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Abstract 

 

 Use of Ionic Liquid for Producing Regenerated Cellulose Fibers  

 

 

Wei Jiang, M. S. T. A. T. 

The University of Texas at Austin, 2011 

 

Supervisor:  Jonathan Yan Chen 

 

The objectives of the research are to establish the process of obtaining regenerated 

fibers and films from wood pulp and bagasse pulp with the ionic liquid 1-Butyl-3-

methylimidazolium Chloride (BMIMCl) as a solvent; to study the impacts on tensile 

strength of different spinning parameters; to find the optimal spinning condition, and to 

obtain regenerated cellulose products with flame retardant properties. Solutions were 

obtained by dissolving cellulose (wood/bagasse) pulp into the BMIMCl. The solutions 

were extruded in a dry-jet and wet-spinning method using water as a coagulation bath. 

The obtained fibers were tested to evaluate the properties such as tensile strength, thermal 

property, thermal mechanical property, crystal order, and ionic liquid residue in obtained 

fiber. The orthogonal experiments were designed to find out the strongest affective 

variable and the optimal condition of the spinning process. The regenerated cellulose 

films with melamine resin or zinc oxide were obtained. Their flame retardant properties 

were tested. Cellulose fiber with melamine resin was also obtained. Thermo-gravimetric 

analyzer (TGA) was used to measure the thermal properties of obtained products, and to 



 vi 

calculate their activation energies. Dynamic mechanical analysis (DMA) was used to 

determine the thermal mechanical properties of obtained fibers. Wide angle X-ray 

diffraction (WAXD) was used to measure the degree of crystallinity and degree of crystal 

orientation. The tensile strength was tested by a tensile machine. To evaluate the quantity 

of ionic liquid residue in the regenerated fibers, the instrumental methods of FT-IR and 

Mass Spectrometry were applied. Research results indicated increases in the degree of 

crystallinity and storage modulus under a higher fiber drawing speed. Both regenerated 

bagasse fibers and regenerated wood fibers had similar thermal properties. However, the 

regenerated bagasse fibers showed a higher degree of crystallinity and a higher tenacity 

than the regenerated wood fibers obtained under the same condition. The study also 

revealed water treatment would be helpful for eliminating the ionic residue in regenerated 

fibers. It was also found the concentration of cellulose in the BMIMCl solution affected 

the tensile strength of regenerated fiber mostly. Certain amount of melamine or zinc 

oxide nanoparticles contained in the cellulose matrix could improve the flame retardant 

property effectively. 

 



 vii 

Table of Contents 

List of Tables ......................................................................................................... ix 

List of Figures ..........................................................................................................x 

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

Chapter 2:  Literature review ...................................................................................5 

2.1 Preparation method of regenerated cellulose fibers ..................................5 

2.1.1 Viscose method .............................................................................5 

2.1.2 NMMO method .............................................................................6 

2.1.3 NaOH/Thiourea solvent system method .......................................8 

2.1.4 NaOH/Urea aqueous solution method ..........................................9 

2.1.5 Ionic liquid methods ...................................................................10 

2.1.5.1 1-butyl-3-methylimidazolium chloride (BMIMCl) .................11 

2.1.5.2 1-ally-3-methylimidazolium chloride (AMIMCl) ...................12 

2.1.6 Other salt methods ......................................................................13 

2.2 Study of functional cellulose fibers ........................................................13 

2.2.1 Lyocell fibers with high absorption ability .................................13 

2.2.2 Antibacterial cellulose fibers ......................................................15 

2.2.3 Magnetically active composites cellulose fibers.........................15 

2.2.4 Cellulose/multi-walled-carbon-nanotube composite fibers ........16 

Chapter 3:  Methodology .......................................................................................17 

3.1 Materials .................................................................................................17 

3.2 Experiment design ..................................................................................18 

3.3 Procedures of regenerating fibers and films ...........................................19 

3.4 Property characterization ........................................................................21 

3.4.1 Thermal and dynamic mechanical analysis ................................21 

3.4.2 Mechanical properties .................................................................23 

3.4.3 Structural characterization ..........................................................23 

3.4.4 Ionic liquid residue analysis........................................................24 



 viii 

Chapter 4:  Results and discussion.........................................................................25 

4.1 Preparation and comparison of bagasse fibers and wood fibers .............25 

4.1.1 Thermal property of raw cellulose and regenerated cellulose ....25 

4.1.2 Regenerated cellulose fiber crystallinity .....................................26 

4.1.3 Fiber tensile property corresponding to temperature ..................28 

4.1.4 Tensile strength ...........................................................................30 

4.1.5 Removal of ionic liquid residue from regenerated fibers ...........33 

4.2 Optimization of processing parameters ..................................................34 

4.3 Flame retardant properties of regenerated products................................37 

4.3.1 The flame retardant property of regenerated films .....................37 

4.3.2 The flame retardant property of regenerated fibers ....................40 

Chapter 5:  Conclusions and suggestions for future research ................................43 

5.1 Conclusions .............................................................................................43 

5.2 Suggestions for future research ...............................................................44 

Glossary .................................................................................................................45 

References ..............................................................................................................46 

Vita .......................................................................................................................52 

 

 



 ix 

List of Tables 

Table 1: Thermal property comparison between raw cellulose and regenerated 

cellulose. ...........................................................................................26 

Table 2: Crystal orders of fibers obtained under different drawing speed. .....27 

Table 3: Tensile properties of regenerated bagasse fibers. .............................31 

Table 4: Orthogonal experimental design and results. ....................................35 

Table 5: Tensile strengths of fibers obtained from different concentration 

cellulose/ionic liquid solutions. ........................................................36 

Table 6: Crystal orders of fibers obtained from different concentration 

cellulose/ionic liquid solutions. ........................................................37 

Table 7: TGA data and activation energy of obtained films: (a) pure cellulose 

film obtained from 5 wt% cellulose/ionic liquid solution; (b) cellulose 

film with 2 wt% zinc oxide nanoparticles obtained from 5 wt% 

cellulose/ionic liquid solution; (c) cellulose film with 5 wt% melamine 

resin obtained from 5 wt% cellulose/ionic liquid solution. ..............39 

Table 8: TGA data and activation energy of obtained fibers: (a) pure cellulose 

fiber obtained from 5 wt% cellulose/ionic liquid solution; (b) cellulose 

fiber with 2 wt% melamine resin obtained from 5 wt% cellulose/ionic 

liquid solution. ..................................................................................41 

Table 9: The crystal orders and tensile strength of pure cellulose fiber and 

melamine resin modified fiber. .........................................................42 

 



 x 

List of Figures 

Figure 1: Images for (a) raw bagasse; (b) bagasse pulp. ..................................17 

Figure 2: Cellulose/ionic liquid solution. .........................................................19 

Figure 3:  Fiber/film producing line. ................................................................20 

Figure 4: Images for (a) regenerated cellulose fibers; (b) regenerated cellulose 

films. .................................................................................................20 

Figure 5: Optical image of regenerated fiber. ..................................................21 

Figure 6: WAXD images for (a) cellulose powder; (b) regenerated fibers from 6% 

bagasse (120 mm/s); (c) regenerated fibers from 6% wood (120 mm/s).

...........................................................................................................27 

Figure 7: Dynamic storage modulus of fibers produced from 6 wt% bagasse 

solution. .............................................................................................29 

Figure 8: Dynamic storage modulus of fibers produced from 6 wt% wood 

solution. .............................................................................................29 

Figure 9: Dynamic storage modulus of fibers produced from 6 wt% bagasse 

solution and 6 wt% wood solution (drawing speed 120 mm/s). .......30 

Figure 10: Stress-strain curve of fibers from 6 % bagasse solution. ..................32 

Figure 11: Stress-strain curve of fibers from 6 % wood solution.......................32 

Figure 12: FT-IR curves for detecting ionic liquid residue: (a) fiber immersed in 

water for 7 days; (b). untreated fiber. ...............................................33 

Figure 13: Mass spectrum of determining ionic residue on regenerated bagasse fiber 

immersed in water for 7 days. (a) Signal from ionic liquid sample 

solution; (b) Signal from internal standard solution. ........................34 



 xi 

Figure 14: FT-IR curves for cellulose film containing 5 wt% melamine resin and 

pure cellulose film.............................................................................38 

Figure 15: Linear forms between heating rate and the reciprocal of the peak 

temperature of regenerated films. .....................................................39 

Figure 16: Linear forms between heating rate and the reciprocal of the peak 

temperature of regenerated fibers. ....................................................42 

 

 



 1 

 

Chapter 1:  Introduction 

When the human history turns into the new century, the development of science 

and technology makes the life more convenient and comfortable. But the energy resource 

and environment pollution have become a main challenge for the sustainability of global 

economic development as a result of population growth and industrial development of 

mass production. This challenge remains to be addressed in a long run. As an important 

industrial sector, textile industry is facing the pressure of applying new materials and new 

processing procedures to manufacture environmentally friendly products featuring 

recyclability and biodegradability.  

