays (DMCA) processed at 

(a) 30 °C and (b) 50 °C for different times, which are shifted vertically for clarity, 

look to section 4.2.1 for nomenclature in detail 

The cellulose I, cellulose II and amorphous area fractions from equatorial line 

scans of the raw sample were found to be 40.7 %, 19.7 % and 39.6%, 

respectively. It is noteworthy that they are not the absolute contents of 

crystallinity, and more detail with explanations has been given in section 2.2.1. 

A similar phenomenon to the natural cotton was also found on the DMCA 

samples, upon their dissolution: the height ratio of cellulose I peaks, especially 

the one at 22.4°, to the broad amorphous peak centred at 18.2° declined, and 

a crystalline transformation was also indicated by the shifting of the peak at 

22.4° (cellulose I) to that at 20.2° (cellulose II), see Figure 4.8. 
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The change in crystalline structure was more significant for the samples when 

processing at high temperature, i.e. 50 °C shown in Figure 4.8(b), compared 

with low temperature such as 30 °C shown in Figure 4.8(a). The double peak 

at around 15° which is assigned to cellulose I crystal without any notable 

cellulose II peaks can be used as a guide, allowing the amount of dissolution 

to be indicated. As the time and/or temperature increased, the double peak 

became lower, and it changed faster at elevated temperature, suggesting a 

higher rate of dissolution. 

4.3.3 Understanding the dissolution of mercerized cotton in 

[C2mim][OAc] via TTS analysis 

Four parameters, 𝐶𝐹𝑂𝑀  for DMCY, 𝐶𝐹𝑋𝑅𝐷  for DMCA, and 𝐶𝐹𝑂𝑀  and 𝑇𝐻  for 

MCYH, are used to quantify the dissolution process, using the time-

temperature superposition analysis. 

Upon the dissolution of mercerized cotton single yarns with different 

combinations of temperature and time, 𝐶𝐹𝑂𝑀 was measured by OM (Figure 

4.5) and calculated with Equation 3.2, of which the results are shown in Figure 

4.9. 

It is depicted in Figure 4.9(a) that 𝐶𝐹𝑂𝑀 grows with the increase of processing 

time and/or temperature, suggesting an agreement with the observation 

results from the cross-section images in Figure 4.5. A similar time-temperature 

equivalence on the natural cotton yarns was also found on the dried 

mercerized cotton yarns, hence a master curve at 40 °C was created by TTS 

analysis, shown in Figure 4.9(c), which is briefly introduced below. 
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Figure 4.9 (a) Dependence of coagulation fraction, calculated from optical 

microscopy results of DMCY, on time; the time-temperature superposition plot after 

being shifted to 40 °C on both (b) natural-logarithmic time scale and (c) linear time 

scale; (d) Arrhenius plot with 𝜒2>0.99. Some error bars are smaller than the 

symbols, and the dash lines in (a)-(c) provide guide for eye, and that in (d) is a 

fitting line 

 

Initially, the dataset at 40 °C was chosen to be the reference, with a shift factor 

to be one (𝛼40 = 1), shown in Figure 4.9(a). Then the x-axis was converted to 

a natural logarithm time scale shown in Figure 4.9(b), and a preliminary 

polynomial function was applied on the data points of 40 °C. After that, the 

other datasets were shifted horizontally, by a number equal to ln 𝛼𝑇, to the 

reference dataset by eye. Finally, all the data points were fitted with a final 
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polynomial function whose coefficient of determination, 𝜒2, was maximized by 

changing the shift factors, 𝛼30, 𝛼35 and 𝛼50. 

The finalized master curves at 40 °C on natural logarithmic time scale and 

linear time scale are formed and shown in Figure 4.9(b) and (c), respectively, 

proving the equivalence between time and temperature. The dependence of 

ln 𝛼𝑇, summarized in Table 4.1, on inverse temperature was described with a 

linear relationship, shown in Figure 4.9(d), which presents an Arrhenius 

behaviour, allowing an activation energy of 69 ± 5 kJ/mol to be calculated by 

Equation 3.2. The value compares with the one of 96 ± 8 kJ/mol for natural 

cotton yarns, about 31% lower. See Figure 4.9(c), the growth speed of 𝐶𝐹𝑂𝑀 

was also found to fall as the processing time increased, then reached a 

plateau, same as for the natural cotton yarns. 

Table 4.1 Shift factors of different temperatures, obtained from the TTS analysis on 

dried mercerized cotton yarns, used to plot Figure 4.9(d) 

Temperature(°C) 𝜶𝑻 𝐥𝐧𝜶𝑻 Error in 𝒍𝒏𝜶𝑻 

30 0.39 -0.93 0.05 

35 0.55 -0.61 0.01 

40 1 0 - 

50 2.05 0.72 0.01 

 

The dissolution of mercerized cotton yarns is quantified by coagulation fraction 

(𝐶𝐹𝑋𝑅𝐷), using Equation 2.1, according to the cellulose I area fraction from the 

deconvolution results of WAXD spectra depicted in Figure 4.8. How the 𝐶𝑅𝑋𝑅𝐷 

changed with different processing conditions is shown in Figure 4.10(a), which 
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shows a similar dependence on dissolving time and temperature as for the 

single yarns. TTS analysis was again applied to these datasets, so as to prove 

the interchangeability between time and temperature by the formation of a 

convincing master curve at 40 °C, see Figure 4.10(b) and (c).  

 

Figure 4.10 (a) Dependence of coagulation fraction (𝐶𝐹𝑋𝑅𝐷), calculated from WAXD 

results of DMCA, on time; the time-temperature superposition plot after being 

shifted to 40 °C on both (b) natural-logarithmic time scale and (c) linear time scale; 

(d) Arrhenius plot with 𝜒2>0.97. Some error bars are smaller than the symbols, and 

the dash lines in (a)-(c) provide guide for eye, and that in (d) is a fitting line 

 

The shift factors,𝛼𝑇, used to form the master curve are tabulated in Table 4.2 

and their natural logarithm value, 𝑙𝑛 𝛼𝑇, is found to have a leaner relationship 

with reverse temperature in kelvin, shown in Figure 4.10(d). The slope of the 
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Arrhenius plot gives a activation energy of 78 ± 10 kJ/mol to the dissolution of 

mercerized cotton arrays, which is comparable to the dissolution activation 

energy of mercerized cotton yarns, at 69 ± 5 kJ/mol, allowing an average value 

of 74 ± 3 kJ/mol to be calculated. 

Table 4.2 Shift factors of different temperatures, obtained from the TTS analysis on 

dried mercerized cotton arrays, used to plot Figure 4.10(d) 

Temperature(°C) 𝜶𝑻 𝐥𝐧𝜶𝑻 Error in 𝒍𝒏𝜶𝑻 

30 0.33 -1.12 0.01 

35 0.44 -0.83 0.01 

40 1 0 - 

50 2.05 0.72 0.01 

 

This agreement again proves independence of dissolution activation energy 

on sample arrangement, and confirms the universality of our TTS method to 

investigate the dissolution behaviour of cellulose samples in [C2mim][OAc] 

that it is applicable not only to natural cellulose materials consisting of 

cellulose I and amorphous cellulose, but also to mercerized cellulose 

materials composed of cellulose I, cellulose II and amorphous fractions. 

The other two quantifying methods, based on the coagulation fraction (𝐶𝐹𝑂𝑀−𝐻) 

and ring thickness ( 𝑇𝐻 ) calculated by Equation 4.1 and Equation 4.2 

respectively, were used to explore the dissolution of mercerized cotton 

samples. They were in conjunction with the size measurement results from 

the OM transverse-view images of MCYH shown in Figure 4.5(a)-(f), of which 

the drying, encapsulation and polishing process were not required, therefore, 
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saving significant time. The dependence of 𝐶𝐹𝑂𝑀−𝐻  and ( 𝑇𝐻 ) on the 

processing time and temperature are plotted and depicted in Figure 4.11 and 

Figure 4.12. respectively. 

 

Figure 4.11 (a) Dependence of coagulation fraction (𝐶𝐹𝑂𝑀−𝐻), calculated from 

WAXD results of MCYH, on time; the time-temperature superposition plot after 

being shifted to 40 °C on both (b) natural-logarithmic time scale and (c) linear time 

scale; (d) Arrhenius plot with 𝜒2>0.99. Some error bars are smaller than the 

symbols, and the dash lines in (a)-(c) provide guide for eye, and that in (d) is a 

fitting line 
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Figure 4.12 (a) Dependence of ring thickness (𝑇𝐻), calculated from WAXD results of 

MCYH, on time; the time-temperature superposition plot after being shifted to 40 °C 

on both (b) natural-logarithmic time scale and (c) linear time scale; (d) Arrhenius 

plot with 𝜒2>0.99. Some error bars are smaller than the symbols, and the dash lines 

in (a)-(c) provide guide for eye, and that in (d) is a fitting line 

 

It is shown in Figure 4.11(a) and Figure 4.12(a) that both the 𝐶𝐹𝑂𝑀−𝐻 and 𝑇𝐻 

increased with time and/or temperature which is consistent with how the 𝐶𝐹𝑂𝑀 

and 𝐶𝐹𝑋𝑅𝐷 of the dried samples changed with time and temperature as shown 

above in Figure 4.9(a) and Figure 4.10(a). Time-temperature equivalence was 

again found, and master curves at 40 °C, shown in Figure 4.11(c) for 𝐶𝐹𝑂𝑀−𝐻 

and Figure 4.12(c) for 𝑇𝐻, were constructed using our TTS method detailed in 

section 3.3.2. 
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Their shift factors (𝛼𝑇) were summarized in Table 4.3 and found to follow the 

Arrhenius behaviour, leading to a linear relationship to be found between 𝑙𝑛 𝛼𝑇 

and the inverse of temperature for both measures of the dissolution, see 

Figure 4.11(d) and Figure 4.12(d). The gradients of the two lines give 78 ± 4 

kJ/mol and 71 ± 3 kJ/mol of dissolution activation energies for 𝐶𝐹𝑂𝑀−𝐻 and 𝑇𝐻 

measures on MCYH, respectively. This is in excellent agreement with the 

value of 74 ± 3 kJ/mol obtained from the TTS analysis for the DMCY and 

DMCA samples, suggesting again that any parameters could be tracked as a 

function of time and temperature to check whether TTS holds. It can also be 

concluded that the measurement of the MCYH is an excellent candidate for 

following the dissolution of cellulose fibres and determining the activation 

energy as it saves a significant amount of time. Additionally, the outer ring 

region of MCYH are much easier to distinguish and follow for lower processing 

temperatures and times, thus reducing the requirement to the optical 

microscope - no need for high magnification lenses. 
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Table 4.3 Shift factors of different temperatures, obtained from the TTS analysis on 

mercerized cotton yarn hydrogels, used to plot Figure 4.11(d) and Figure 4.12(d) 

Qualification 
parameter 

Temperature(°C) 𝜶𝑻 𝐥𝐧𝜶𝑻 
Error in 

𝒍𝒏𝜶𝑻 

𝐶𝐹𝑂𝑀−𝐻 

30 0.41 -0.88 0.01 

35 0.70 -0.35 0.02 

40 1 0 - 

50 2.92 1.07 0.01 

𝑇𝐻 

30 0.38 -0.97 0.01 

35 0.68 -0.39 0.01 

40 1 0 - 

50 2.25 0.81 0.01 

The dissolution activation energies obtained from TTS analysis of different 

quantification parameters are tabulated in Table 4.4. By the comparison 

among the activation energies from different quantifying methods, they are 

consistent with each other within their uncertainties, giving an average 

dissolution activation energy of 74 ± 2 kJ/mol for the mercerized cotton which 

is about 22 % lower than 95 ± 2 kJ/mol, the dissolution activation energy of 

the natural cotton in [C2mim][OAc]. 