Currently synthetic materials based on crude oil and natural gas, account for a 

large percentage of materials applied in textile industry. Costs of the synthetic materials 

are increasing due to the current short supply of fossil oil. Meanwhile the synthetic 

materials are not biodegradable and renewable. Applications of these materials add great 

pressure to the environment. So the materials with biodegradable and renewable 

properties need to be investigated. With an annual yield of about 700 × 10
9
 tones, 

cellulose is the Earth’s most abundant natural organic material, which almost spreads all 

over the world. It is our most important biodegradable and bio-renewable resource [1]. 

Raw cellulose materials and their derivatives have been widely applied in both routine 

life and industries for thousands of years. Besides the application of unmodified cellulose 

materials such as wood and cotton, cellulose can be extracted from its primitive 

resources. The extracted cellulose can be processed into its derivatives through chemical, 

enzymatic, or microbiological methods [2]. Some papers [2–5] have introduced the 

preparations of raw cellulose, cellulose derivatives and their applications. However, 
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extensive exploration and potential applications of cellulose have not been developed for 

several reasons. The reasons are the rapid development of petrochemical based materials, 

and the lack of efficient solvents for extracting cellulose from its natural resources and 

dissolving extracted cellulose [1].  

Traditional solvents or solvent systems capable of dissolving cellulose include 

zinc chloride/water, lithium chloride/N, N-dimethylacetamide, liquid 

ammonia/ammonium thiocyanate, trifluoroacetic acid/dichloromethane, sodium 

hydroxide, carbon disulfide based systems, and N-methylmorpholine-n-oxide (NMMO) 

[6–8]. Except for NMMO, most of these solvents are either cumbersome or expensive, 

and are hard to be recycled.  

Many technologies have been developed based on these solvents mentioned 

above. The oldest technology for producing regenerated cellulose fibers is the viscose 

rayon process that was developed over 100 years ago [9]. Then the cuprammonium 

process was developed as an alternative classical method to produce regenerated 

cellulose fibers [10]. After that the NMMO technology turned out to be a simple physical 

alternative to the traditional viscose technology for producing regenerated cellulosic 

fibers. It is a more desirable method because it produces less hazardous byproducts. As 

time goes by, this NMMO process has made a technical breakthrough after overcoming 

some initial difficulties such as investment costs and recovery of the expensive solvent. 

The regenerated fibers with the generic name Lyocell have become commercial products, 

although there are still problems of solvent stability and recovery efficiency [11]. In 

recent years another new solvent NaOH/urea has been developed for dissolution of cotton 

linter pulp cellulose [12]. Research results showed that this solvent was also capable of 

forming a non-derivative aqueous cellulose solution system. Fibers obtained with this 

technology showed similar properties with those obtained with the NMMO technology. 
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Lower cost and less toxicity of the NaOH/urea solvent system exhibited some merits for 

the development of a more economical and eco-friendly process. However as this solvent 

requires complex processing conditions, its wet spinning process has still not been fully 

optimized. 

Concerning about the problems of the former technologies, a new solvent should 

be investigated. The new solvent should be easy to recycle, steady, no-toxic, and non-

derivative. Recently, it has been found that chloride-based ionic liquids can be used as 

non-derivative solvents for the dissolution and regeneration of cellulose. Ionic liquids are 

a class of solvents composed of ions, and exist as liquids under relatively low 

temperatures (less than 100 C). They have minimal vapor pressures. The utilization of 

ionic liquids as replacements for traditionally volatile organic solvents has been 

demonstrated by several articles [7, 8, 13, 14]. Because of their low vapor pressure, ionic 

liquids are advantageous for the process and production of cellulose fibers with a low 

atmospheric solvent loss and less flammability hazard. Furthermore, initial toxicity 

studies suggest that small exposures to 1-butyl-3-methylimidazolium chloride have little 

health problems [15]. Different methods such as evaporation, ionic exchange, reverse 

osmosis, and salting out, are used to recover ionic liquids [14]. Another advantage of 

ionic liquid is that there is no fibrillation problem during the wet-spinning process of 

regenerating cellulose fibers [16]. So the procedure of regenerating natural cellulose 

using ionic liquid should be intensively studied.  

Currently most kinds of cellulose pulp are from relatively expensive wood and 

cotton, although there is plenty of cellulose supply in the world. So some other cellulose 

resources should be exploited. Bagasse is a fibrous residue remaining after sugarcane 

stalks are crushed to extract their juice. It is currently used as a renewable resource in the 

manufacture of pulp and paper products and building materials. The composition of 
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bagasse residue is 50% cellulose, 30% hemicelluloses, 18% lignin and some inorganic 

compounds [17]. Although the hemicellulose content in bagasse is high, recent study 

reports that the yield of lyocell fibers produced from high and low hemicellulose content 

are approximately the same because most of the cellulose and hemicelluloses can be 

converted into fiber [18, 19]. Moreover, higher hemicellulose content correlates with a 

smaller fibril aggregation size [20, 21, 22]. Thus, hemicellulose serves as a regulator for a 

close association between cellulose and hemicellulose. This association increases the 

stability of the fibril aggregation that eventually leads to an increase of fibrillation 

resistance in lyocell fibers [23, 24, 25, 26]. There is no paper reported about regenerated 

cellulose fibers based on bagasse pulp and ionic liquid solvents. As a kind of by-product 

from sugar industry the price of bagasse pulp is really low. 

In general, several technologies have been developed to obtain different forms of 

regenerated cellulose products. But more research is needed on the modification of 

cellulose using chemical or physical processing methods. The objectives of the research 

are to develop the technique of obtaining regenerated fibers from wood pulp and bagasse 

pulp with the ionic liquid 1-Butyl-3-methylimidazolium Chloride (BMIMCl) as a solvent; 

to study the impacts on tensile strength of different spinning parameters; to find out the 

optimal spinning condition; and to obtain regenerated cellulose fibers with flame 

retardant property. 
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Chapter 2:  Literature review 

Cellulose, which forms the structure of all plants, is the most abundant renewable 

polymer on the earth. With the characteristics called inexhaustible, cheap and eco-

friendly, cellulose products regenerated from natural resources are considered to be an 

alternative of synthetic materials used in textiles. Cellulose is a natural linear 

polysaccharide with a unique molecular structure. The degradation temperature is lower 

than the melting temperature, and there is the presence of strong hydrogen bonding in the 

crystals. So the crystal structure of cellulose molecule cannot be melting processed or 

solution processed in common solvents. The literature review part will introduce the 

research history of regenerated cellulose fibers. Various methods used to generate 

cellulose fibers such as viscose, molten salt solvents, NMMO, and ionic liquid process, 

and the functional regenerated cellulose fibers will be discussed. 

2.1 PREPARATION METHOD OF REGENERATED CELLULOSE FIBERS 

2.1.1 Viscose method 

In the past century there was a long research history of the regenerating process of 

natural fibers. Various methods were used to regenerate cellulose fibers. The oldest 

technology for producing regenerated cellulose fibers is called viscose method which was 

developed over 100 years ago. The commercial name of regenerated cellulose fiber with 

viscose method is called rayon. The process to make viscose can either be a continuous or 

batch process. The continuous process is the main method for producing rayon. Three 

methods of production lead to different types of rayon fibers which are viscose rayon, 

cuprammonium rayon and saponified cellulose acetate. The process of regenerating 

cellulose fibers with viscose method is really complex, and is labor cost. The whole 
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process consists of thirteen steps which include stepping, pressing, shredding, and aging, 

etc.  

The rayon fibers have very unique characteristics. They are highly absorbent, easy 

to dye, soft and comfortable, and drapery. The drawing process applied in spinning 

process may be adjusted to produce rayon fibers with extra strength and reduced 

elongation. Such fibers are designated as high tenacity rayon. An intermediate grade 

known as medium tenacity rayon is also made. Its strength and stretch characteristics fall 

midway between those of high tenacity and regular rayon. With these characteristics, 

rayon obtained great commercial success in last century [27]. But this process generates 

several environmentally hazardous byproducts which are CS2, H2S, and heavy metal. 

This process also needs large amount of energy. So it is not environmentally friendly [9]. 

With this environmental problem, in the United States the amount of rayon shipped from 

producers to nonwoven industry reached a peak in the early 1990’s, and then began to 

decrease from 1994 [27].  

2.1.2 NMMO method 

After the invention of viscose method, there is a new Lyocell process. This 

process regenerates cellulose from N-methylmorpholine-n-oxide (NMMO) solution by 

using a spinneret whereby the solution is drawn through an air-gap and coagulated in 

water or an aqueous NMMO solution. The NMMO method was once a newly developed 

process for producing regenerated cellulose fibers. It has been a hot topic in the world 

because of its characteristics such as its environmentally-friendly and simple processing 

procedure, the special properties of the obtained fibers, and the simplicity of recycling 

NMMO. A lot of work has been done on both the preparation of cellulose NMMO 

solution and the Lyocell process [28−37].  
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In 1939, it was first reported that tertiary amine oxides were able to dissolve up to 

10% cellulose. Then in 1959, a novel solvent system based on cyclic amine oxides was 

first patented by Johnson, from then on NMMO turned out to be a kind of good solvent 

for cellulose. Twenty years later, a method of producing NMMO solution with high 

cellulose concentrations up to 23% was established by Varga. Varga used NMMO and 

water to treat cellulose, and then removed water with an applied vacuum. Since the 

1970s, lots of researches on the cellulose NMMO solution, the coagulation, and the 

shaping process have been carried out [11]. 

After the technical innovation year by year, the NMMO process has become a 

mature process, and has made the technical break through. Some initial problems such as 

investment costs, control of procedure, and the cost of recycling NMMO solvent have 

been fixed. All these successes resulted in a new kind of manufactured cellulose, which is 

called NMMO-type fibers, also named Lyocell. The manufacture of cellulose regenerated 

fibers by the NMMO can be characterized by the following steps [11]: 

(1) Prepare a homogeneous concentrated cellulose NMMO solution by dissolving 

the pulp into an NMMO-water mixture. 

(2) Extrude the high concentration solution at elevated temperatures through an 

air gap into a coagulation bath using a dry jet-wet spinning process. 

(3) Precipitate the cellulose fiber in the coagulation bath. 

(4) Wash, dry, and post treat the obtained regenerated fibers. 

(5) Recycle the NMMO from the used coagulation baths. 

According to research, changing of one or several processing conditions in each 

step affecting on the structure of regenerated cellulose fibers, causing a possible 

structural variation, can modify produced fibers to obtain different properties those can 

meet different market requirements. Besides fibers, other forms of products such as films, 



 8 

membranes, sponges, beads and other shaped bodies can also be obtained through this 

general process. To design the experiments and obtain regenerated cellulose products 

with specified properties, the manufacture has to study and understand the relations 

among structure formation, structure and end-use properties. However, the regenerated 

cellulose fibers produced by the NMMO process exhibit a high fibrillation trend in wet 

state, although indicating high strength and good stability. In addition, recycling NMMO 

also faces a challenge with regard to solvent stability and recovery efficiency. 

2.1.3 NaOH/Thiourea solvent system method 

Besides NMMO system other solvent systems have also been studied by scholars. 

It was found cellulose could be dissolved into 9.5 wt% NaOH and 4.5 wt% thiourea 

aqueous solution. In order to obtain a transparent solution, the solvent system should be 

pre-cooled to -8−-5 C. This method is the first process which used wet spinning to 

produce multi-filament fibers successfully. A multi-roller set was used to draw 

coagulated fibers. The process includes three steps: the first coagulation, the second 

coagulation, and post-treatment [38].  

Extensive studies about the structures of obtained fibers were carried out. Wide-

angle X-ray diffraction (WAXD) analysis was used to determine the crystallinity, 

orientation and crystal size at each step. It was found drawing of cellulose fibers in the 

second coagulation bath (H2SO4/H2O) could get higher orientation and crystallinity than 

drawing in the post-treatment. What is more, the post-treatment could result in a notable 

decrease in the degree of crystallinity, although it could improve the degree of crystal 

orientation. Regenerated fibers obtained from this process showed higher degree of 

crystallinity but lower degree of crystal orientation compared to rayon fiber obtained 

from the viscose process. Other properties of fibers obtained from this process were also 
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tested. The SEM data showed that the fibers inhibited cellulose II character and had a 

circular cross-section and smooth surface. The fibers also had tensile strength close to 

those of the rayon. The WAXD showed the orientation factor and mechanical properties 

were significantly improved with the drawing progress. This approach offers a great 

potential for the production of pure cellulose fibers, functional cellulose fibers and nano-

materials on an industrial scale. 

2.1.4 NaOH/Urea aqueous solution method 

In recent years, in order to resolve the pollution and mass energy consumption 

caused by the traditional methods of regenerating cellulose, a new NaOH/Urea system 

was developed. Many studies have been done by scholars [8, 12, 39]. This process is 

thought to be a way of regenerating cellulose fibers using low cost chemical reagents. It 

is also thought to be a simple wet-spinning process that produces nontoxic byproducts. In 

this process, cellulose could be dissolved into a NaOH/Urea solution pre-cooled to -12 C 

rapidly. In general, cellulose with a high degree of polymerization could be dissolved in 

the solvent without being pre-cooled to -12 C or without the presence of urea. The 

presence of urea and the low temperature played a very important role in the 

improvement of cellulose solubility. 

Research results showed that this solvent was capable of forming a non-derivative 

aqueous cellulose solution system. Properties of these cellulose solutions and resulted 

fibers have been investigated to some extent. The structures of regenerated fibers wet-

spun from a cotton pulp and NaOH/Urea solution under different conditions were 

investigated by WAXD. The results showed that the increase in flow rate during spinning 

produced a higher degree of crystal orientation and a higher degree of crytallinity. 

Meanwhile, the increase in draw ration could only affect the degree of crystal orientation 
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slightly. The affection of coagulation bath was also studied. If the solution was 

coagulated in a H2SO4/Na2SO4 solution at 15 C, the obtained regenerated fibers exhibited 

a high degree of crystallinity and a high crystal orientation, which were comparable to 

those of rayon fibers from viscose method. The cellulose molecules in NaOH/Urea 

aqueous solution were also investigated by static and dynamic light scattering. It was 

found the cellulose chains formed aggregates with a radius of gyration of about 230 nm 

and an apparent hydrodynamic radius of about 172 nm. The physical properties of the 

fibers produced by the NaOH/Urea method were close to those of the fibers produced by 

the NMMO process, because of the similar dissolution and regeneration conditions in 

spinning. However the wet spinning process is complex and high cost, as this solvent 

requires special temperature and the presence of urea. The process has still not been fully 

optimized. 

2.1.5 Ionic liquid methods 

Recently, ionic liquids were found to be a kind of good solvent of cellulose and 

they are considered to be green solvents. They have the characteristics of non-volatility 

and non-flammability due to their negligible vapor pressure at ambient temperature. On 

the basis of ecological and economic concerns, ionic liquids seem to be an attractive 

alternative to conventional volatile organic solvents. The most studied ionic liquids are 

highly solvating, non-coordinating and possess a high compatibility with various organic 

compounds. They are recyclable and reusable because of their immiscibility with a range 

of organic solvents. Ionic liquids consist of an organic cation and an inorganic anion. 

Their properties such as melting point, density and viscosity can be adjusted by varying 

their composition [40−50]. Currently, the commonly used ionic liquids are 1-ally-3-
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methylimidazolium chloride (AMIMCl) and 1-butyl-3-methylimidazolium chloride 

(BMIMCl). 

2.1.5.1 1-butyl-3-methylimidazolium chloride (BMIMCl) 

It was first reported in 2002 that cellulose could be dissolved with ionic liquids. 

After that a series of research has been done about the dissolution of cellulose in ionic 

liquids [51−55]. The solubility of cellulose in 1-butyl-3-methylimidazolium chloride was 

investigated. It was found that the high chloride concentration and activity in BMIMCl 

played an important role in the process of cellulose dissolution. BMIMCl could dissolve 

cellulose very easily without any derivative and degradation.  

BMIMCl is known as a room temperature ionic liquid, which means that there is a 

minimal atmospheric solvent loss during the process and regeneration of cellulose fibers. 

The BMIMCl may decompose when overheated but the decomposition is not to be 

explosive. Initial toxicity studies suggested that a short-time exposure to 1-butyl-3-

methylimidazolium chloride may cause little health problem.  

Compared to NMMO, ionic liquids are much easier to recycle, and are much 

“greener.” Different cellulose resources have been dissolved into BMIMCl, and 

regenerated cellulose fibers have been obtained from these solutions. The obtained 

cellulose fibers are competitive to rayon in end-use properties. In particular, cellulose 

dissolved in ionic liquids can be easily precipitated by addition of water, ethanol or 

acetone. The regenerated cellulose has almost the same degree of polymerization and 

poly-distribution as the native cellulose, but its morphology is significantly changed and 

its micro-fibrils are fused into a relatively homogeneous macrostructure. By changing 

regeneration processes the regenerated cellulose can be produced in different structural 

forms such as powder, tube, fiber and film. The regeneration processes also have an 
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impact on the regenerated cellulose microstructure. The degree of crystallinity of 

cellulose can also be controlled during its regeneration. Ionic liquids can be recovered 

and reused after the cellulose regeneration. Different methods, such as evaporation, ionic 

exchange, reverse osmosis and salting out, are used to recover BMIMCl ionic liquids 

[14]. 

In general, the BMIMCl method is a simple, green method with the characteristics 

like simple procedure, high productivity, low energy consumption, and no pollution. The 

regenerated fibers obtained from this process have the comparable properties like those of 

fibers regenerated from the NMMO method. In addition, no fibrillation problem exists 

during spinning process.  