  



- 85 - 

Table 4.4 Comparision amoung the four quantifying methods and the activation 

energies from them 

Characterization Sample 
Quantification 

parameter 
Activation energy 

(kJ/mol) 

OM DMCY 𝐶𝐹𝑂𝑀 69 ± 5 

WAXD DMCA 𝐶𝐹𝑋𝑅𝐷 78 ± 10 

OM MCYH 𝐶𝐹𝑂𝑀−𝐻 78 ± 4 

OM MCYH 𝑇𝐻 71 ± 4 

 

4.3.4 Regional water volume fraction and swelling ratio of mercerized 

cotton yarn hydrogels 

The water volume fraction of different regions in MCYH, including the outer 

ring and central core, was calculated with Equation 4.6. Its dependence on 

processing time and temperature is shown in Figure 4.13(a) and (b). Equation 

4.7 and Equation 4.8 are used to calculate the swelling ratios at the outer ring 

and central core of different MCYH samples upon the drying process, 

respectively, and the results are depicted in Figure 4.13(c) and (d). 
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Figure 4.13 Water volume fraction of (a) outer ring and (b) central core of MCYH, 

and swelling ratio of (c) outer ring and (d) central core in MCYH, where the dash 

lines measure their average values and some error bars are smaller than the 

symbols 

The water volume fraction in both regions was constant within the 

measurement uncertainties and was therefore independent of the processing 

time and/or temperature, see Figure 4.13(a) and (b), giving an average water 

volume fractions of 0.89 ± 0.01 for the outer ring and 0.54 ± 0.02 for central 

core. This indicates that there was more water in the outer ring/coagulated 

region than the central core/undissolved region. A similar independence on 

the dissolution time and/or temperature was found for the swelling ratio of both 

regions after the drying process. The average swelling ratio of the outer ring 

is 5.0 ± 0.1 which is about 3 times higher than that of the central region, 1.49 

± 0.05. To recap, the higher is the swelling ratio, the more is the difference in 
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size between the hydrogel and dried sample, so that the outer ring shrank 

more than central region upon drying. This can be explained by the huge 

difference of water volume fraction between the two regions in MCYH samples 

and once the water was evaporated, different regions collapsed 

heterogeneously. The results are summarized and compared in Table 4.5. 

Table 4.5 Comparative summary of different samples/regions in water volume 

fraction and shiring ratio 

Region/Sample 
Water volume fraction 

𝝓𝒘𝒂𝒕𝒆𝒓 
Swelling ratio 

𝑹 

MCYH-raw* 0.57 ± 0.02 1.52 ± 0.04 

Central core of MCYH 0.54 ± 0.02 1.49 ± 0.05 

Outer ring of MCYH 0.89 ± 0.01 5.0 ± 0.1 

*MCYH-raw means the damp raw sample after soaking in water for 24 
hours.  

Compared with the MCYH-raw, the central core of MCYH depicted high 

consistency in terms of both water volume fraction and swelling ratio when the 

uncertainties were taken into consideration, by contrary, the outer ring of 

MCYH presented a totally opposite result. This implies that no dissolution 

happened in the central region. Therefore, the earlier assumption that there is 

no dissolved cellulose in the central core is confirmed. Further, the hypothesis 

is confirmed that the dissolution only proceeds from the exterior surface of 

yarn samples. 

The water volume fraction and swelling ratio of the MCYH-raw sample, made 

by soaking the raw mercerized cotton yarn in water for 24 hours, were 
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calculated by Equation 4.6 and Equation 4.8, respectively. It should be noted 

that, the radius and cross section area of the dried raw sample used in the 

calculations were measured on the DMCY-30-0.25 sample. This is because: 

filaments in the dry raw sample were swollen by the epoxy resin when 

preparing for OM, shown in Figure 4.7(g), which would lead to a larger size to 

be measured than the actual; and the processing at low temperature for short 

time, i.e. 30 °C for 0.25 hours, could just start the dissolution at the sample’s 

very outer edge, allowing the formation of an invisible and unmeasurable thin 

layer with OM, which protected the filaments from swelling caused by epoxy 

resin, see Figure 4.7(b) and (h). Besides, as no dissolution happened to the 

MCYH-raw sample, the water volume fraction and swelling ratio of its outer 

ring cannot be calculated and so not to be discussed. 

Further, to verify if DMCY-30-0.25 could be used instead of the dry raw sample 

in the size measurements, a method for measuring the theoretical values is 

introduced - the plots of radius of the central core vs. ring thickness of both 

DMCY and MCYH are used to measure the theoretical diameters of DMCY-

raw and MCYH-raw respectively, see Figure 4.14. 
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Figure 4.14 Radius of central core dependence on the ring thickness in (a) dried 

mercerized cotton yarn (DMCY) samples and (b) mercerized cotton yarn hydrogel 

(MCYH) samples, where the dash lines are linear fitting lines, and some error bars 

are smaller than the symbols 

The results show that with the ring thickness increasing – with the dissolution 

progressing – the radius of central core was decreasing, and this was found 

on both DMCY and MCYH samples. By examination, a linear relationship 

between the central core radius and ring thickness was confirmed, see the 

dash lines in both Figure 4.14(a) and (b), suggesting a further time-

temperature equivalence. By extrapolating the corresponding ring thickness 

to zero, which would correspond to a sample with no coagulated material, i.e. 

the raw sample, the central core radii for DMCY-raw and MCYH-raw were 

found to be 81 ± 2 μm and 124 ± 4 μm respectively, by assistance of the 

LINEST method in Excel. Shown in Table 4.6, the later one, 124 ± 4 μm, is in 

a good agreement with the OM-measured radius of MCYH-raw sample, 122 

± 1 μm, suggesting that the way of measuring the theoretical size of raw 

sample introduced in Figure 4.14 is reliable. By the comparison between the 

radius of DMCY-30-0.25 and the theoretical value of DMCY-raw, they are 
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consistent with each other which confirms that the DMCY-30-0.25 represents 

the DMCY-raw with a good approximation. 

Table 4.6 Theoretical radii of MCYH-raw and DMCY-raw obtained from the 

extrapolating method and those in brackets measured directly from microscope 

pictures 

The radius of 
MCYH-raw (r’) (μm) 

The radius of 
DMCY-raw (r) (μm) 

Swelling ratio (Ro=r’/r) 

124 ± 4 (122 ± 1) 81 ± 2 (80 ± 2*) 1.53 ± 0.06 (1.52 ± 0.04) 

*the DMCY-raw radius shown within the brackets was measured on 
DMCY-30-0.25 from its OM image, Figure 4.7(h). 

4.4 Conclusions 

The dissolution of mercerized cotton cellulose in [C2mim][OAc] has been 

successfully studied using OM and WAXD at different dissolving times and 

temperatures. OM was used to both MCYH and DMCY samples for 

characterizing their micromorphology and a coagulated ring-like region was 

found surrounding the central-undissolved core. WAXD was applied to DMCA 

samples for measuring their crystalline structure after the dissolution in 

[C2mim][OAc] and the raw material consists of 40.7 % cellulose I, 19.7 % 

cellulose II and 39.6% amorphous region. Similar to the dissolution of natural 

cotton, the dissolution of mercerized cotton also showed time-temperature 

equivalence. For further understanding the dissolution behaviour, four 

quantifying methods were applied by tracking different quantification 

parameters, 𝐶𝐹𝑂𝑀  for DMCY from OM, 𝐶𝐹𝑋𝑅𝐷  for DMCA from WAXD, 

𝐶𝐹𝑂𝑀−𝐻 and 𝑇𝐻  both for MCYH from OM, as a function of time and 

temperature, to create master curves using TTS analysis. The Arrhenius 
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behaviour was used to quantify the kinetics of dissolution of the mercerized 

cotton cellulose, allowing the activation energies associated with 𝐶𝐹𝑂𝑀 , 

𝐶𝐹𝑋𝑅𝐷, 𝐶𝐹𝑂𝑀 𝐻 and 𝑇𝐻 to be obtained as 69 ± 5 kJ/mol, 78 ± 10 kJ/mol, 78 ± 4 

kJ/mol and 71 ± 4, respectively. Interestingly, these activation energies show 

an independence of quantifying method, giving an average value of 74 ± 2 

kJ/mol. It indicates the measurement of MCYH with OM is an excellent 

candidate for investigating the cellulose dissolution behaviour, as it 

significantly shortens time on experiment and also confirms the universality of 

our TTS analysis method – feasible on both natural and mercerized cotton 

cellulose. 

In addition, regional water volume fraction and swelling ratio of MCYH were 

also measured with a facile and novel method which to the best of our 

knowledge has been reported for the first time. The water volume fraction and 

swelling ratio at the central core of MCYH are consistent with that of the 

undissolved raw material, proving the hypothesis that little/no dissolution 

happened in the central core. 

The findings in this chapter can be used for exploring the dissolution of other 

cellulose materials. In the following chapters: the dissolution master curves 

will be further applied to direct the fabrication of all cellulose composites from 

the mercerized-cotton based textiles; and the reasons for the difference of 

dissolution activation energy between the natural cotton cellulose and 

mercerized cotton cellulose could be due to the difference in crystalline 

structure, carbohydrate composition and molecular weight. The effecting 

factors will be further analysed in Chapter 5. 
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Chapter 5 Comparative analysis of cellulose from the natural 

and mercerized cotton in chemical composition, molecular 

weight, thermal stability and dissolution kinetics 

5.1 Introduction 

The dissolution process of cellulose from natural cotton and mercerized cotton 

in EMIMAc has been investigated earlier in this thesis via TTS analysis, where 

the dissolution was quantified with an activation energy via an Arrhenius plot. 

The dissolution activation energy was found to be independent of the sample 

arrangement and the quantifying method, giving an average activation energy 

of dissolution of the cellulose, from natural cotton and mercerized cotton, to 

be 95 ± 2 kJ/mol and 74 ± 2 kJ/mol, respectively. The work reported in this 

chapter is the main content of Paper IV. 

Different cellulose polymorphs are reported to have different thermal 

stabilities, which is usually measured via thermogravimetric analysis (TGA). 

Published results suggest that cellulose II is more thermally stable than 

cellulose I, due to a higher degradation temperature and a higher pyrolysis 

activation energy of cellulose II.[188, 190] The kinetic research on the 

pyrolysis of cellulose-based materials can be tracked back to the 1950s [194]. 

Although pyrolysis is a thermally stimulated heterogeneous reaction, the 

theories of the kinetic model are mostly developed from those of 

homogeneous reaction kinetics [195]. The conversion, 𝛾 , expressing how 

much of the organic substance is pyrolyzed, is applied rather than the reactant 

concentration, which can be calculated with the initial sample weight (𝑤𝑜), the 

initial water content (𝑤𝐻2𝑂) the sample weight at time 𝑡, 𝑤𝑡, and the residual 
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char weight ( 𝑤∞ ) via Equation 2.1 [196]. The reaction rate can then be 

expressed by Equation 5.2 [197]: 

𝛾 =
𝑤𝑜 − 𝑤𝐻2𝑂 − 𝑤𝑡

𝑤𝑜 − 𝑤𝐻2𝑂 − 𝑤∞
  Equation 5.1 

𝑑𝛾

𝑑𝑡
= 𝑘(𝑇)𝑓(𝛾)  Equation 5.2 

where the rate constant 𝑘(𝑇) can be described with an Arrhenius theory with 

Equation 5.3, of which 𝐴 and 𝐸 are the pre-factor and the pyrolysis activation 

energy respectively; and 𝑓(𝛾) is a chosen reaction model, with reaction order 

to be 𝑛, and is generally written as Equation 5.4 [197]. 

𝑘(𝑇) = 𝐴𝑒𝑥𝑝(−
𝐸

𝑅𝑇
)  Equation 5.3 

𝑓(𝛾) = (1 − 𝛾)𝑛  Equation 5.4 

In the kinetic research of cellulose pyrolysis, two measurements, isothermal 

[198] and non-isothermal measurements [199], are used. In this thesis only 

linear heating methods with a heating rate of 𝛽 as shown in Equation 5.5, 

belonging to non-isothermal measurements, are used, and discussed. 

𝑇 = 𝑇𝑜 + 𝛽𝑡  Equation 5.5 

where 𝑇𝑜 and 𝑡 are the initial temperature and the evolving time, respectively. 

By combining the equations above, Equation 5.2 can be rewritten as: 
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𝑑𝛾

𝑑𝑡
=

𝑑𝛾

𝑑𝑇

𝑑𝑇

𝑑𝑡
=

𝑑𝛾

𝑑𝑇
𝛽 = 𝐴𝑒𝑥𝑝 (−

𝐸

𝑅𝑇
) (1 − 𝛾)𝑛 Equation 5.6  

Among the non-isothermal measurements, two method directions can be 

summarised: the model-fitting method and the so-called “model-free” method. 