2.1.5.2 1-ally-3-methylimidazolium chloride (AMIMCl) 

Besides 1-butyl-3-methylimidazolium chloride, another new type of ionic liquid 

named 1-ally-3-methylimidazolium chloride (AMIMCl) was reported in 2003 [56, 57]. 1-

ally-3-methylimidazolium chloride is a kind of powerful solvent for cellulose. The 

untreated cellulose can be dissolved into AMIMCl very rapidly. It is found that 5 wt% 

cellulose can be dissolved into AMIMCl in about 15 min without any pretreatment, when 

the temperature is 100 C. This rapid dissolution process also prevents any degradation of 

cellulose. A solution with 10 wt% cellulose can also be obtained with the same 

procedure, and the solution is very clear and transparent when it is cooled down to room 

temperature.  

The cellulose regeneration process using AMIMCl is close to that using BMIMCl. 

The regenerated cellulose fibers using water coagulation bath show very good 

mechanical properties. Like BMIMCl, AMIMCl is a thermo-stable, nonvolatile solvent, 

and easy to recycle. Because the cellulose dissolution process and regeneration process 
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are green, and are environmentally friendly, AMIMCl is another direct and green solvent 

for cellulose. Compared to BMIMCl, AMIMCl has an advantage of low melting 

temperature, which means that AMIMCl is liquid at room temperature. It is not necessary 

to melt AMIMCl at high temperature before using it. The procedure of using AMIMCl is 

simpler than that of BMIMCl.  

2.1.6 Other salt methods 

Ethylene diamine (EDA)/salt solvent systems were studied by Frey [58]. She 

found that among the tested salts, the salt named potassium (KSCN) was capable of 

dissolving both high molecular weight (DP>1000) and low molecular weight (DP=210) 

cellulose. The recovered cellulose was tested by FT-IR and WAXD. The FT-IR results 

presented that there was a change of the C6CH2OH group. The WAXD results showed 

that cellulose recovered by precipitating cellulose solutions with water was transformed 

from cellulose I to cellulose II. 

2.2 STUDY OF FUNCTIONAL CELLULOSE FIBERS 

In recent years, the need for the modified cellulose fibers with different functions 

was increased rapidly to meet the requirements of both industrial and customer 

applications. Nanoparticle and electro-spinning technology were applied to add functions 

such as antibacterial activity, high absorption, high magnetic property, and high thermal 

stability, to regenerated cellulose fibers. Multiple functions were endowed to the fibers by 

modifying the regenerated cellulose fibers. The functions enabled the fibers fitting special 

application conditions.  

2.2.1 Lyocell fibers with high absorption ability 

Recently the functional lyocell fibers with high absorption ability have been 

studied by several scholars [59]. According to the research, hydrolyzed starch-grafted-
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polyacrylonitrile (HSPAN) was traditionally used as the water retention agent for 

agriculture application, and was also used as the filter of removing water existing in 

gasohol. Based on those applications, HSPAN was thought to be a starch-based super 

absorbent. But the application of HSPAN in industry was limited because of its poor 

strength and brittleness in dry state. However, the scholars found that if added into lyocell 

fibers the HSPAN could endow modified lyocell fibers high water absorption ability, 

meanwhile maintain the good mechanical properties of lyocell fibers. Potential 

applications of these highly-absorbent fibers are in the fields where good absorption 

abilities and bio-degradability are required. Surgical gauze, geotextile and filter are 

commonly used products in these fields. 

Based on the literature information [59], the HSPAN was used to modify lyocell 

fibers by spinning the mixture solution of cellulose and HSPAN in NMMO. The lyocell 

fiber which contained HSPAN powder with the size less than 100 µm was produced by 

dry-jet and wet-spinning of the solution. According to the testing result, the involvement 

of HSPAN resulted in a remarkable improvement of water absorbency and water 

absorption rate of lyocell fiber. The maximum water absorbency of the fibers with 2 wt% 

and 5 wt% HSPAN could reach as high as 4.55 and 8.21 g/g, in contrast to unmodified 

lyocell fibers only possessing 1.94 g/g of water absorbency. HSPAN stayed within the 

lyocell fiber matrix at both dry and wet states. Mechanical properties of lyocell fiber were 

decreased with the increasing HSPAN concentration in fiber. An optimum HSPAN 

mixing rate should be determined to balance the absorption ability and the mechanical 

properties.  
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2.2.2 Antibacterial cellulose fibers  

In the textile and apparel applications, fibers with antibacterial property are 

needed in many end-use applications. Czarnecki carried out some studies in this field 

[60]. Cellulose solution was prepared using the NMMO as a solvent, and was modified 

with two types of antibacterial agents, an inorganic agent zirconium-silver phosphate and 

an organic agent triclosan.  

In addition, a nano-modifier named colloidal silica was also introduced into the 

spinning solutions to increase the antibacterial activity of fibers. The structure of fibers 

consisted of a polymeric matrix and the antibacterial agent particles dispersed in. 

According to the testing results, the involved antibacterial particles could not only 

provide antibacterial properties but also affect both thermal property and structure of 

obtained fibers. The incorporation of nanoparticles exerted a very clear influence on the 

rheological properties of spinning solutions. The results of thermal measurements showed 

that nano-silica affected the crystallization of the cellulose in the solution. Varying with 

the type of antibacterial agent, nano-silica caused either a delay or an acceleration of the 

crystallization of the solutions.  

2.2.3 Magnetically active composites cellulose fibers 

Research was done on the magnetically active composites cellulose fibers [61, 

62]. In this research NMMO was used as a direct solvent. Powdered hard barium ferrite 

was added into the polymer solution, so that obtained fibers exhibited magnetic 

properties. Because of the elasticity and stability of the cellulose and NMMO solution, it 

was possible to add a remarkable amount of modifier into the solution, and the 

concentration could reach up to 50 wt% of the obtained fibers. The fibers’ magnetic 

properties showed that the coercive force of fibers did not depend on the modifier 

content, and the residual magnetism increased with the content of the ferromagnetic 
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material. What is more, the value of fiber remanence was a fraction of the value of 

magnetic material remanence. This result indicated that the used modifier was chemically 

stable in the spinning solution medium. The thermal property showed there was no 

negative effect of the modifiers on the fibers’ thermal stability. Using an optimum fiber 

spinning process and modifier with smaller particle sizes, both the magnetic effect and 

mechanical properties of obtained fibers could be improved.  

2.2.4 Cellulose/multi-walled-carbon-nanotube composite fibers  

Cellulose fibers were modified by adding multi-walled carbon nanotube into the 

cellulose matrix [63, 64]. The multi-walled carbon nanotube was found to have unique 

electronic and mechanical properties. A cellulose solution was obtained using AMIMCl 

as a solvent, and the multi-walled carbon nanotube was added into the obtained solution. 

The cellulose/multi-walled carbon nanotube composite fibers were obtained using dry-jet 

and wet-spinning methods. The concentration of multi-walled carbon nanotube was 

controlled between 2 wt% and 4 wt% to avoid the existing of strong gel behavior. In the 

obtained fibers, the multi-walled carbon nanotube was found to be well dispersed and 

aligned. Because of the interaction between cellulose and multi-walled carbon nanotube, 

the obtained fibers showed improved mechanical properties and thermal stability. The 

fiber spinning process had not been optimized. It is thought that better mechanical 

properties of regenerated fibers would be obtained under the optimum processing 

condition.  
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Chapter 3:  Methodology  

3.1 MATERIALS 

Bagasse pulp was prepared in our own lab using the following procedure: The 

cleaned bagasse residue fiber was soaked individually with 1N sodium hydroxide 

solution using a weight ratio of 10:1 (liquid: fiber). The liquid was then heated to 100°C 

(boiling point) and was cooked for 3 hours. The alkalized fiber was separated from the 

black liquid and thoroughly rinsed with tap water. The rinsed fiber was bleached using 

6% chlorine liquor (Clorox diluted with water in a ratio of 1:1) to remove most of the 

encrusting materials such as lignin [65]. After soaking, the white fiber pulp was formed 

by removing the bleaching liquid. Finally, the fiber pulp was rinsed with cold water and 

dried in a conventional oven. Wood pulp was received from Rayonier Inc. The ionic 

liquid 1-butyl-3-methylimidazolium chloride (BMIMCl) was purchased from Sigma-

aldrich Ltd, USA. Melamine resin was purchased from National Casein Company, and 

zinc oxide nanoparticles were purchased from Nanostructured & Amorphous Material 

Inc. 

 

 

 

Figure 1: Images for (a) raw bagasse; (b) bagasse pulp. 

(a) (b) 
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3.2 EXPERIMENT DESIGN 

(1) A 6 wt% bagasse/ionic liquid solution and a 6 wt% wood/ionic liquid solution 

were prepared. The solutions were spun using an extruder with four different drawing 

speeds of 105, 120, 145, and 170 mm/s. The properties of regenerated fibers spun from 

waste material bagasse and those of regenerated fibers spun from traditional material 

wood were compared.  

(2) An orthogonal experiment was designed to determine the most significant 

processing factor, which affects the properties of obtained fibers. In this experiment, the 

interactions between factors were not considered. Three factors and two levels were 

applied. The factors were cellulose concentration in ionic liquid, drawing speed, and 

ionic liquid concentration in water bath. The two levels for cellulose concentration were 5 

wt% and 7 wt%; the two levels for drawing speeds were 120 mm/s and 170 mm/s; and 

the two levels for ionic liquid concentration were 0 wt% and 2 wt%. The experiments 

were arrayed according to the L4(2
3
) orthogonal design form. Totally 4 experiments, that 

combined different factor and level randomly according to the L4(2
3
) form, were carried 

out.  

(3) To study the flame retardant properties of regenerated products, two 5 wt% 

cellulose/ionic liquid solutions were prepared. A special amount of melamine resin was 

added into one of the obtained solutions. Meanwhile, a special amount of zinc oxide 

nanoparticles was added into another solution. Then the solutions were spun into films. 

The melamine resin in regenerated film was 5 wt% and the zinc oxide nanoparticle in 

regenerated film was 2 wt%. The flame retardant properties of two films were tested by a 

TGA. And a regenerated fiber with 2 wt% of melamine resin was also spun from a 5 wt% 

cellulose/ionic liquid solution. The flame retardant property of the fiber was also tested 

by a TGA. 
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3.3 PROCEDURES OF REGENERATING FIBERS AND FILMS 

The ionic liquid was dehydrated in a flask under vacuum at temperature 80 C for 

3 h. The wood pulp and bagasse pulp were ground into powder and dried for 24 h in oven 

at temperature 80 C. The solution was prepared by adding cellulose powder into the ionic 

liquid and mixing the solution with a mixer (Planetary mixer, Custom milling consulting 

Inc.) at 45 rpm at 85 C for 1 h. 

 

 
Figure 2: Cellulose/ionic liquid solution. 

The prepared transparent solution was fed into a mixing extruder (LE-075, CSI 

Inc.). Then the method of dry-jet and wet-spinning was carried out with an air gap of 30 

mm through a tube die with a 5 mm diameter (a 3.2 mm diameter pin was inserted). The 

extruder rotating speed was kept at 60 rpm (about 0.002 mL/s). The extruding 

temperature was 110 C. A water bath container was used for fiber coagulation. The water 

bath was kept in room temperature (about 20 C). After coming out from the water bath, 

the spun fibers went through a glass tube for drying with hot air flow (85 C). The dried 

fibers were picked up by a take-up device that determined the different drawing speeds. 

The spin-draw ratios were in the range of 10−30. 



 20 

For the production of regenerated fibers with melamine resin in the cellulose 

polymer matrix, a special procedure was used to avoid the reaction between urea 

contained in melamine resin and cellulose molecules. First the pure cellulose/ionic liquid 

solution was obtained in the mixer at 85 C. Then the temperature of solution was cooled 

down to 70 C. At 70 C, the reaction between urea and cellulose could not happen.  

A film die with a 0.1 mm gap length was applied to extrude regenerated film. The 

extruded films dropped into water bath naturally, no drawing force was applied on films.  

 

 
Figure 3:  Fiber/film producing line. 

 

  

 

Figure 4: Images for (a) regenerated cellulose fibers; (b) regenerated cellulose films. 

 

(a) (b) 
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Figure 5: Optical image of regenerated fiber.  

3.4 PROPERTY CHARACTERIZATION 

3.4.1 Thermal and dynamic mechanical analysis 

The heat resistant properties of bagasse powder, wood powder, regenerated 

bagasse film, and regenerated wood film were characterized with a thermo-gravimetric 

analyzer (TGA). A Shimadzu TGA-50 instrument was used for the test under nitrogen 

atmosphere. The nitrogen flow was 20 ml/min, fiber weights were maintained within the 

range 8–10 mg, and the temperature range was from 25 C to 600 C. To test the thermal 

property, the heating rate of TGA was kept at 10 C/min; four heating rates which were 

2.5, 5, 10 and 20 C/min were applied to test the activation energy. The dynamic 

mechanical properties were measured using a TA Q-800 DMA instrument. The testing 

parameters included the 1 Hz frequency, 5 C/min heating rate, 0.1% strain, and 20 mm 

fiber length. A Leica DMLB optical microscope was used to test the diameters of 

obtained fibers.  

The activation energy of regenerated cellulose fibers which include melamine 

resin or zinc particles in their polymer matrix were calculated based on the data obtained 

from TGA. And the value of the activation energy can represent the flame retardant 

property of related cellulose fiber [66]. 

The decomposition rate of cellulose can be expressed by Equation (1) [67].  
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      (1) 

In Equation (1), is the decomposition rate; k(T) is the rate constant and depends 

on the temperature T; f(α) is the function of α. k(T) can be expressed by the Arrhenius 

Equation (2) [67]. 

      (2) 

In Equation (2), A is the pre-exponential factor;  is the activation energy; R is the gas 

constant; and T is the absolute temperature. At the following, Equation (3) was obtained 

to calculate the activation energy of cellulose fiber [67].  

 

  (3) 

The factor A changes with the heating rate, so the average of A at the different heating 

rate was used instead. According to theory the derivative of decomposition rate with 

respect to temperature is zero at the peak temperature, so that the derivative of degree of 

decomposition with respect to temperature ( ) at the peak temperature should be a 

constant, no matter what the heating rate is. Considering that the changing term 

 is very small compared to , so the linear between heating rate and the 

reciprocal of the peak temperature can be expressed as Equation (4). 

 

     (4) 

In Equation (4), [-( /R)] is the slope of curve got from Equation (4) [67]; c is the 

intercept. For this kind of decomposition reaction R value is 8.314. So the value of can 

be calculated according to the slope and R value.  
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3.4.2 Mechanical properties 

The fiber tensile properties were tested with an MTS QT5 tensile machine. The 

test speed was 5 mm/min; the adjustment gage length was 50 mm. For each fiber sample, 

at least 30 specimens were tested. Before testing, the samples were conditioned in the 

standard atmosphere for testing textiles, which is 21±1 C and 65±2% relative humidity.  

3.4.3 Structural characterization 

To characterize the cellulose fiber molecular structure, wide-angle X-ray 

diffraction (WAXD) images were obtained by a Rigaku Rapid IIPT60UL X-ray with Cu-

Kα radiation operated at 40 KV. The exposure time was 6000 s for all tested samples. 

The degree of crystallinity, defined as crystallinity index (CI), can be calculated by 

dividing the integration of intensity for crystalline scattering with the integration of 

intensity for total scattering. The diffraction band of X-ray is composed of several 

diffraction bands from varied crystal lattices. The crystallinity index (CI) can be obtained 

from Equation (5) [68]. In Equation (5), Y is the integral intensity under whole 

diffraction curve;  is the integral intensity under one crystal peak; β is the number of 

peaks in this diffraction curve. In Equation (6),  is the amorphous halo under one crystal 

peak;  is the Gaussian function;  is the Cauchy function;  is the profile function 

parameter, the content percentage of Gaussian function in a whole peak area;  is the  

angle. The degree of orientation is often defined as Herman’s crystal orientation factor 

that can be obtained from Equation (7) [69]. In this equation,  is the azimuthal angle; 

is the intensity at  

      (5) 

where 

Y = ; 
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3.4.4 Ionic liquid residue analysis 

The presence of ionic liquid residue was tested by a Thermo Nicolet Avatar 370 

FT-IR. The fibers were dehydrated and ground, then mixed with KBr and pressed into 

films. To minimize the error, each sample was scaled to a same weight. The exact amount 

of ionic liquid residue in the regenerated fibers was analyzed by a Thermo LTQ-XL 

linear ion trap mass spectrometry. Several BMIMCl/H2O solutions with given BMIMCl 

concentrations were prepared and analyzed by the mass spectrometry to get the back 

ground. In this process tetrabutylammonium bromide (TBAB) was used as internal 

standard. The tested fiber was cut and ground. The ground fiber sample weighing 20–25 

mg was added into 1 ml deionized water, and was soaked for 72 h in a sealed glass bottle. 

After filtering the soaked fiber, the deionized water with extracted ionic liquid residue 

was analyzed by the mass spectrometry. Then the quantity of the ionic liquid residue was 

calculated according to the obtained background.  
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Chapter 4:  Results and discussion  

4.1 PREPARATION AND COMPARISON OF BAGASSE FIBERS AND WOOD FIBERS  

4.1.1 Thermal property of raw cellulose and regenerated cellulose 

The tested results of the raw wood cellulose and bagasse cellulose powder, and 

regenerated 6 wt% wood cellulose film and 6 wt% bagasse cellulose film were shown in 

Table 1. From Table 1, we observed that both regenerated bagasse film and regenerated 

wood film had much higher residues than those of bagasse powder and wood powder. 