For the former, the reaction model, 𝑓(𝛾), is assumed in advance and then 

fitted to the experimental data to obtain the kinetic parameters. The first order 

global model (FOG), where 𝑛 in Equation 5.4 is unity, has been intensively 

used for cellulose pyrolysis. It is considered as satisfactorily manifesting the 

process at linear heating rates up to 100 °C/min and the kinetics can be 

represented by this single-step process [195, 200]. Although there have been 

huge research efforts on the subject of cellulose pyrolysis models, the most 

appropriate kinetic model still remains unclear. But in terms of chemical 

reactions, three stages related to three chemical transformations were 

proposed by Garcia-Perez [201], which are described as follows: The primary 

thermal pyrolysis stage is the thermal degradation observed at up to 700 °C 

where cellulose-derived molecules - mainly fluids such as levoglucosane and 

hydroxylacetaldehyde - are generated; the second stage is between 700-850 

°C where some gaseous olefins and secondary condensed oils are produced; 

in the tertiary stage ranging from 850-1000 °C, non-condensable gases are 

formed with secondary pyrolysis products. Moreover, a primary cellulose 

pyrolysis stage at 230 to 380 °C was confirmed by an in-situ visualisation 

technique by Zhu et al [202]. 

For the model-free methods, they are based on the principle that the reaction 

speed is only a function of temperature at constant conversion, also called the 

iso-conversional method, and does not need the prior assumption of the form 
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of 𝑓(𝛾). The kinetic parameters, activation energy and pre-factor, can be 

determined from a series of TGA tests carried out with different heating rates, 

normally at least three rates [195, 203]. There are two categories of iso-

conversional methods: differential methods and integral methods. Due to the 

fact that no approximations which could lead to discrepancies of the 

temperature integral and no requirement on the prior assumption of 𝑓(𝛾) are 

needed; the differential methods on the same equations are theoretically more 

reliable than the integral methods [197]. The Friedman method is the most 

commonly used differential method [197], where the pyrolysis activation 

energy can be calculated from the slope obtained by linear regression of 

ln (
𝑑𝛾

𝑑𝑡
) against 

1

𝑇
 and it can be derived from Equation 5.6 to be: 

𝑙𝑛 (
𝑑𝛾

𝑑𝑡
) = 𝑙𝑛 (

𝑑𝛾

𝑑𝑇

𝑑𝑇

𝑑𝑡
) = 𝑙𝑛 (𝛽

𝑑𝛾

𝑑𝑇
) = 𝑙𝑛[𝐴𝑓(𝛾)] −

𝐸

𝑅
∗

1

𝑇
 Equation 5.7 

The reported pyrolysis activation energy ranges of cellulose, hemicellulose 

and lignin are from 135 to 223 kJ/mol [204-211], 115 to 144 kJ/mol [208, 209, 

211-214] and 23 to 108 kJ/mol [208, 209, 211, 212, 215], respectively. Their 

decomposition temperatures range from 220 to 315 °C for hemicellulose, from 

300 to 400 °C for cellulose and 150 to 900 °C for lignin [216, 217]. In other 

words, the hemicellulose is less thermally stable than cellulose, and lignin has 

the widest thermal degradation temperature range among them. It has been 

reported that the crystallinity/crystalline size [218, 219], chemical composition 

[211, 220] and degree of polymerization [221] can influence the thermal 

stability of lignocellulose in a complex way.  
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In contrast, there has been almost no research into the factors affecting the 

dissolution activation energy of these cellulose-based materials in 

[C2mim][OAc]. Research conducted by Qi et al. shows that the dissolution 

behaviour of cellulose in NaOH/urea aqueous solution is dependent on the 

viscose-average molecular weight and the crystallinity of the cellulose 

samples, where the higher the molecular weight and/or the crystallinity, the 

more difficult the dissolution was, where the solubility activation energy varied 

from 47 to 134 kJ/mol [222]. 

In this chapter, the two cotton samples, raw and mercerised, are compared 

according to the results of OM, XRD, chemical-compositional analysis, 

molecular weight and distribution analysis, and TGA. The FOG method and 

Friedman method are compared in order to confirm the appropriate one for 

the pyrolysis analysis on the two samples under the TGA measurement 

conditions implemented in this section, and a modified first order global (FOG) 

method is developed for modelling, giving pyrolysis activation energies to be 

confirmed on both the cotton samples. Then the difference in the dissolution 

activation energy in [C2mim][OAc] and the pyrolysis activation energy can be 

analysed according to the other characteristics of the samples, such as 

crystalline structure, molecular weight, and chemical composition. 

5.2 Methods 

5.2.1 Optical microscopy 

The images of cross sections of the raw natural cotton yarn (NY-raw) and raw 

mercerized cotton yarn (MCY-raw) are obtained via an optical microscope 

under the light reflection mode, are detailed earlier in section 2.2.1. 
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5.2.2 Wide-angle X-ray Diffraction 

To characterize the crystalline allomorph of the NY-raw and MCY-raw, WAXD 

was performed with more detail as described earlier in section 2.2.2. 

5.2.3 Determination of weight-average molecular weight and molecular 

weight distribution 

The weight-average molecular weight (Mw), number-average molecular 

weight (Mn) and the molecular weight distribution (MWD) of the natural cotton 

and mercerized cotton samples are measured with the technique of multi-

angle laser light scattering (MALLS), where the refractive index (RI) is used to 

determine the molecular weight [223, 224]. The solution used for injection was 

prepared as the following: First, the cotton samples were soaked in a water 

bath for 7 days at 40 °C before the solvent was exchanged from water to 

ethanol and finally into dimethylacetamide (DMAc). The samples were kept in 

the DMAc for 12 hours and then fully dissolved in a 9% solution of LiCl in 

DMAc. Each sample was measured twice. Here, I would like to express my 

special gratitude to Prof. Antje Potthast, University of Natural Resources and 

Life Science for conducting the above-mentioned measurements, i.e. the 

measurement of molecular weights and molecular weight distribution. 

5.2.4 Determination of the content of lignin and hemicellulose 

First, the samples were cryogenically milled in a Retsch mill for 5-10 min and 

then thoroughly dried at 40 °C with a vacuum oven. 

In terms of the determination of the lignin content, the protocol of Iiyama and 

Wallis [225] and the modification of Hatfield et. al. [226] was used on both the 
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natural cotton and the mercerized cotton samples. Triplicate measurements 

were done on each sample. The analysis of the hemicellulose content was 

performed in accordance to the acid methanolysis reported by Sundberg et al. 

[227]. Again, here, I would like to express my special gratitude to Prof. Antje 

Potthast, University of Natural Resources and Life Science for conducting the 

above-mentioned measurements, i.e. the determination of the contents of 

lignin and hemicellulose. 

5.2.5 Thermogravimetric analysis 

A TGA machine (STA 449 F3,NETZSCH-Gerätebau GmbH, Germany) was 

applied to perform the thermal stability analysis of the cotton samples from 30 

°C to 650 °C with linear ramping speeds of 5, 10, 20 and 50 °C/min, under a 

Nitrogen purge gas of 40 ml/min. Each sample was cut into about 0.5 mm long 

short fibres, and the total weight was ca. 10 mg for each test, contained in 

70uL Al2O3 crucibles. All the TGA measurements mentioned above were 

conducted with the help of Dr. Adrian Cunliffe and Karine Alves Thorne, CAPE 

Analytical Facilities Organisation, University of Leeds. 

5.2.6 Theoretical considerations and calculation procedures for the 

pyrolysis analysis 

The TGA data were analysed and modelled with a method modified from the 

simple FOG model [195, 196, 200], and the equations used in this method are 

shown as: 
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∫
𝑑𝑦

𝑦𝑛

1

𝑦

= ∫
𝑑𝑦

𝑦
=

1

𝑦

𝐴

𝛽
 ∫ 𝑒𝑥𝑝 (−

𝐸

𝑅𝑇
) 𝑑𝑇

𝑇

𝑇𝑜

 Equation 5.8 

Where 𝑦 equals 1 − 𝛾, and the left-hand side could be integrated to be: 

∫
𝑑𝑦

𝑦1
=

1

𝑦

ln (
1

𝑦
) Equation 5.9 

As the right-hand side of Equation 5.8 cannot be integrated simply, 

approximations have to therefore be applied for its integration. When 𝑇 is very 

close to the temperature of maximum pyrolysis speed, 𝑇𝑚, whose value can 

be confirmed from DTG curves, three approximations can be applied [196]: 

𝑒𝑥𝑝 (−
𝐸

𝑅𝑇
) ≈ [(

𝑇

𝑇𝑚
) 𝑒−1]

𝐸
𝑅𝑇𝑚

 Equation 5.10 

𝑒𝑥𝑝 (−
𝐸

𝑅𝑇
) ≈ 𝑒𝑥𝑝 [−

𝐸

𝑅𝑇𝑚
∗ (2 −

𝑇

𝑇𝑚
 )] Equation 5.11 

𝑒𝑥𝑝 (−
𝐸

𝑅𝑇
) ≈ (

𝑇𝑚

𝑇
)

2

𝑒𝑥𝑝 (−
𝐸

𝑅𝑇
) Equation 5.12 

The three approximations yield three integration results, respectively 

𝑙𝑛 [𝑙𝑛 (
1

𝑦
)] = (

𝐸

𝑅𝑇𝑚
+ 1) 𝑙𝑛𝑇 + 𝐶1 Equation 5.13 

𝑙𝑛 [𝑙𝑛 (
1

𝑦
)] =

𝐸

𝑅𝑇𝑚
2 ∗ 𝑇 + 𝐶2  Equation 5.14 
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𝑙𝑛 [𝑙𝑛 (
1

𝑦
)] = −

𝐸

𝑅
∗

1

𝑇
+ 𝐶3 Equation 5.15 

where 𝐶1, 𝐶2 and 𝐶3 are constants, and slopes from the linear fittings (
𝐸

𝑅𝑇𝑚
+ 1, 

𝐸

𝑅𝑇𝑚
2  and −

𝐸

𝑅
) can be used to calculate the activation energy. For the sake of 

simplicity, hereafter the three equations, Equation 5.13, Equation 5.14 and 

Equation 5.15, are referred to as the 𝑙𝑛𝑇 , 𝑇  and 
1

𝑇
 methods, respectively. 

These approximations are only valid when the temperature range is very close 

to 𝑇𝑚, otherwise wide temperature ranges will introduce non-negligible errors. 

Therefore, in this thesis a modified FOG method is applied for the kinetic 

research on the pyrolysis of natural cotton and mercerized cotton samples, 

and more details will be given later. 

5.3 Results and discussion 

5.3.1 Morphology of the two cotton yarns 

The microscopic cross-section pictures of the NY-raw and MCY-raw are 

obtained from the optical microscope via light-reflection mode and shown in 

Figure 5.1. 
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Figure 5.1 Cross-secton images of the raw natural cotton yarn (NY-raw) in (a) low 

magnification and (b) high magnification; the raw mercerized cotton yarn (MCY-raw) 

in (c) low magnification and (d) high magnification 

Shown in Figure 5.1 (a), the filaments comprising the NY-raw sample are 

kidney shaped, which can be further confirmed by a higher magnification 

image in Figure 5.1 (b), showing a distorted and contorted cross-section of the 

crushed lumens. While in the MCY-raw sample, the cross-sections of 

filaments are substantially round, see Figure 5.1 (c) and (d). The changes in 

morphology are consistent with the results reported elsewhere, in which the 

bean-like natural cotton fibre finally transformed into a round shape upon the 

mercerization process [190]. The difference in the cross-section shape is 

caused by the high affinity of caustic soda for cellulose which makes it 

penetrate both the crystalline and amorphous regions, leading to a weakening 

effect on the interactions between cellulose molecules and a decrease in 
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strength [185]. After the cotton samples are rinsed and dried, the strength 

recovers. Upon this process, cellulose I is partially transformed to cellulose II, 

and decrease is seen in crystallinity, which is usually accompanied by the 

decrease/removal of hemicellulose and lignin[188]. 

5.3.2 Comparison between the natural cotton yarn and the mercerized 

cotton yarn in terms of carbohydrate composition and molecular weight  

The carbohydrate composition analysis and the MALLS/RI measurement for 

the molecular weight analysis were conducted by Prof. Antje Potthast’s group 

in the University of Natural Resource and Life Science, and the results are 

shown in Table 5.1 and Table 5.2. 