The regenerated films also had higher decomposition onset temperature. In addition, the 

maximum decomposition speeds of the films were lower than those of the powders. This 

mean that the regenerated cellulose formed from the ionic liquid solution exhibited 

improved heat resistant properties. During the dissolving of Cellulose I, the inter-

hydrogen bonds were destroyed by ionic liquid and new hydrogen bonds formed through 

regenerating. As a result, Cellulose II was formed. The Cellulose II molecules are more 

strongly inter-bonded than Cellulose I molecules. Blackwell pointed out that the average 

bond length of hydrogen bridges was remarkably shorter for Cellulose II (0.272 nm) than 

for Cellulose I (0.280 nm) [70]. Due to the stronger inter-bonded cellulose molecules and 

the shorter hydrogen bridge, the regenerated cellulose film (cellulose II) needs more 

energy to get destroyed than the cellulose powder (cellulose I) [70, 71].  

Table 1 also showed that bagasse powder and regenerated bagasse film had higher 

residues and lower maximum decomposition rates than wood powder and film; but had 

lower decomposition onset temperature. This mean that bagasse powder and regenerated 

film began to decay at low temperature but the decay rate was slow. A possible 

explanation for this phenomenon is that cellulose molecule in bagasse (800−1200) and 

cellulose molecule in wood (1800−2000) have different polymerization degree, the 
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polymerization degree of cellulose molecule in wood is much higher [72]. The cellulose 

with low molecular weight might have short hydrogen bond, stiff molecular chain, and 

tight structure. Therefore, this would be corresponding to a low decomposition rate. 

 

Sample name Residue (%) 
Decomposition 

T ( C) 

Peak value of 

derivative (mg/min) 

Bagasse powder 11.2 200 -1.4 

Wood powder 8.9 220 -1.5 

Bagasse film (6 wt%) 32.0 225 -1.1 

Wood film (6 wt%) 27.6 260 -1.2 

Table 1: Thermal property comparison between raw cellulose and regenerated 

cellulose. 

4.1.2 Regenerated cellulose fiber crystallinity 

In our study, the degree of crystallinity and degree of orientation of the 

regenerated bagasse fibers (6 wt% bagasse solutions) and regenerated wood fibers (6 

wt% wood solutions) were calculated from their WAXD profiles. According to the 

calculated results shown in Table 2, the degree of crystallinity of fiber was improved with 

the increased drawing speed, and the degree of orientation also showed an increasing 

trend except for the regenerated bagasse fiber obtained under 145 mm/s and regenerated 

wood fiber obtained under 120 mm/s. These results correlated with the assumption that 

drawing speed could affect the crystal order and the mechanical property of fibers. 

Comparing the degrees of crystallinity for the regenerated bagasse fibers and degrees of 

crystallinity for the regenerated wood fibers, we could see that the regenerated bagasse 

fibers had higher crystal orders than those of the regenerated wood fibers. A possible 

reason for this is that the molecules of wood cellulose have longer molecular chains than 

the bagasse cellulose molecules. Therefore, under a same drawing speed within the 
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drawing speed range used in this study, wood cellulose is harder than bagasse cellulose to 

get a highly-orientated crystal structure. 

 

Feeding 

Speed 

(mL/s) 

Drawing 

speed 

(mm/s) 

Regenerated fibers 

from bagasse (6 wt %) 

Regenerated fibers 

from wood (6 wt %) 

CI fc CI fc 

0.002 105 71.29 0.218 65.44 0.225 

0.002 120 71.53 0.223 65.51 0.217 

0.002 145 72.27 0.218 66.65 0.227 

0.002 170 74.37 0.231 66.42 0.230 

Table 2: Crystal orders of fibers obtained under different drawing speed. 

Figure 6 showed the patterns of cellulose powder and regenerated fibers. The 

crystal order of regenerated fiber can be qualitatively compared by WAXD patterns, 

typically the crystal order increase with the increasing spin-draw ratio [39]. The crystal 

orders of regenerated fibers are higher than cellulose powder. But the difference between 

the regenerated fibers cannot be read directly from the patterns. The numerical 

calculation is helpful. 

 

 

 

Figure 6: WAXD images for (a) cellulose powder; (b) regenerated fibers from 6% 

bagasse (120 mm/s); (c) regenerated fibers from 6% wood (120 mm/s). 

(c) (b) (a) 
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4.1.3 Fiber tensile property corresponding to temperature 

From the dynamic mechanical analysis (DMA), we found that the tensile storage 

modulus for all samples decreased with the increasing temperature. Below 150 C, the 

decreasing slopes were small. But above 150 C all the curve slopes were dramatically 

decreasing. When temperature was below 150 C, only a few functional groups on 

molecular chains began to get motion ability. The whole material mainly performed as a 

kind of elastic material. Consequently, the values of tensile storage modulus decreased 

slowly. When the temperature reached 150 C the glass transition began to happen and the 

molecular chains acquired the motion ability. So more energy obtained from loaded force 

was lost, and the storage modulus decreased greatly. 

Figure 7 exhibited the influence of the fiber drawing speed on the storage 

modulus of fibers obtained from 6 wt% bagasse solution. With the same cellulose 

solution concentration, the storage modulus curves for the fiber spun under higher 

drawing speeds were higher than those with the lower drawing speeds in the entire 

temperature range. The storage modulus E’ obtained under 170 mm/s was the highest. 

This indicated again that the drawing speed did affect the degree of crystallinity and the 

degree of orientation. For the cellulose fibers composed of the same molecules, the 

degree of crystallinity and degree of orientation could affect the elasticity, as well as the 

storage modulus. From Figure 8, it was found the fibers regenerated from the 6 wt% 

wood cellulose solution also demonstrated the similar relationship between the storage 

modulus and drawing speed. As shown in Figure 9, we compared the storage modulus of 

the wood fiber and bagasse fiber, which were obtained under the same condition. When 

the drawing speed was 120 mm/s, the bagasse fibers had a higher storage modulus than 

the wood fibers. 
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Figure 7: Dynamic storage modulus of fibers produced from 6 wt% bagasse 

solution. 
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Figure 8: Dynamic storage modulus of fibers produced from 6 wt% wood solution. 
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Figure 9: Dynamic storage modulus of fibers produced from 6 wt% bagasse solution 

and 6 wt% wood solution (drawing speed 120 mm/s). 

4.1.4 Tensile Strength 

Table 3 showed the tensile properties of the bagasse fiber regenerated from 6 wt% 

bagasse solution, and the tensile properties of the wood fiber regenerated from 6 wt% 

wood solution. From Table 3, we found that the fiber fineness was decreased with the 

increasing of drawing speed. Accordingly, the fiber tenacity was overall increasing. From 

the data of the bagasse fibers, we could find an increasing trend of tenacity except for the 

fiber obtained under 120 mm/s. From the data of the wood fibers, we could also find an 

increasing trend of tenacity expect for the fiber obtained under 170 mm/s. The reason of 

the lower tenacity of the bagasse fiber obtained under 120 mm/s and the lower tenacity of 

the wood fiber obtained under 170 mm/s was unknown. I need further investigation to 

find out the reason. From Table 3 we could find the elongations of regenerated wood 

fibers were higher. The commercial TENCEL
 

 fiber shows both higher tenacity and 

higher elongation compared to my samples. So I should do more research to improve 



 31 

these properties. Figure 10 showed the stress-strain curve of fibers from 6 wt% bagasse 

solution, and Figure 11 showed the stress-strain curve of fibers from 6 wt% wood 

solution. 

 

Fiber 

Sample 

Drawing 

Speed 

(mm/s) 

Fineness 

(denier) 

Tenacity 

(g/denier) 

Strength 

(MPa) 
Elongation (%) 

Mean Std Mean Std Mean Std 

6% bagasse 

cellulose 

105 34.8 2.05 0.19 585 22 4.82 0.37 

120 33.5 1.52 0.17 541 31 4.21 0.49 

145 27.0 2.25 0.22 790 33 4.16 0.44 

170 26.1 2.27 0.19 839 27 3.87 0.48 

6% wood 

cellulose 

105 35.1 2.03 0.23 563 21 6.21 0.70 

120 30.1 2.13 0.21 776 19 6.03 0.67 

145 32.0 2.14 0.22 781 25 4.75 0.71 

170 30.0 2.06 0.20 601 28 4.92 0.62 

TENCEL * ― 1.5 4.8−5.0 ― ― ― 14−16 ― 

* TENCEL  technical overview, Courtaulds Fibers Inc., New York, NY (1999). 

Table 3: Tensile properties of regenerated bagasse fibers. 

Statistical analysis was carried out by the method of variance analysis (ANOVA) 

with the statistical software SAS considering the drawing speed as a single influence 

factor. For the fiber samples of the 6% bagasse cellulose, the F value calculated by 

ANOVA was 16.25 with P value < 0.05, indicating that the drawing speed significantly 

influenced the fiber tenacity at the 95% confidence level. For the wood samples, the F 

value was 1.76 with P value > 0.05. At this point, we could not say that the drawing 

speed had a significant influence on the fiber tenacity at the 95% confidence level. This 

can be explained by the different molecular weights in bagasse and wood cellulose. There 

is a positive relationship between the fiber strength and fiber drawing speed. But the 

range of drawing speed used in this experiment was not broad enough to significantly 

increase the tenacity of the regenerated wood fibers because of the high molecular 

weights and long molecule chains of wood cellulose. In contrast, the bagasse cellulose, 
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because of its low molecular weights and short molecule chains, was relatively easy to be 

aligned during the spinning to obtain high degree of crystallinity and degree of 

orientation within the same drawing speed range used in this study. 
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Figure 10: Stress-strain curve of fibers from 6 % bagasse solution. 
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Figure 11: Stress-strain curve of fibers from 6 % wood solution. 
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4.1.5 Removal of ionic liquid residue from regenerated fibers 

The ionic liquid residue in the experimental regenerated cellulose fiber (6 wt% 

bagasse solution, drawing speed 105 mm/s) was detected by the FT-IR spectra. As shown 

in Figure 12, the γ(C-H) stretching in the ring of BMIMCl was observed in the untreated 

fiber (Figure 12(b)) at 800 cm-1, indicating the presence of BMIMCl residue. But this 

band signal decreased greatly in the treated fiber (Figure 12(a)). This means that in order 

to completely eliminate the ionic liquid residue from fibers, thorough water washing is 

needed in the fiber spinning. 

 
Figure 12: FT-IR curves for detecting ionic liquid residue: (a) fiber immersed in 

water for 7 days; (b). untreated fiber. 

Figure 13 was a mass spectrum of the regenerated bagasse fiber which was 

immersed in water for 7 days. In this spectrum, the signal abundance of the internal 

standard TBA was defined as 100. Other signal values were called relative abundance, 
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and were obtained by comparing with the signal abundance of TBA. In the untreated 

regenerated fiber, the BMIMCl residue was 0.151%. After immersing in water for 7 days, 

the BMIMCl residue in the regenerated fiber was reduced to 0.026%. The residue in the 

untreated regenerated fiber was almost 8 times as much as that in the water-treated 

regenerated cellulose fiber. This indicated that thorough washing was essential to 

eliminate the BMIMCl residue.  

 

 
Figure 13: Mass spectrum of determining ionic residue on regenerated bagasse fiber 

immersed in water for 7 days. (a) Signal from ionic liquid sample solution; (b) Signal 

from internal standard solution. 

4.2 OPTIMIZATION OF PROCESSING PARAMETERS 

To find out the processing parameter which affects the tensile strength of obtained 

fibers most significantly, an orthogonal experiment was designed. Wood cellulose was 

used as cellulose resource in this experiment. The results were shown in Table 4. Table 4 

showed that four experiments were arranged according to the orthogonal form. The 

tenacity of each obtained fiber was tested using the tensile instrument. Statistical analysis 
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was carried out by the method of variance analysis (ANOVA) with the statistical 

software SAS considering the three influence factors.  

 

Experiment 

Number 

Cellulose 

Concentration (%) 

Drawing Speed 

(mm/s) 

Ionic Liquid 

Concentration (%) 

Tenacity 

(g/denier) 

1 5 120 0 2.90 

2 5 170 2 2.71 

3 7 120 2 3.16 

4 7 170 0 2.98 

F value 729 361 0.64 ― 

P value 0.02 0.03 0.97 ― 

Table 4: Orthogonal experimental design and results. 

The F value of the cellulose concentration in cellulose/ionic liquid solution 

calculated by ANOVA was 729 with P value 0.002. Because, the F for cellulose 

concentration was the largest one among the F values of the three factors, the cellulose 

concentration in cellulose/ionic liquid solution was the most significant processing factor 

which affected the tensile strength of obtained fibers. With the F value of 361, the 

drawing speed also showed a significant influence on the tensile strength of obtained 

fibers. But the drawing speed was not as significant as cellulose concentration. With the F 

value of 0.64, there was almost no influence resulted from the ionic liquid concentration 

in water bath.  

A series of experiments were designed and carried out to find out the optimum 

cellulose concentration. Four solutions with cellulose concentrations of 5, 6, 7 and 10 

wt% were prepared. The solution with a high cellulose concentration had a very high 

viscosity that causes a difficulty to extrude the cellulose solution using the existing 

extruder in our laboratory. Therefore, a medium drawing speed 145 mm/s was used in our 

study. Because the ionic liquid concentration in water bath had no significant influence, 
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we used a pure water bath. The tensile strength of obtained fibers were tested and listed 

in Table 5.  

 

Experiment 

Number 

Cellulose 

Concentration 

(%) 

Drawing 

Speed 

(mm/s) 

Ionic Liquid 

Concentration 

(%) 

Tenacity 

(g/denier) 

1 5 145 0 2.95 

2 6 145 0 3.16 

3 7 145 0 3.33 

4 10 145 0 3.81 

Table 5: Tensile strengths of fibers obtained from different concentration 

cellulose/ionic liquid solutions.  

From Table 5, it could be found that the tenacity of regenerated fibers showed an 

ascending trend with the increased cellulose concentration. According to the study of 

Sanchez [73], the self-nucleating mechanism pre-dominates the crystallization process of 

chain molecules in solution with low viscosity. There is a positive dependence of crystal 

growth rate on polymer concentration. As described in 4.1 of this chapter, there is also a 

relationship between the crystal order and the tensile strength of regenerated fibers. 

Within the range of our experimental conditions, the higher the crystal order the stronger 

the regenerated fiber is. So the dependence of tensile strength on the cellulose 

concentration could be explained. The data of crystal order for the samples in Table 5 

were tested and listed in Table 6.  

From Table 6, we could find that the degrees of crystallinity of regenerated fibers 

also showed an ascending trend with the increased cellulose concentration in 

cellulose/ionic liquid solution. This result verified that there is a linear correlation 

between the degree of crystallinity and tensile strength of regenerated fiber. 
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Experiment 

Number 

Cellulose 

Concentration 

(%) 

Drawing 

Speed 

(mm/s) 

Ionic Liquid 

Concentration 

(%) 

Degree of 

Crystallinity  

(%) 

1 5 145 0 72.3 

2 6 145 0 72.9 

3 7 145 0 73.4 

4 10 145 0 74.9 

Table 6: Crystal orders of fibers obtained from different concentration 

cellulose/ionic liquid solutions. 

4.3 FLAME RETARDANT PROPERTIES OF REGENERATED PRODUCTS 

4.3.1 The flame retardant property of regenerated films 

Three kinds of regenerated cellulose films were produced through a special film 

die. The obtained films were pure cellulose film spun from 5 wt% cellulose/ionic liquid 

solution, cellulose film containing 5 wt% melamine resin spun from 5 wt% 

cellulose/ionic liquid solution, and cellulose film containing 2 wt% zinc oxide 

nanoparticles spun from 5 wt% cellulose/ionic liquid solution.  

A special procedure was applied.to avoid the existing of high solution viscosity 

caused by the reaction between cellulose and the urea contained in the melamine resin. 

With this procedure the melamine resin modified solution could be extruded easily by the 

extruder applied in this study. The pure cellulose/ionic liquid solution was prepared, and 

was mixed with melamine resin at low temperature. Then the melamine resin modified 

solution was extruded into a water bath to obtain regenerated cellulose film. The film was 

tested by a FT-IR system to verify the structure of cellulose molecule. The obtained 

spectrum was compared with that of pure cellulose. From Figure 14, it could be found 

there was no significant difference between the two spectrums, which mean there was no 

new functional group involved into the cellulose molecule by the reaction between 

cellulose molecule and urea. The molecules of the melamine resin were only dispersed 

into the cellulose matrix physically.  
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Figure 14: FT-IR curves for cellulose film containing 5 wt% melamine resin and pure 

cellulose film. 

Activation energy is defined as the minimum energy required to active a chemical 

reaction. Activation energy can be thought as the height of the potential barrier separating 

two minima of potential energy. The decomposition of cellulose molecule can be thought 

to be a kind of reaction, so that the activation energy is a useful parameter to evaluate the 

cellulose flame retardant property.  

The data for calculating activation energy of cellulose films were shown in Table 

7. According to the data in Table 7, the line of  and  was obtained. From the 

slopes of the lines shown in Figure 15, the activation energy of molecule in pure cellulose 

film was 129 KJ/mol; the activation energy of molecule in the melamine resin modified 

film was 203 KJ/mol; and the activation energy of molecule in the zinc oxide 

nanoparticles modified film was 164 KJ/mol. From the activation energy data we could 

http://en.wikipedia.org/wiki/Potential_barrier
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find the involvement of small amounts of melamine resin and zinc oxide particles could 

increase the activation energy of regenerated cellulose films. So the flame retardant 

properties could also be improved. 