As shown in Table 5.1, the lignin content in the NY-raw, at 1.29 %, was slightly 

higher than that in the MCY-raw, at 1.04%; and the carbohydrate composition 

resultants of hemicellulose were detected in the NY-raw sample. While they 

were not detectable in the MCY-raw sample, which means the mercerization 

process removed some lignin and all/most the hemicelluloses from the cotton 

samples. These results indicate a good agreement with the results from the 

microscopic images in Figure 5.1 and the WAXD spectra in Figure 2.1. 
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Table 5.1 Comparison of the natural cotton yarn and the mercerized cotton yarn in 

carbohydrate composition, including lignin and hemicellulose 

Property NY-raw MCY-raw 

Lignin content of dry samples (mg/g) 12.90 10.40 

Arabinose (mg/g) 3.94 null 

Rhamnose (mg/g) 1.23 null 

Xylose (mg/g) 2.08 null 

Galacturonic acid (mg/g) 6.73 null 

Mannose (mg/g) null null 

Galactose (mg/g) 2.72 null 

Glucose (mg/g) 156.69 142.95 

Table 5.2 Results of molecular weight analysis on the raw natural cotton yarn and 

the raw mercerized cotton yarn samples 

Sample Mn (kDa) Mw (kDa] 
Polydispersity 
[Mw/Mn] 

Reg 
(µmol/g) 

NY-raw 653 ± 18 1069 ± 19 1.64 ± 0.07 1.53 ± 0.04 

MCY-raw 252 ± 5 385 ± 4 1.53 ± 0.02 3.98 ± 0.09 

 

As for the molecular weights including the Mn, Mw and the dispersity, the NY-

raw sample is about 2.5 times higher than the MCY-raw sample in the 

molecular weights, and also shows a slightly larger dispersity, see Table 5.2 

and Figure 5.2. This could be due to the fact that the mercerization process 

degrades the cellulose molecules and reduces the low molecular weight 

carbohydrate polymers, i.e. the hemicellulose, which is consistent with the 

carbohydrate composition analysis showing no detectable hemicellulose in 
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the MCY-raw sample. It could also be due to the different plant source for the 

raw cotton before it was mercerized. 

 

Figure 5.2 Molecular weight distribution of the mercerized cotton and the natural 

cotton 

It has been concluded in a recent paper [222] that the dissolution activation 

energy of cellulose, measured by tracking the changes in solubility, with 

viscosity-average molecular weight (Mη) ranging from 3.1*104 to 13.1*104 in 

NaOH/urea aqueous solution was significantly dependant on Mη. The 

dependence of the dissolution activation energy of cellulose on Mη reported in 

the paper is shown in Figure 5.3 , where the dissolution activation energy of 

cellulose increased as the Mη increased, and this is in agreement with our 

finding that the NY-raw with larger molecular weight has higher dissolution 

activation energy in [C2mim][OAc] than MCY-raw with lower molecular weight. 

The reason can be hypothesized as that the dissolution is happening at a 

molecular level, and the higher the molecular weight is, the longer the 
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cellulose molecules are, leading to a higher energy barrier to overcome for 

separating different molecules during dissolution process. 

 

Figure 5.3 Plot of depencece of dissolution activation energy (Ea,s) of cellulose 

samples on viscosity-average molecular weight (Mη) reported by Qi et al. [222] 

It is noteworthy that the carbohydrate composition and crystalline structure 

are different in the two samples, which could also be reasons for the difference 

of dissolution activation energy. In terms of the effect of crystalline structure 

on the dissolution of cellulose in [C2mim][OAc], it has been reported that this 

dissolving process is controlled by molecular disentanglement - the crystalline 

structure has a small impact on the dissolution [228, 229]. As of the time of 

writing, there has not been any research reported on the influence of 

carbohydrate composition on the dissolution activation energy of cellulose 

samples. Therefore, we propose a method that could solve this issue - 

mercerizing the natural cotton yarn with different combinations of NaOH 

aqueous solution concentrations and processing temperature to control the 

carbohydrate composition where the change in molecular weight should be 
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controlled to be as less as possible, and do TTS analysis on their dissolution 

behaviour, according to the methods introduced in the previous chapters. This 

will be focus of future studies. 

5.3.3 Thermal stability comparison of the natural cotton yarns and the 

mercerized cotton yarns via TGA 

TGA was conducted to characterize the thermostability of the two cotton 

samples at different heating speeds (5, 10, 20 and 50 °C/min), and the results 

are shown in Figure 5.4. 

 

Figure 5.4 Thermogravimetric analysis curves at different heating speeds for (a) the 

raw natural cotton yarn (NY-raw) and the raw mercerized cotton yarn (MCY-raw); 

and derivative thermogravimetric (DTG) curves at different temperature ramping 

rates for (c) NY-raw and (d) MCY-raw 
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It can be shown from Figure 5.1 (a) and (b) that every TGA curve presents a 

single decomposition stage after a tiny weight loss step, ca. 4 %, located at 

around 80 °C and attributed to water loss, indicating a primary pyrolysis stage. 

For both NY-raw and MCY-raw samples, the decomposition stage shifted to 

higher temperature ranges as the heating rate increased, see the DTG curves 

in Figure 5.4 (c) and (d). The shifting of the decomposition stage is caused by 

the transfer limitation of heat and mass, resulting in a temperature gradient 

inside the samples [230]. 

For NY-raw, the decomposition began at around 270 °C and continued until 

390 °C, while for MCY-raw, the start-decomposition temperature was found 

from 310 °C to 410 °C. Figure 5.4 (c) indicates that the maximum 

decomposition rate of NY-raw was between 334.6 °C and 357.4 °C within the 

range of heating rate, which is lower than MCY-raw, from 354.4 °C to 381.8 

°C, shown in Figure 5.4 (d). The temperature at the maximum decomposition 

rate, 𝑇𝑚 , increased with heating rate, 𝛽 , and in order to get the intrinsic 

temperature at the maximum decomposition rate, [𝑇𝑚], which is the 𝑇𝑚 when 

𝛽 = 0 , the dependence of 𝑇𝑚  on 𝛽  is plotted and shown in Figure 5.5. 

Examination of the plots suggests that 𝑇𝑚  dramatically increased in the 

beginning until it reached a plateau, and this applies to both sample cases. 

Therefore, we propose an exponential fitting equation to do modelling of the 

two datasets, expressed with the equation below to determine 𝑇𝑚: 

𝑇𝑚 = 𝑎 × (1 − 𝑒−𝑏𝛽) + [𝑇𝑚] Equation 5.16 

where 𝑎, 𝑏 are constants, and [𝑇𝑚] can be confirmed from the intercept where 

heating rate is zero, see Figure 5.5. The confidence of the fitting can be 
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expressed with the coefficient of determination, 𝜒2which are larger than 0.99 

in both NY-raw and MCY-raw datasets, giving [𝑇𝑚] to be 317 ± 6 °C and 346 

± 3 °C respectively. 

 

Figure 5.5 Dependence of the temperature at the maximum decompositon rate (𝑇𝑚) 

on the heating rate of TGA on both raw natural cotton yarn (NY-raw) and raw 

mercerized cotton yarn (MCY-raw) where the datasets are fitted with an exponential 

appoach equation (Equation 5.16) shown with the black solid lines with 𝜒2>0.99 

The TGA results imply that the mercerized cotton possesses a higher 

thermostability than the raw cotton samples. Associated with the results of 

XRD (Figure 2.1) and composition analysis (Table 5.1), the reasons could be 

the presence of cellulose II in MCY-raw which is more thermally stable than 

cellulose I [188, 190], the only cellulose crystalline structure in NY-raw; and 

that the removal of hemicellulose by the mercerization process of MCY-raw 

shifted the decomposition temperature to a higher value, as the decomposition 

temperature of hemicellulose is reported to be lower than that cellulose and 

lignin [231]. 
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5.3.4 Determination of the pyrolysis activation energy 

As to the determination of the pyrolysis activation energy, it is essential to 

choose the suitable modelling method. Here, two methods are compared 

regarding to their applicability and reliability on the two cotton samples, based 

on the conditions applied on the TGA measurements - the FOG method 

belonging to the model-fitting method, and the Friedman method, a model-

free method or iso-conventional method. According to Equation 5.6 and 

Equation 5.8, both are dependent on the heating rate, 𝛽, and even though the 

heating rate was set to be a constant on the machine when measuring, in 

reality it might not be. So, it is essential to quantify the real heating rate during 

the measurement, therefore the instantaneous heating rate (𝛽′) is introduced 

and expressed with the equation below: 

𝛽′ =
𝑇𝑛 − 𝑇𝑛−1

𝑡𝑛 − 𝑡𝑛−1
  

Equation 5.17 

where 𝑇𝑛, 𝑎𝑛𝑑 𝑇𝑛−1 measure the nth temperature and the (n-1)th temperature 

of the TGA measurement range, and 𝑡𝑛 and 𝑡𝑛−1 represent the corresponding 

time at each temperature, respectively. 

How the instantaneous heating rate ( 𝛽′) changes with temperature for the two 

cotton samples, at different target heating rates, is shown in Figure 5.6. 
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Figure 5.6 Dependence of the TGA instantaneous heating rate (𝛽′) on tempearture 

for (a) the nature cotton yarn (CY) and (b) the mercerized cotton yarn (MCY), where 

the legends represnt target heating rates set on the TGA machine 

As shown in Figure 5.6, for both the CY and MCY samples, the instantaneous 

heating rates were not constant with temperature, and it firstly increased to a 

temperature higher than the target and then dropped down to a steady value 

– close to the target heating rate ( 𝛽𝑡 ), which does not conform to the 

assumptions applied in the FOG and Friedman method. As the target heating 

rate increases, the temperature at which the 𝛽′ turns over increased, e.g. for 

5 °C/min the turn-over temperature is ca. 80 °C, while as to 50 °C/min it 

becomes ca. 250°C. A larger fluctuation can be found at higher target heating 

rates, and this can be further proved from the results shown in Table 5.3, 

where the higher the 𝛽𝑡 is, the larger the difference between the maximum 

instantaneous heating rate (𝛽𝑖
𝑚𝑎𝑥) and the minimum instantaneous heating 

rate (𝛽𝑖
𝑚𝑖𝑛) is, and for the 𝛽𝑡 of 50 °C/min the difference is large as ca. 100 

°C/min. 
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Table 5.3 Statistical results of instantaneous heating rate for the NY-raw and the 

MCY-raw at different target heating rates set for TGA measurements 

Sample 

Target 
heating 
rate ( 𝜷𝒕 ) 
(°C/min) 

Average 
instantaneous 
heating rate 

(𝜷𝒊 ) (°C/min) 

Maximum 
instantaneous 
heating rate 
( 𝜷𝒊

𝒎𝒂𝒙 ) 

(°C/min) 

Minimum 
instantaneous 
heating rate 

(𝜷𝒊
𝒎𝒊𝒏) (°C/min) 

NY-raw 

5.0 5.0 ± 0.1 7.9 0.2 

10.0 10.0 ± 0.1 15.3 0.3 

20.0 20.0 ± 0.1 29.1 0.1 

50.0 50.0 ± 0.3 98.8 0.3 

MCY-raw 

5.0 5.0 ± 0.1 8.1 0.8 

10.0 10.0 ± 0.1 15.7 0.3 

20.0 19.9 ± 0.1 29.1 0.2 

50.0 50.1 ± 0.3 100.9 0.3 

𝛽𝑖 is calculated with Equation 5.18. 

Recall Equation 5.7 for the Friedman method and Equation 5.8 for the FOG 

method. The former relies more on 𝛽′, as it is in a differential format depending 

on the instantaneous changing – the value of 
𝑑𝛾

𝑑𝑡
=

𝛽𝑑𝛾

𝑑𝑇
, but the latter relies on 

the average heating rate, 𝛽𝑖, within the temperature range for the integration. 

𝛽𝑖 is expressed as 

𝛽𝑖 =
∑ 𝛽′𝑛

𝑗=1 (𝑇𝑗)

𝑛
  Equation 5.18 

where 𝛽′(𝑇𝑗) measures the instantaneous heating rate at temperature 𝑇𝑗. 

Therefore, in our case - the temperature controlling ability of the TGA machine 

shown in Figure 5.6 – the FOG method is better to be used for analysing the 

pyrolysis behaviour of the two cotton samples. However, the reliability of the 
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approximations for the exponential term on the right-hand side of Equation 5.8 

needs to be further proved, see Equation 5.10, Equation 5.11 and Equation 

5.12. 

To examine the discrepancy of the three approximations from the origin, the 

difference between them within the measuring temperature range is analysed, 

see Figure 5.7, where the difference, ∆ , is calculated, according to the 

integration result of the left-hand side (𝐼𝐿) and the right-hand side (𝐼𝑅) of the 

comparison item shown in each plot in Figure 5.7, through the equation below: 

∆=
|𝐼𝐿 − 𝐼𝑅|

𝐼𝐿
× 100% Equation 5.19 

From the simulated results shown in Figure 5.7, the discrepancy decreases 

as the temperature increases until the temperature of the maximum 

decomposition rate (𝑇𝑚=619 K (346 °C)) The values used for the simulation in 

Figure 5.7 come from ranges of the corresponding values for the cellulose 

pyrolysis reported in the literature These have been reported as 135 to 223 

kJ/mol for the range of activation energy and 300 to 400 °C for the range of 

temperature at maximum decomposition rate, where the discrepancy reaches 

the lowest value in all the three cases, after that, the discrepancy bounces 

back and increases with temperature. This suggests that as the temperature 

gets close to 𝑇𝑚 , the discrepancy is smaller and the more reliable is the 

approximation. In terms of different approximations, the discrepancy of the 

approximation in Equation 5.10 is very close to that in Equation 5.11, both at 

less than 2 %, and they are smaller than that in Equation 5.12 which could be 

as large as 300%. In order to decrease the discrepancy of the approximations 
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of the FOG method, and to improve the its reliability and applicability, the 

temperature ranges applied to the integrations shown in Equation 5.13, 

Equation 5.14 and Equation 5.15 need to be narrowed down to the 

temperature at the maximum decomposition rate, 𝑇𝑚. 

 

Figure 5.7 Discrepancy analysis of the approximations from the origin based on the 

first order global method (Equation 5.10,Equation 5.11 and Equation 5.12),with the 

computing parameters of 𝐸, 𝑇𝑚 and 𝑅 to be 200 kJ/mol, 619 K (346 °C) and 8.314 

J/(K.mol), respectively 

Therefore, the FOG method needs to be modified to overcome the large 

discrepancy caused by the wide temperature range. Here we develop a 

modified FOG method to get the pyrolysis activation energy by gradually 

narrowing the temperature range centred at 𝑇𝑚, which can be confirmed from 

the DTG plots in Figure 5.4, for 𝑙𝑛𝑇, 𝑇 and 
1

𝑇
 methods. A series of temperature 
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ranges are adapted in the approximations to calculate the pyrolysis activation 

energy with the method introduced in 5.2.6, for each sample at each target 

heating rate, and the dependence of pyrolysis activation energy as a function 

of the temperature range can be obtained, after which the tendency is used 

for further analysis. A practical example of how to get the pyrolysis activation 

energy for NY-raw at the heating rate of 50 °C/min is shown in Figure 5.8. The 

pyrolysis activation energy can be obtained as follows. To begin, a series of 

temperature range for the integration of each of the three equations, Equation 

5.13, Equation 5.14 and Equation 5.15, is chosen to be ± 10 %, ± 5 %, ± 3 % 

and ± 1 % of 𝑇𝑚 . Then, in order to get the pyrolysis activation energy from 

different approximations, a linear fitting is applied to each plot of 𝑙𝑛(𝑙𝑛(1/𝑦)) 

vs. the temperature item, 𝑙𝑛(𝑇) for Equation 5.13, 𝑇 for Equation 5.14 and 

1000/𝑇 for Equation 5.15, for every temperature range, see the dot lines in 

Figure 5.8; the gradient of each line can be measured with the LINEST 

regression function in EXCEL. 
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Figure 5.8 Plots of 𝑙𝑛(𝑙𝑛(1/𝑦)) as a function of 𝑙𝑛(𝑇) within the temperature ranges 

of (a) ± 10 %, (b) ± 5 %, (c) ± 3 % and (d) ± 1 % of the temperature of the maximum 

decompsition speed (𝑇𝑚), based on Equation 5.13; 𝑙𝑛(𝑙𝑛(1/𝑦)) as a function of 𝑇 

within the temperature ranges of (e) ± 10 %, (f) ± 5 %, (g) ± 3 % and (h) ± 1 % of 

the 𝑇𝑚, based on Equation 5.14; 𝑙𝑛(𝑙𝑛(1/𝑦)) as a function of 𝑇 within the 

temperature ranges of (i) ± 10 %, (j) ± 5 %, (k) ± 3 % and (l) ± 1 % of the 𝑇𝑚, based 

on Equation 5.15, and all the data are for the natural cotton yarn measured with the 

target heating rate of 50 °C/min 

Recall the method introduced in section 5.2.6, the pyrolysis activation energy 

associated with the temperature range and approximation is calculated with 

the equations below: 

𝐸𝑙𝑛𝑇
𝑖 = (𝐺ln 𝑇

𝑖 − 1) × 𝑅𝑇𝑚  Equation 5.20 
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𝐸𝑇
𝑖 = 𝐺𝑇

𝑖 × 𝑅𝑇𝑚
2   Equation 5.21 

 

𝐸1/𝑇
𝑖 = −𝐺1/𝑇

𝑖 × 𝑅 Equation 5.22 

 

where 𝐺𝑙𝑛𝑇
𝑖 , 𝐺𝑇

𝑖  and 𝐺1/𝑇
𝑖  measure the gradients of the straight lines according 

to the Equation 5.13, Equation 5.14 and Equation 5.15 respectively, and 

correspondingly 𝐸𝑙𝑛𝑇
𝑖 , 𝐸𝑇

𝑖  and 𝐸1/𝑇
𝑖  represent the pyrolysis activation energy; 

the superscript 𝑖 means one of the temperature ranges from ± 10 %, ± 5 %, ± 

3 % and ± 1 %. The dependence of the pyrolysis activation energy as a 

function of the temperature range at different target heating rates is shown in 

Figure 5.9. These results indicate that the pyrolysis activation energy 

increased as the temperature range decreased, e.g. for the of NY-raw, it 

increased from 119.0 ± 0.5 kJ/mol to 143.0 ± 0.1 kJ/mol when the temperature 

range decreased from ± 10 % to ± 1 % at the target heating rate of 5 °C/min 

(the dataset in orange in Figure 5.9(a)). Recall, the difference between the 

approximation and the origin decreases as the temperature range decreases, 

see Figure 5.7. Therefore, we develop a method to determine the pyrolysis 

activation energy when the temperature range is in the limit zero, and 

hereafter it is called the intrinsic pyrolysis activation energy ([𝐸]), as follows. 

First, by examination, the quadratic equation was found to adequately match 

the dependence of pyrolysis activation energy as a function of temperature 

range with the determination coefficient 𝜒2>0.99, shown in Figure 5.9; by 

extrapolating the temperature range to zero, at which the difference between 

the approximation and origin reaches the smallest, corresponding to the 
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lowest points of Figure 5.7, the intrinsic pyrolysis activation energy was 

confirmed to be the constant item of the quadratic fitting line, using the 

advanced LINEST regression function in EXCEL. 
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Figure 5.9 Pyrolysis activation energy dependence on temperature range applied 

for the integration, where (a)-(d) are for the natural cotton yarn(NY-raw) measured 

at the target heating rate of 5, 10, 20 and 50 °C/min respectively, and (e)-(h) are for 

the mercerized cotton yarn (MCY-raw) measured at different target heating rates of 

5, 10, 20 and 50 °C/min, respectively. The dot lines are quadratic fitting results with 

𝜒2>0.99 
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The results in Figure 5.9 are further tabulated in Table 5.4, indicating that there 

is not much difference in the intrinsic pyrolysis activation energy among the 

three approximations when the measurement was conducted under the same 

target heating rate (𝛽𝑡), giving an average intrinsic pyrolysis activation energy, 

[𝐸𝛽𝑡
]̅̅ ̅̅ ̅̅ , to be confirmed for each 𝛽𝑡. An independence of [𝐸𝛽𝑡

]̅̅ ̅̅ ̅̅  on 𝛽𝑡 is found on 

both the NY-raw and the MCY-raw samples, and the former has a lower [𝐸𝛽𝑡
]̅̅ ̅̅ ̅̅  

than the later at each 𝛽𝑡. 

Table 5.4 Activation energy for the pyrolysis of NY-raw and MCY-raw calculated 

from the results in Figure 5.9 

Sample 

Target 
heating 
rate 𝜷𝒕 
 (°C/min) 

Approx.* 

Intrinsic pyrolysis 
activation energy 
 [𝑬𝜷𝒕

] (kJ/mol) 

Average intrinsic 
pyrolysis 
activation energy 

[𝑬𝜷𝒕
]̅̅ ̅̅ ̅̅ ̅(kJ/mol) 

NY-raw 

5 
ln(T) 143.4 ± 0.3 

147 ± 1 1000/T 148.5 ± 0.3 
T 148.4 ± 0.3 

10 
ln(T) 149.9 ± 0.2 

153 ± 1 1000/T 155.1 ± 0.2 
T 155.1 ± 0.2 

20 
ln(T) 153.4 ± 0.4 

157 ± 1 1000/T 158.7 ± 0.4 
T 158.6 ± 0.4 

50 
ln(T) 150.7 ± 0.7 

154 ± 1 1000/T 154.6 ± 0.2 
T 155.9 ± 0.7 

MCY-
raw 

5 
ln(T) 212 ± 2 

216 ± 1 1000/T 218 ± 2 
T 218 ± 2 

10 
ln(T) 179.6 ± 0.9 

183 ± 1 1000/T 184.9 ± 0.9 
T 184.9 ± 0.9 

20 
ln(T) 185.1 ± 0.1 

189 ± 1 1000/T 190.5 ± 0.2 
T 190.5 ± 0.1 

50 
ln(T) 160.3 ± 0.5 

179 ± 1 1000/T 165.8 ± 0.5 
T 165.7 ± 0.6 

*ln(T), 1000/T and T represent the approximations expressed in Equation 
5.10, Equation 5.11 and Equation 5.12, respectively. 
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To further analyse the dependence of [𝐸𝛽𝑡
]̅̅ ̅̅ ̅̅  on sample and heating rate 𝛽𝑡, the 

plot of [𝐸𝛽𝑡
] against 𝛽𝑡 for both the cotton samples is conducted and shown in 

Figure 5.10. For the NY-raw sample, the [𝐸𝛽𝑡
]̅̅ ̅̅ ̅̅  obtained at different 𝛽𝑡 are very 

close to each other, suggesting its independence on 𝛽𝑡 and giving a mean 

value of the average intrinsic pyrolysis activation energy, [𝐸]̅̅ ̅̅
𝑁𝑌−𝑟𝑎𝑤, to be 153 

± 2 kJ/mol, see the solid green circles and the green line in Figure 5.10. As for 

the MCY-raw sample, a similar phenomenon is found that its [𝐸𝛽𝑡
]̅̅ ̅̅ ̅̅  shows 

independence on 𝛽𝑡, therefore its mean value of the average intrinsic pyrolysis 

activation energy was calculated to be [𝐸]̅̅ ̅̅
𝑀𝐶𝑌−𝑟𝑎𝑤 =191 ± 7 kJ/mol. This 

independence of pyrolysis activation energy on 𝛽𝑡 proves the applicability and 

reliability of the modified FOG method to the samples under the conditions 

conducted for the TGA measurements in this study. 

 

Figure 5.10 Plot of average intrinsic pyrolysis activation energy ( [𝐸𝛽𝑡
]̅̅ ̅̅ ̅̅ ) vs. target 

heating rate (𝛽𝑡) for the natural cotton yarn (NY-raw) and themercerized cotton yarn 

(MCY-raw), where the dash lines show the locations of the mean values ([𝐸]̅̅ ̅̅
𝑁𝑌−𝑟𝑎𝑤 

and [𝐸]̅̅ ̅̅
𝑀𝐶𝑌−𝑟𝑎𝑤), where some error bars are smaller than the symbols 
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Compared with NY-raw, MCY-raw has about 23% higher pyrolysis activation 

energy, and this result is consistent with the decomposition temperature 

analysis result shown in Figure 5.5, suggesting the mercerized cotton is more 

thermally stable compared to the raw cotton. The pyrolysis activation energy, 

[𝐸]̅̅ ̅̅
𝑁𝑌−𝑟𝑎𝑤=153 ± 2 kJ/mol for the natural cotton yarn and [𝐸]̅̅ ̅̅

𝑀𝐶𝑌−𝑟𝑎𝑤=191 ± 7 

kJ/mol for the mercerized cotton yarn, compares to the pyrolysis activation 

energy reported by Morgado, et al., at 158 kJ/mol and 187 kJ/mol for untreated 

cotton linters and mercerized cotton linters, respectively [210], and the 

pyrolysis activation energy of hemicellulose and lignin are reported to be 

within the range from 115 to 144 kJ/mol and from 23 to 108 kJ/mol, 

respectively [211]. In combination with the carbohydrate-compositional 

analysis and XRD results, the reasons for the difference in pyrolysis activation 

energy between NY-raw and MCY-raw are hypothesized: the existence of 

hemicellulose, with lower pyrolysis activation energy than cellulose, in the NY-

raw sample shifted the apparent pyrolysis activation energy to a lower value; 

and the thermal stability of cellulose II existing in MCY-raw is higher than that 

of cellulose I, the only cellulose crystalline structure in NY-raw. Besides, even 

though the molecular weight of NY-raw is higher than that of MCY-raw, the 

thermal stability of NY-raw is worse than that of MCY-raw, with lower 

decomposition temperature and pyrolysis activation energy, suggesting that 

the molecular weight plays minor role in the thermal stability of cellulose-base 

materials, while the carbohydrate composition and crystalline structure 

dominate, when non-cellulose lignocellulose materials existing, i.e. 

hemicellulose and lignin. In contrast, in terms of dissolution activation energy, 

the MCY-raw, with lower molecular weight has higher dissolution activation 

energy than NY-raw, suggesting that molecular weight dominates the 
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dissolution kinetics other than the chemical composition, see detailed 

summary in Table 7.1. 