 

dT/dt 

(℃/min) 

Ln(Dt/dt) 

 

Temperature at derivative 

peak 

(K) 

1/T 

(1/k) 

Activation 

energy 

(KJ/mol) 

(a) (b) (c) (a) (b) (c) (a) (b) (c) 

2.5 0.916 548.35 569.85 575.85 0.00182 0.00176 0.00174 129 164 203 
5 1.609 554.85 586.65 586.15 0.0018 0.00171 0.00171 ― ― ― 

10 2.303 566.25 592.35 595.45 0.00177 0.00169 0.00168 ― ― ― 
20 2.996 591.45 605.35 606.65 0.00169 0.00165 0.00165 ― ― ― 

Table 7: TGA data and activation energy of obtained films: (a) pure cellulose film 

obtained from 5 wt% cellulose/ionic liquid solution; (b) cellulose film with 2 wt% zinc 

oxide nanoparticles obtained from 5 wt% cellulose/ionic liquid solution; (c) cellulose 

film with 5 wt% melamine resin obtained from 5 wt% cellulose/ionic liquid solution. 
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Figure 15: Linear forms between heating rate and the reciprocal of the peak 

temperature of regenerated films. 
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The melamine resin modified cellulose film and the zinc oxide nanoparticles 

modified cellulose film have different flame retardant mechanism. For the regenerated 

cellulose film containing melamine resin, the improvement of flame retardant property is 

achieved by involving a nitrogen releasing organic additive. When exposed to fire, the 

organic additive will release nitrogen to protect the main structure of cellulose molecules. 

For the regenerated cellulose film containing zinc oxide nanoparticles, the involved 

nanoparticles are a kind of metal oxide which has very good flame retardant performance. 

When the zinc oxide modified cellulose film is exposed to fire, a char formed by the 

nanoparticles will appear on the surface of the film, and will protect the inner structure of 

the film matrix [74]. With the advantage of improving flame retardant property, the 

application of melamine resin and zinc oxide nanoparticles may cause some problems 

such as the decrease of crystal orders and mechanical strength. So the amount of additive 

should be optimized to balance the flame retardant property and other properties.  

From Table 7, it is found that at each heating rate the temperature respecting with 

the peak value of derivative curve of the films are different. The temperature of film 

containing melamine resin was slightly higher than that of film containing zinc oxide 

nanoparticles, and the temperature of pure cellulose film was much lower than those of 

the modified films. The modified films reached the maximum decomposition rates at 

higher temperatures because of the improvement of flame retardant properties caused by 

the involvement of additives.  

4.3.2 The flame retardant property of regenerated fibers 

Two kinds of regenerated cellulose fibers were also obtained. The obtained fibers 

were pure cellulose fiber spun from 5 wt% cellulose/ionic liquid solution, and cellulose 

fiber containing 2 wt% melamine resin obtained from 5 wt% cellulose/ionic liquid 
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solution. Cellulose fibers containing higher melamine resin concentrations were not 

obtained due to the limited capacity of the extruder applied in this study. 

The obtained fibers were tested with a TGA instrument, and the obtained data and 

calculated activation energy were shown in Table 8. From Table 8, it could be found that 

the activation energy of fiber containing melamine resin was a little higher than that of 

pure fiber. These results mean the melamine resin concentration was not high enough. So 

released nitrogen could not help to protect the main structure of cellulose. 

 

dT/dt 

(℃/min) 

Ln(Dt/dt) 

 

Temperature at 

derivative peak 

(K) 

1/T 

(1/k) 

Activation energy 

(KJ/mol) 

(a) (b) (a) (b) (a) (b) 

2.5 0.916 558.1 566.35 0.00179 0.00177 153 183 

5 1.609 565.0 584.75 0.00177 0.00171 ― ― 

10 2.303 575.4 589.35 0.00174 0.00169 ― ― 

20 2.996 600.32 597.75 0.00167 0.00167 ― ― 

Table 8: TGA data and activation energy of obtained fibers: (a) pure cellulose fiber 

obtained from 5 wt% cellulose/ionic liquid solution; (b) cellulose fiber with 2 wt% 

melamine resin obtained from 5 wt% cellulose/ionic liquid solution. 

The tensile strength and crystal order of melamine resin modified fiber were also 

tested. From Table 9, we could find that the cellulose fiber with 2 wt% melamine resin 

had a lower degree of crystallinity than pure cellulose fiber. Meanwhile, melamine resin 

modified fiber showed a higher degree of orientation and tenacity. Statistical analysis was 

carried out by the method of variance analysis (ANOVA) with the statistical software 

SAS considering the melamine resin concentration as a single influence factor. For the 

degree of crystallinity, the F value was 14.52; for the degree of orientation, the F value 

was 10.67. So the melamine resin concentration had a significant influence on the crystal 

order. The F value for tenacity was 2.34, therefore the melamine resin concentration had 

no significant influence on the tenacity. This might be caused by the combining effect of 
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the degree of crystallinity and the degree of orientation. Although the melamine resin 

decreased the degree of crystallinity slightly, it increased the degree of orientation. The 

melamine resin could also play a role of an adhesive. So the melamine modified fiber 

showed a higher tenacity. 

 

Samples 
Degree of 

crystallinity (%) 

Degree of 

orientation (%) 

Tenacity 

(g/denier) 

Pure fiber (5 wt%) 72.3 0.228 2.95 

Melamine resin (2 wt%) 

modified fiber (5 wt%) 
71.7 0.236 3.08 

Table 9: The crystal orders and tensile strength of pure cellulose fiber and 

melamine resin modified fiber.  

 

 
Figure 16: Linear forms between heating rate and the reciprocal of the peak 

temperature of regenerated fibers. 
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Chapter 5:  Conclusions and suggestions for future research 

5.1 CONCLUSIONS 

1. Using the BMIMCl solvent, bagasse cellulose solution and wood cellulose solution 

could be obtained and regenerated fibers and films could be produced with an 

approach for dry-jet and wet-spinning. 

2. The regenerated bagasse film had similar thermal properties with the regenerated 

wood film. The regenerated bagasse fiber obtained higher crystal order than 

regenerated wood fiber obtained under the same condition. 

3. Water treatment was necessary to eliminate the ionic liquid residue from the fibers. 

Mass spectrometry was proved to be an effective method for determining the quantity 

of BMIMCl residue in the regenerated fibers. 

4. The cellulose concentration in cellulose/ionic liquid solution was the most significant 

processing parameter to affect the properties of obtained fibers. The optimum 

cellulose concentration for wood cellulose fiber spinning was 10 wt%.  

5. The involvement of small amount of flame retardant additives into the cellulose 

matrix could improve the flame retardant property of regenerated products 

effectively. Melamine resin and zinc oxide nanoparticles were proved to be effective 

flame retardant additives. Regenerated film containing 5 wt% of melamine resin had 

a better flame retardant performance than the fiber containing 2 wt% of zinc oxide 

nanoparticles. In order to obtain a regenerated fiber with better flame retardant 

performance, the melamine concentration should be higher than 2 wt%.  
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5.2 SUGGESTIONS FOR FUTURE RESEARCH 

1. More experiments should be carried out using AMIMCl as a solvent. AMIMCl is in 

liquid phase at room temperature. So the processing procedure is simpler than that of 

BMIMCl. 

2. Bagasse fibers should be spun from bagasse/ionic liquid solutions with higher 

bagasse concentrations. So we can improve both the tensile strength of obtained 

fibers and the producing efficiency.  

3. Currently we can obtain fibers from 10 wt% wood/ionic liquid solution. It is proved 

that the wood concentration can affect the tensile strength most significantly. A 

method should be established to spin fibers from solutions with higher wood 

concentrations.  

4. We should find out more testing methods to characterize the flame retardant property 

of the regenerated products. It would be a good idea to characterize the flame 

retardant property using the method based on UL 94 testing standard.  

5. Crystal growth in both pure products and additives modified products should be 

studied. We should try to establish the relationships between crystal growth and the 

factors of the spinning process. These relationships would help us to understand the 

mechanism of crystal growth. It may be possible to obtain products with desired 

properties by changing parameters of the spinning process.  
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Glossary 

 

Cellulose: is an organic compound with the formula (C6H10O5)n, a polysaccharide 

consisting of a linear chain of several hundred to over ten thousand β(1→4) linked D-

glucose units. 

Bagasse: is the fibrous matter that remains after sugarcane or sorghum stalks are crushed 

to extract their juice. 

Ionic liquid: is a salt in the liquid state, and is largely made of ions and short-lived ion 

pairs. 

Tenacity: is a unit used to measure the strength of a fiber or yarn, usually calculated by 

dividing the breaking force by the linear density.  

Degree of crystallinity: is the fractional amount of crystallinity in the material sample. 

Degree of orientation: is the extent to which the molecules in a fiber lie in the direction of 

the fiber length. 

Activation energy: is defined as the energy that must be overcome in order for a chemical 

reaction to occur. 

 

http://en.wikipedia.org/wiki/Organic_compound
http://en.wikipedia.org/wiki/Chemical_formula
http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Polysaccharide
http://en.wikipedia.org/wiki/Glycosidic_bond
http://en.wikipedia.org/wiki/Glucose
http://en.wikipedia.org/wiki/Glucose
http://en.wikipedia.org/wiki/Sugarcane
http://en.wikipedia.org/wiki/Sorghum
http://en.wikipedia.org/wiki/Salt_(chemistry)
http://en.wikipedia.org/wiki/Liquid
http://en.wikipedia.org/wiki/Ion
http://en.wikipedia.org/wiki/Chemical_reaction
http://en.wikipedia.org/wiki/Chemical_reaction
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