5.4 Conclusions 

The comparable properties of the two samples – NY-raw and MCY-raw, 

including morphology, chemical composition, molecular weight, dissolution 

behaviour in [C2mim][OAc], and thermal decomposition kinetics are 

investigated in this chapter. From the OM results, the shape of filaments in 

NY-raw samples was kidney-like, while for the MCY-raw samples, it shows 

round shape, in line with the findings from other papers. In terms of molecular 

weight, Mn and Mw, the NY-raw is about 2.5 times higher than MCY-raw, and 

there was no detectable amount of hemicellulose found in MCY-raw from the 

chemical composition test on the two samples. The existence of cellulose II 

region was confirmed in the MCY-raw via WAXD measurements, which was 

not detected in NY-raw. The above results are attributed to the mercerization 

process and in line with the findings in literature. 

As to the dissolution kinetics, the dissolution activation energy of NY-raw in 

[C2mim][OAc] is higher than that of MCY-raw, and this is due to the difference 

in either molecular weight or the carbohydrate composition between the two 

samples, which could be verified in the future by mercerizing the NY-raw 

sample and measuring the dissolution activation energy as a function of its 

molecular weight, as what the other researchers have done on cellulose 

materials with NaOH/urea aqueous solution [222]. In the matter of thermal 

decomposition behaviour, TGA was conducted on the two cotton samples, 

whose results suggest that the decomposition temperature is dependent on 
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heating rate, showing an exponential approach tendency with 𝜒2>0.99. In 

order to confirm [𝑇𝑚]  with zero heating rate, a method was successfully 

developed by extrapolating the heating rate to be zero where the 

corresponding value on y axis is the [𝑇𝑚], giving that of NY-raw and MCY-raw 

to be 317 ± 3 °C and 346 ± 6 °C, respectively. 

According to the analysis of the effect of instantaneous heating rate on the 

Friedman method and FOG method, FOG method was found to be more 

reliable and applicable in our case, and a modified FOG method was 

developed and effectively applied to calculate [𝐸𝛽𝑡
]  by narrowing the 

integration temperature range. [𝐸𝛽𝑡
]  is found to be independent on 𝛽𝑡 , 

resulting in [𝐸]̅̅ ̅̅
𝑁𝑌−𝑟𝑎𝑤 and [𝐸]̅̅ ̅̅

𝑀𝐶𝑌−𝑟𝑎𝑤 to be confirmed as 153 ± 2 kJ/mol and 

191 ± 7 kJ/mol, respectively. All the TGA analysis suggests that MCY-raw is 

more thermally stable than NY-raw, as a result of the low-thermal-stable 

hemicellulose only detected in NY-raw and the cellulose II formed upon the 

mercerization process of MCY-raw. 

The findings in this chapter could be instructive to the researchers conducting 

studies on the effect of processing progress such as mercerization and 

bleaching process on other cellulose-based materials, and suggest a 

prospective research plan to verify the hypothesized reasons for the difference 

in dissolution and pyrolysis behaviour mentioned above, by mercerizing the 

NY-raw sample. Besides, the thermal stability measurement results will 

instruct the choice of cotton sample for the fabrication of all cellulose 

composites in the later chapter. 
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Chapter 6 Fabrication of all cellulose composites from the 

mercerized cotton 

6.1 Introduction 

An all cellulose composite (ACC) is a mono-component composite where both 

the reinforcement phase and the matrix phase are comprised of cellulose. 

There are two key processing methods in the literature for the manufacture of 

ACC’s, a one-step method and a two-step method, and they are classified 

according to if the matrix phase is separately prepared from a fully dissolved 

cellulose solution (two-step), or if the matrix phase is produced from partially 

dissolved cellulose from the surfaces of the reinforcement phase itself (one-

step) [4, 232, 233]. 

In terms of the fabrication of all cellulose composites using the one-step 

method (partial dissolving method), there have been several papers reported 

in the literature [155, 233-235]. However, most of them are more suitable for 

batch processing, as the reported process is potentially difficult to be applied 

as a continuous-fabricating process, which is mostly restricted by the 

requirement of simultaneously hot-pressing and dissolving the samples. 

Therefore, the fabrication efficiency and the size of the sample could be 

limited. 

In this chapter, a new technique, based on the one-step method, is introduced 

to fabricate two-layer all cellulose composites from mercerized cotton plain 

fabrics using [C2mim][OAc], where the effect of process conditions, such as 

pressure, pressing time and number of pressing steps, on the tensile strength, 
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Young’s modulus and peel strength are investigated. The scale-up potential 

of the new method used as a continuous process is discussed and proposed. 

6.2 Methods 

6.2.1 Preparation of all cellulose composites from fabrics woven from 

the mercerized cotton yarn 

A basket weave plain fabric was hand woven from the mercerized cotton yarn 

(the same fibre as investigated in Chapter 4), hereafter called MCYF and used 

to make all cellulose composites, where a pair of weft threads is passed over 

and under a pair warp threads – a simple variation of plain weave as shown 

in Figure 6.1(a)). The fabric comprised 13 threads/cm in the warp direction 

(align with y axis) and 70 threads/cm in the weft direction leading to a 

weft/warp thread count ratio of 5.4 (see Figure 6.1(b)). The fabric area density 

was measured to be of 334 grams per square metre (GSM). 
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Figure 6.1(a) Schematic graph of the basket weave with a coordinate shown at the 

right bottom and (b) photograph of the basket MCY-woven fabric applied for the 

fabrication of all cellulose composites in this chapter, where the warp and weft are 

in line with y axis and x axis, respectively 

ACCs were made with two layers of 50 * 50 mm2-sized MCYF using 

[C2mim][OAc] as the solvent through the following steps. First, two layers of 

cut MCYF samples were immersed in [C2mim][OAc] contained in the same 

Teflon dish, where the [C2mim][OAc] had been preheated at 40  °C for 1 hour. 

The solid to solvent ratio was controlled to be 1 to 40, such that [C2mim][OAc] 

exceeded the critical amount [179] needed for a full dissolution of the cellulose 

samples. The conditions applied for the dissolving process is confirmed from 

the dissolution master curve of MCY, and this will be discussed in detail later. 

Next, the submerged cloth layers in the [C2mim][OAc] were put into a vacuum 

oven for partially dissolving, of which the dissolving conditions will be 

confirmed later in Section 6.3.1; then these processed MCYF samples were 

taken out from the [C2mim][OAc] bath and transferred to an aluminium- mould 
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(dimensions also 50 mm * 50 mm) and then pressed together using a hot-

press machine for a certain chosen pressure and for a certain chosen of time 

at room temperature. After this consolidation stage the pressed samples were 

transferred to a water bath to coagulate the dissolved cellulose, and left under 

running tap water to remove any residual [C2mim][OAc] in the samples for 24 

hours. Finally, a drying process followed, using the hot-press machine again 

but this time set to a temperature of 120 °C and using a pressure of 1MPa for 

1 hour. To prevent adhesion between the samples and the mould, Teflon films 

were put on the top and bottom of the two-layer MCYF samples during the 

consolidation process. The fabrication process is presented schematically in 

Figure 6.2. Samples were made to assess the effect of the following variables 

on ACC mechanical properties. The alignment of the two layers (unidirectional 

with the warp and weft aligned and alternating, termed 90/0), the consolidation 

pressure (0.2MPa, 1MPa, 2MPa and 4MPa), the number of consolidation 

stages (single stage and two stages) and the total consolidation time (1 min 

and 2 min). Two samples were prepared for each condition. All the samples 

were stored at room temperature with a relative humidity of ca. 50 % for over 

48 hours before any mechanical test. 

The ACC made under different conditions are named as follows (see Table 

6.1 for a summary): for those with unidirectional alignment, Uni or 90/0 -a(b) 

or/and –c(d), where Uni and 90/0 stand for the unidirectional alignment and 

90/0 alignment respectively, and a(b) means the first processing step is @ ‘a’ 

MPa for time of ‘b’ min, and if available the second processing step is @ ‘c’ 

MPa for time of ‘d’ min. For example, Uni-0.2(1)-2(1) means the alignment of 
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the two layers of fabrics are unidirectional, and they are processed @ 0.2MPa 

for 1 min followed by a second processing step @ 2MPa for 1 min. 

 

Figure 6.2 Fabrication procedure of two-layer all cellulose composites out of 

mercerized cotton yarn-woven fabrics (MCYF) 
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Table 6.1 Nomenclature of ACC and the corresponding processing conditions 

Sample 
Number of 
processing 

stage 

Processing 
conditions 

Alignment of the 
two layers of fabrics 

Uni-0.2(1) 1 
0.2 MPa for 1 min 

@100 °C 
unidirectional 

Uni-1(1) 1 
1 MPa for 1 min 

@100 °C 
unidirectional 

Uni-2(1) 1 
2 MPa for 1 min 

@100 °C 
unidirectional 

Uni-4(1) 1 
4 MPa for 1 min 

@100 °C 
unidirectional 

Uni-2(2) 1 
4 MPa for 2 min 

@100 °C 
unidirectional 

Uni-0.2(1)-2(1) 2 
0.2 MPa for 1 min 
plus 2 MPa for 1 

min @100 °C 
unidirectional 

0/90-2(1) 1 
2 MPa for 1 min 

@100 °C 
90/0 

6.2.2 Optical microscopy 

Optical Microscopy in reflection mode was used to investigate cross-section 

morphology of the manufactured all cellulose composites, and the sample 

preparation for optical microscopy followed that previously described in 

section 2.2.1. 

6.2.3 Tensile test and peel test 

The tensile properties of ACCs were measured using an Instron tensile 

machine with a 2000 N load cell at a displacement rate of 10 mm/min. The 

extension came from the movement of two clamps, and the tensile force was 

loaded on the sample which is in line with the weft direction of the specimen. 

The tensile strength is defined as the tensile stress, 𝜎, at break in this study, 
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which is calculated as the ratio of the force at break, 𝐹, to the initial cross-

section area of the specimen, 𝑆, and calculated by the equation: 

𝜎 =
𝐹

𝑆
 Equation 6.1 

where the cross-section area,𝐴, is calculated by the equation below: 

𝑆 = 𝑊 ∗ 𝑑  Equation 6.2 

where 𝑊  and 𝑑  measure the width and thickness of the specimen, 

respectively. 

The strain, 𝜀, which measures the deformation during the stretching test is 

calculated with the change in length, ∆𝑙, and the original length, 𝑙𝑜, along the 

stretching direction via the equation: 

𝜀 =
∆𝑙

𝑙𝑜
 

Equation 6.3 

The original length 𝑙𝑜 is set as the distance between the two clamps, which is 

usually called the gauge length. For each sample, three specimens with width 

of about 5 mm were used, and the gauge length was kept to be about 25 mm 

which makes the ratio width/gauge length to be about 1:5. The Young’s 

modulus, 𝐺′, was calculated from the initial linear region of the stress-strain 

curve, where the elastic deformation dominated, by the equation: 
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𝐺′ =
∆𝜎𝑒

∆𝜀𝑒
  

Equation 6.4 

where ∆𝜎𝑒 and ∆𝜀𝑒 stand for the changes in stress and strain during the elastic 

deformation region, respectively. Finally, the average value and the standard 

error of the three specimens were calculated and used. 

As to the peel test, the same Instron machine was used as for tensile test with 

a load cell of 2000 N. For each sample, two specimens with width of ca. 1 cm 

and length of ca. 6 cm were applied. The peel strength, 𝑃, is defined as the 

average load per unit width required to separate bonded materials where the 

loading force is 180 degrees to the separation progressing direction. It can be 

then calculated as the equation: 

𝑃 =
𝐹̅

𝑊
 

Equation 6.5 

Where 𝐹̅, and 𝑊 measure the average load during the peeling process and 

the sample width. Two specimens are tested for each sample, and the mean 

and standard error were again calculated. Both tensile test and peel test were 

conducted at room temperature with a relative humidity of ca. 50 %. 

6.3 Results and discussion 

6.3.1 Determination of the conditions for dissolving the MCYF samples 

In order to estimate the minimum amount of cellulose needed to be selectively 

dissolved to fill all gaps between adjacent yarns, which contributes to the 
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matrix phase in the final ACCs, a schematic image is proposed as shown in 

Figure 6.3. 

 

Figure 6.3 Schematic images illustrating the amount of cellulose needed to be 

dissolved to make enough matrix in ACCs, which is denoted by the shaded area in 

two ideal scenarios of alignment between two cotton fabrics: (a) the maximum and 

(b) the minimum, where the matrix volume fractions are represented by the shaded 

areas in the rectangular and triangular areas, and they are labelled to be 𝑟𝑚𝑎𝑥
𝑠ℎ𝑎𝑑𝑒𝑑 

and 𝑟𝑚𝑖𝑛
𝑠ℎ𝑎𝑑𝑒𝑑, respectively 

Figure 6.3 shows two possible packing scenarios for adjacent cotton fabrics 

layers, which are used to estimate the required matrix volume fraction, where 

only the closely packed weft threads are considered as they are in the 

majority, with the ratio of weft to warp to be about 5.4. The matrix fractions in 

the two cases, the maximum ( 𝑟𝑚𝑎𝑥
𝑠ℎ𝑎𝑑𝑒𝑑 ) and the minimum ( 𝑟𝑚𝑖𝑛

𝑠ℎ𝑎𝑑𝑒𝑑) , are 
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calculated as the shaded areas involved the rectangular (Figure 6.3(a)) and 

triangular (Figure 6.3(b)) areas, respectively. 

In order to make sure that there is enough partially dissolved matrix to fill all 

the gaps between the adjacent woven layers, then we choose the worst case 

scenario which is that at least 21.5% of MCYF needs to be dissolved. In 

practice, it is safer if we dissolve slightly more than this amount, then during 

the consolidation process, any excess matrix will be expelled (and will be seen 

as ‘flash’ outside the woven composite layers), and the composite will then 

contain the ‘optimum’ matrix fraction. If we see this ‘flash’ on the final produced 

ACC then we can conclude we have sufficient dissolved matrix. 

In order to dissolve enough cellulose to make sure we have more than 21.5 

% and to produce the ‘flash’ (which we take as evidence of dissolved cellulose 

filling all the gaps between the two woven layers) - we decided to dissolve 

twice as much this limit, ca. 40% of the MCYF. Recall the master curve at 40 

°C in Figure 4.9(c) for the same fibre, the coagulation fraction of 40% 

corresponds to the dissolution process carried out at 40 °C for ca. 1 hour. This 

is a relatively low temperature, compared with over 90 °C reported by most 

other papers [3, 139, 142, 156], and appropriate length of time which could 

ensure high efficiency and ease to control. As a result, the processing 

conditions for dissolution is confirmed as 40 °C for ca. 1 hour, which has been 

applied to all the fabrication of ACCs mentioned in this thesis. Here, an 

example of the appearance of Uni-0.2(1)-2(1) is shown in Figure 6.4, where 

on both images, one for its damp sample upon the coagulating process and 

another for its dried sample upon the drying process, flash was found, which 

is pointed at by the blue arrows. We take the presence of the flash as evidence 



- 134 - 

that we have achieved the optimum amount of dissolved and coagulated 

matrix fraction inside the ACC for this weave style. 

 

Figure 6.4 Appearance of Uni-0.2(1)-2(1) (a) when it was soaking in the water bath 

upon coagulation and (b) it was dried, with the flash cellulose indicated by the blue 

arrows 

6.3.2 Microscopy results 

Optical microscopy was used to study the cross sections of the ACC samples 

made under different processing conditions, see Figure 6.5. 
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Figure 6.5 Cross-section images of (a) (e) single layer of the raw MCYF, (b) and (f) 

show Uni-1(1), (c) and (g) Uni-0.2(1)-2(1) and (d) and (h) Uni-4(1), where in (a)-(d) 

the axis of wefts, denoted by x, is perpendicular to the plane of cross section, while 

in (e)-(h) the axis of warps, represented by y, is perpendicular to the plane of cross 

section; and visible defects/air gaps are shown with red ellipses in (b). Recall Table 

6.1 for nomenclature 
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Compared with the raw mercerized cotton yarn fabric (MCYF-raw), MCY weft 

fibres were merged together upon the dissolving process, see Figure 6.5(a)-

(d). For the raw cloth, the fibres are not bonded together and so they move 

away from each other during the epoxy encapsulation process for sample 

preparation. Once there is some dissolved and coagulated matrix this no 

longer occurs. The visible remaining MCY fibres indicate that the MCY was 

partially dissolved/selectively dissolved from its outside, which is in line with 

the OM results on single MCY, see Figure 4.7, where the dissolution started 

from the exterior of the MCY and moves into the central core region, resulting 

in non-visible dissolved cellulose able to be observed in the central region. 

Figure 6.5(b) shows that there were lots of air gaps between the two layers of 

fabrics, circled in red, found when using a lower consolidation pressure and a 

short consolidation time (in Uni-1(1)), suggesting there is not enough matrix, 

or poor consolidation. Alternatively, there were no visible internal voids when 

using either a two-stage process (0.2MPa for 1 minute followed by 2MPa for 

1 minute, Uni-0.2(1)-2(1)) or a single stage at a higher pressure (Uni-4(1)). 

Figures (c) and (d) in particular show a nice layer of dissolved and coagulated 

matrix between the woven layers suggesting good composite manufacture. 

The results indicate that with the processing pressure increase from 1 MPa to 

4 MPa, the internal voiding is decreased as so we will expect improved 

mechanical properties and interlayer peel strength. How the number of 

processing stages influences the bonding property remains unclear and 

therefore needs further measurement, such as peel test which will be 

discussed later. 
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As the pressure applied during the fabricating process was increased from 1 

MPa (Figure 6.5(f)) to 4 MPa (Figure 6.5(h)), the flatness of warps increased, 

and compared with MCYF-raw in Figure 6.5 (e), the gaps between filaments 

comprising the yarns disappeared upon the fabricating process. This finding 

is also consistent with the analysis results on the microscopic images of 

mercerized cotton yarns shown in Figure 4.7. Cellulose flash was observed 

on Uni-0.2(1)-2(1), which is caused by excessive dissolved cellulose filling the 

gaps between the two layers, see Figure 6.5(g), which indicates sufficient 

cellulose has dissolved to form the matrix phase under the processing 

condition of 40 °C, 1 hour. 

6.3.3 Mechanical properties 

Tensile test and peel test were carried out to measure the mechanical 

properties of the various ACCs, including tensile strength (Equation 6.2), 

Young’s modulus (Equation 2.1) and peel strength (Equation 5.18), to explore 

the effect of different fabricating conditions. Their results are shown in Figure 

6.6, Figure 6.7 and Figure 6.8. 
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Figure 6.6 Mechanical properties of ACCs, including (a) tensile strength, (b) 

Young’s modulus and (c) peel strength, see Table 6.1 for nomenclature 
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Figure 6.7 Peel test curves of load as a function of extension of ACCs, where the 

average load is denoted with the red dash line and recall Table 6.1 for 

nomenclature 

 

Figure 6.8 Stress-strain curves of different ACCs from tensile test along the weft 

direction 

Figure 6.6 shows that, compared with the sample with 0/90 alignment between 

the two MCYF, those with unidirectional alignment possess higher tensile 

strength, Young’s modulus, and peel strength, apart from the peel strength of 
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Uni-0.2(1). For 0/90-2(1), 50% axes of the wefts are perpendicular to the 

stretching force direction, which decreased its tensile strength and Young’s 

modulus to be about half of those of Uni-2(1), see Figure 6.6(a) and (b) and 

Figure 6.8. As to the peel strength of Uni-0.2(1) shown in Figure 6.7 (e), the 

average load during the testing reached almost zero newtons, indicating that 

the bonding between the two layers of MCYF was extremely low. This could 

be because the pressure (0.2 MPa) and/or time (1 min) were not sufficient to 

disperse the dissolved cellulose into the space between the undissolved fibres 

and into the interface between the two layers. The stress-strain curve of Uni-

0.2(1) shows several breaking steps, also suggesting the weak interaction 

between adjacent MCY caused by the lack of effective matrix material. 

After a comparison among Uni-1(1), Uni-2(1) and Uni-4(1), the tensile strength 

shows independence on processing pressure, but an upward tendency of 

Young’s modulus is found on processing pressure, see Figure 6.6(a) and (b); 

In terms of peel strength shown in Figure 6.6(c), Uni-2(1) and Uni-4(1) are 

very similar at 8.7 ± 0.1 N/cm and 9.1 ± 0.2 N/cm, respectively, which are 

slightly lower than that of Uni-1(1) at 10.9 ± 0.5 N/cm, while in combination 

with the analysis on the peel test curves in Figure 6.7(a)-(c), Uni-2(1) and Uni-

4(1) show more uniform peel test curves than Uni-1(1), suggesting a better 

bonding interaction between the two layers in Uni-2(1) and Uni-4(1). This is 

consistent with the optical microscopy results shown in Figure 6.5, where air 

bubbles were observed on the microscopic image of Uni-1(1) (Figure 6.5(b)). 

As to the effect of processing time, the Young’s modulus of Uni-2(2), at 5.9 ± 

0.1 GPa, is higher than that of Uni-2(1), at 4.4 ± 0.2 GPa, see Figure 6.6(b). 

This indicates a low effective matrix volume fraction in Uni-2(2) according to 
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the rule of mixture, where cellulose II and amorphous cellulose - the main 

contents in matrix - have lower Young’s modulus than cellulose I mainly 

existing in the undissolved fibres [17, 31], recall section 4.3.2. This could be 

because the pressing with longer time squeezed more dissolved cellulose off 

the sample which decreased the effective matrix volume fraction, also giving 

a lower flexibility of Uni-2(2) than that of Uni-2(1), see Figure 6.8. The peel 

strength is increased upon a longer-time process, see Figure 6.7(b) and (f), 

where the peel strength was increased from 8.7 ± 0.1 N/cm to 9.8 ± 0.1 N/cm 

after the processing time was increased from 1 min to 2 min under the same 

pressure of 2 MPa. Furthermore, the consistency on the interface between the 

two layers was also improved, shown by the less peak-to-peak distance found 

on Uni-2(2) in Figure 6.7(f) than that on Uni-2(1) in Figure 6.7(b).  

In terms of the effect of number of pressing stage, one stage and two stages, 

on the mechanical properties, although the tensile strength and Young’s 

modulus of Uni-0.2(1)-2(1) are lower than those of Uni-2(1), the peel strength 

of Uni-0.2(1)-2(1), at 17.8 ± 0.2 N/cm, is two times as large as that of Uni-2(1). 

The decrease in Young’s modulus indicates higher effective matrix volume 

fraction and the increase in peel strength denotes better bonding interaction 

among the interface of the two layers of MCYF. It is likely due to that the low 

pressure, 0.2 MPa, in the first stage helped the dissolved cellulose to be 

constrained in the sample rather than being squeezed out by high pressure 

such as 2 MPa. Further, due to the shear-thinning characteristic of 

cellulose/[C2mim][OAc] solution, it dispersed more evenly into different MCY 

and filaments composing the MCY [236], leading to a high effective matrix 

volume fraction. Whereas the interaction between the two layers of MCYF still 
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remained low. But this is overcome by the following second pressing stage at 

2 MPa which increased the interaction between the two layers and 

simultaneously further facilitated the dispersion of dissolved cellulose, due to 

a decreased viscosity by a higher shear rate/pressure. During this two-stage 

pressing, more effective matrix and/or less dissolved cellulose being 

squeezed out than the one-stage pressing under pressing time of both 1 min 

and 2 min. This is because ACC is a self-reinforced composite where no 

compatibility issues need to be considered, and once the dissolved cellulose 

is dispersed into the reinforcement phase by the first low-pressure pressing, 

it is difficult to relatively difficult to remove the dispersed cellulose by pressing. 

6.3.4 Comparison between a patented batch method and a proposed 

continuous process 

The method in this chapter compares with the patented method [235], where 

a interleaf layer of second cellulose-based materials such as cellulose films is 

needed, in order to provide enough matrix phase to bond the first cellulose-

based materials such as fabrics, and no extra interleaf layer is required in the 

method reported in this chapter, and the fabrication is processed under a 

relatively low temperature at 40 °C rather than 100 °C reported in the patent. 

Furthermore, the mechanical properties including tensile strength, Young’s 

modulus and peel strength of the unidirectional ACCs fabricated in this 

chapter are in the range of 101.4 MPa to 128.4 MPa, 3.5 GPa to 5.9 GPa and 

2.3 N/cm to 17.8 N/cm, respectively, which compares to the ACCs invented in 

the patent, ranging from 52 MPa to 120 MPa, 2.8 GPa to 7.1 GPa and 0.4 

N/cm to 4 N/cm. 
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The obtained mechanical properties also compare with those found in 

literature. The Young’s modulus and tensile strength up to 22 MPa and 0.134 

GPa respectively were seen on a cotton twill weave-based all cellulose 

composite, which was fabricated with a similar fabrication process, but using 

[C4mim]Cl as the solvent and 150 °C as the processing temperature [139]. 

Apart from the patent, a recently published paper in our group also introduced 

a batch method with extra interleaf - a cellulose film – to increase the bonding 

between two fabric layers. The process comparison results are shown in Table 

6.2, suggesting that the dissolution time of batch method reported by Ashley 

et al. [163] is shorter at 10 min than that of the current research at 1 h. This is 

because the addition of DMSO reduces the viscosity of solvents, and the 

interleaf contributes to the matrix portion, which make the matrix fraction to 

the required amount faster. But the temperature used in the current research 

is lower (40 °C against 100 °C), which in combination with the relatively long 

processing time, could make the dissolution process easier to control. 

Table 6.2 Comparison results of ACCs processing conditions between current 

research method and a batch method 

Dissolution 
time 

Dissolution 
Temperature 

(°C) 

Solvent 
system 

Cellulose to solvent 
weight ratio 

Ref. 

10 min 100 
[C2mim][OA]+

DMSO 
1:3 [163] 

1 h 40 [C2mim][OA] <<1:4 This research 

Here, the reported partial-dissolving process is implemented in a separate 

solvent bath from the pressing process, which brings it the potential to be a 

continuous process. This resolves the limits found in the hot-pressing method, 

where the sample size is limited by the size of hot-press mould-brings it 



- 144 - 

difficulty to be a continuous manufacturing process [163]. Herein, a continuous 

fabricating process of ACCs is proposed and shown in Figure 6.9. 

 

Figure 6.9 Schematic flow chart of the proposed continuous manufacturing 

process, where the feeding section, dissolving section, pressing section, 

coagulating section and forming/drying section are in blue, yellow, red, green 

and orange, respectively; the circles, red-shaded area and blue-shaded area 

denote rollers, solvent, e.g. ionic liquids, and coagulant, e.g. water, 

respectively 

The proposed industrial-fabricating process is composed of several sections, 

including fabrics feeding section, dissolving with solvents section, pressing 

(low- and high-pressure rollers) section, coagulating with coagulant section 

(including recycling system for the solvents), and forming and drying section, 

see Figure 6.9. Among them, there could be several layers of fabrics feeding 

into the system from the beginning, and for the dissolving section, the 

container with solvents should be placed in a low water content circumstance 

for those easily water-absorb solvents, i.e. [C2mim][OAc] systems. As for the 

coagulating section, the water liquids can be collected for further recycling 

process. 
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6.4 Conclusions 

ACCs are successfully fabricated from the two layers of plain woven of 

mercerized cotton yarn that possess lower dissolution activation and higher 

thermal stability than the natural cotton yarn, via a potential continuous 

process. Optical microscopy, tensile test and peel test are applied to explore 

the effect of pressing pressure, number of pressing stages, alignment of the 

two layers and pressing time on the outcomes of ACCs. OM images show that 

different pressure and number of pressing stages affect the bonding 

interactions between the two layers, where a strong bonding interaction was 

seen on the Uni-0.2(1)-2(1) sample. 

As to the mechanical properties, including tensile strength, Young’s modulus 

and peel strength are found in the range from 101.4 MPa to 128.4 MPa, 3.5 

GPa to 5.9 GPa and 2.3 N/cm to 17.8 N/cm, respectively. The ACCs with 0/90 

alignment show higher comprehensive mechanical properties than those with 

unidirectional alignment. Within the tested pressure range, the pressing 

pressure rarely affects the tensile strength but determines the Young’s 

modulus and peel strength. As to the number of pressing stages, the two-

pressing stage with 0.2 MPa as the low pressure and subsequently a 2 MPa 

as the high-pressure stage shows significant improvement on the peel 

strength with minor influence on the tensile strength, compared with the single 

pressing stage. The reason is considered to be that the first-stage low 

pressure stage facilitates the dispersity of dissolved cellulose into gaps in the 

fabrics, yarns, and interface between the two layers, and the following 2 MPa 

stage contributes to increase the bonding between two layers, leading to a 

higher effective matrix fraction in the final ACCs. 
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The current fabrication method compares favourably with the reported 

method, showing a higher potential to be scaled up to make large samples, 

and as a result, an industrial-fabricating process is proposed. The findings in 

this chapter could provide instructive information to researchers fabricating 

ACCs and related industries. 
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Chapter 7 Conclusion and prospective 

7.1 Outcomes and conclusions 

In this thesis, the dissolution in [C2mim][OAc] and the pyrolysis behaviour 

under non-isothermal conditions of two cellulose-based materials, the natural 

cotton yarn and the mercerized cotton yarn, have been explored; and ACCs 

are successfully made out of a basket plain weave of the mercerized cotton 

yarn with a one-step partially dissolving approach using [C2mim][OAc]. It has 

huge potential to be scaled up into a continuous fabricating process. The 

results of the research on the dissolution and pyrolysis kinetics of the two 

cotton samples are summarized in Table 7.1, in conjunction with the other 

comparative properties. 
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Table 7.1 Summary of the dissolution and pyrolysis properties of the natural cotton 

and mercerized cotton in this thesis, with their carbohydrate composition and 

molecular weight 

Property NY-raw MCY-raw 

Dissolution 𝐸𝑎 (kJ/mol) 95 ± 2 74 ± 2 

Pyrolysis 𝐸𝑎 (kJ/mol) 153 ± 2 191 ± 7 

Intrinsic 𝑇𝑚 (°C) 317 ± 6 346 ± 3 

Lignin content of dry samples (mg/g) 12.90 10.40 

Arabinose (mg/g) 3.94 null 

Rhamnose (mg/g) 1.23 null 

Xylose (mg/g) 2.08 null 

Galacturonic acid (mg/g) 6.73 null 

Mannose (mg/g) null null 

Galactose (mg/g) 2.72 null 

Glucose (mg/g) 156.69 142.95 

Mn (kDa) 653 ± 18 252 ± 5 

Mw (kDa) 1069 ± 19 385 ± 4 

Polydispersity [Mw/Mn] 1.64 ± 0.07 1.53 ± 0.02 

Reg (µmol/g) 1.53 ± 0.04 3.98 ± 0.09 

Crystalline structure 
cellulose I  
amorphous region 

cellulose I 
cellulose II 
amorphous region 

For the dissolution of the natural cotton yarn in excess amount of 

[C2mim][OAc] [179], three sample arrangements were applied, and optical 

microscopy and X-ray diffraction were used to examine their changes in the 

coagulation fraction of the resultant samples in association with the 

morphology and crystalline structure, respectively. A time-temperature 

equivalence was found upon the examination of the coagulation fraction as a 

function of time for different processing temperatures. The time-temperature 
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superposition method was then successfully applied to analyse the dissolution 

behaviour which turns out to follow the Arrhenius behaviour. This gives 

activation energies to be calculated for different arrangements, at 96 ± 8 

kJ/mol, 97 ± 3 kJ/mol and 91 ± 11 kJ/mol for cotton single yarn, cotton array 

and cotton bundle, respectively. These activation energies interestingly agree 

with each other within the range of their errors, resulting an average 

dissolution activation energy of 95 ± 2 kJ/mol. As for the dissolution kinetics 

of the mercerized cotton yarn in [C2mim][OAc], optical microscopy and X-ray 

diffraction were again used to characterize the micromorphology and 

crystalline structure of the resultant samples. Subsequently, four quantifying 

methods were implemented with different quantification parameters, including 

𝐶𝐹𝑂𝑀, 𝐶𝐹𝑋𝑅𝐷 𝐶𝐹𝑂𝑀−𝐻 and 𝑇𝐻. Further, similar to the natural cotton, the time-

temperature superposition method was again successfully applied to explore 

the dissolution behaviour of the mercerized cotton yarn hydrogel and the dried 

mercerized cotton yarn, upon the dissolving process under different 

combinations of time and temperature. The Arrhenius behaviour was again 

seen on dissolution of the mercerized cotton yarn. This allows activation 

energies with aspect to 𝐶𝐹𝑂𝑀, 𝐶𝐹𝑋𝑅𝐷 𝐶𝐹𝑂𝑀−𝐻 and 𝑇𝐻 to be found as 69 ± 5 

kJ/mol, 78 ± 10 kJ/mol, 78 ± 4 kJ/mol and 71 ± 4 kJ/mol, respectively. An 

independence of these activation energies on the quantifying method is found, 

giving an average value of 74 ± 2 kJ/mol. This agreement confirms the 

universality of the TTS analysis on both natural and mercerized cotton 

cellulose, and it also suggests the advance of the measurement of the 

mercerized cotton yarn hydrogel with optical microscopy as it dramatically 

saves time on experiment. Additionally, a facile and novel method to examine 
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the regional water volume fraction and swelling ratio of the cellulose hydrogel 

was reported for the first time as of writing. 

The pyrolysis kinetics of the natural cotton yarn and the mercerized cotton 

yarn is investigated via TGA under different heating rates. A modified first 

order global model was reported to effectively describe the pyrolysis 

behaviour, where the integration temperature range is gradually narrowing to 

zero at which the discrepancy from the mathematical approximations is the 

smallest. Consequently, the pyrolysis activation energies of the natural cotton 

and the mercerized cotton are confirmed to be 153 ± 2 kJ/mol and 191 ± 7 

kJ/mol, respectively. In addition, the decomposition temperature was found 

dependent on heating rate, and an exponential equation was used to 

adequately fit the tendency. From that, an intrinsic decomposition 

temperature, i.e. the decomposition temperature at heating rate of zero, can 

be obtained, at 317 ± 3 °C and 346 ± 6 °C for the natural and mercerized 

cotton respectively. The above results indicate that the mercerized cotton 

sample is more thermally stable than the natural cotton sample. 

In order to explain the difference in the dissolution kinetics and pyrolysis 

behaviour between the two cotton samples, carbohydrate composition 

analysis, molecular weight and crystalline structure were measured and 

analysed, see Table 7.1. The reasons for the difference in the dissolution 

activation energy are likely to be caused by the difference in either the 

molecular weight [222] and/or the carbohydrate composition. While for the 

difference in the pyrolysis behaviour, it is hypothesized that the carbohydrate 

composition and/or the crystalline structure dominate the pyrolysis behaviour, 

where the existence of lignin and hemicellulose with lower thermal stability 
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than cellulose shifted the pyrolysis activation energy and decomposition 

temperature to lower values; and the cellulose II with higher thermal stability 

than cellulose I in the mercerized cotton sample also increases the two values. 

ACCs were successfully fabricated with a selective-surficial dissolution 

process, i.e. one-step method, using excess amount of [C2mim][OAc], where 

the dissolving process and pressing process are separated, differentiating 

from the methods reported in literature [146, 157, 235]. A potential continuous 

fabricating process is then proposed in this thesis, which has huge potential 

to be scaled up into industrial size for large-scale fabrication of ACCs. 

7.2 Prospective and future plans 

The hypothesis for the difference in kinetics of dissolution and pyrolysis 

between the two samples needs further verification. Therefore, for the 

difference in dissolution kinetics, the reasons have been postulated to be the 

difference in carbohydrate composition or/and the molecular weight between 

the two samples, and this could be further verified by mercerizing the natural 

cotton in a relatively mild condition where the hemicellulose is significantly 

removed with the molecular weight being minor influenced; as to the 

difference in pyrolysis behaviour, the hypothesized reasons could also be 

verified by mercerizing the natural cotton sample. Besides, the proposed 

continuous fabricating ACCs process needs to be scaled up to a lab scale in 

the first instance before it can be finally industrialized in a large scale. 

The findings in the thesis can also be informative to researchers doing studies 

in dissolution and pyrolysis of cellulose-based materials, and fabrication of all 

cellulose composites. 
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