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ABSTRACT 
 
 

The focus on biomass as a renewable resource has been triggered by the increasing 

demand for non-renewable supplies and the distress of imminent depletion of petroleum 

reserves.  The term “biorefinery” has been defined in analogy to fuel and petrochemical 

refineries, and has the purpose to process raw biomass for fuel production, but also a variety of 

platform chemicals and materials that would complement the current chemical refineries.  The 

ability of ionic liquids (ILs) to serve as non-derivative solvents for biomass facilitates the 

preparation of chemicals and materials from biorenewable feedstocks.  This window of 

opportunity allows the research community to explore and develop the next generation of 

materials, products and processes. 

This dissertation focuses on the development of novel functional materials using ILs 

technology initiated in 2002.  A tunable approach was developed which allows the preparation of 

composite materials with added functionality for specific applications. 

Throughout the studies, we were able to understand the interactions among polymers, 

additives, and ILs, and also evaluate the properties of biocomposite materials processed from 

ILs/biopolymers solutions embedded with various functional additives.  By adjusting one or 

more of the ILs process variables (ILs’ basicity, concentration of the biopolymer, the additive’s 

load in the biopolymer matrix, additive’s particle size, regeneration solvent, etc.), we were able 

to influence the fundamental and specific properties of the composites.  It was determined that 

the ILs’ capability for biopolymer dissolution increases with anion’s basicity and decrease of the 

cation’s side chain.  The molecular weight and concentrations of the biopolymer are factors that 
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influence the morphology and strength of the fibers.  Using high molecular weight cellulose the 

strength of the fibers was increased, but the surface texture of the fibers became wrinkled 

compared to smooth cellulose fibers obtained from small molecular weight polymers. 

The addition of micron size inorganic particles such as TiO2 and magnetite to the 

IL/cellulose solutions can bring functionality to the prepared composite cellulosic material, but 

can also generate stress failure of the fibers.  However, after changing the additive’s particle size 

from micron to nano size and using ultrasonic dispersion for homogeneity enhancement of the 

IL/additive mixture, the functionality of the particles was retained in the composite and the 

mechanical properties were significantly improved. 

ILs also facilitate the preparation of composite materials with swelling capacity and 

flame-retardant properties through combination of alginic acid and structural polymers like 

cellulose.  These materials can be successfully used as reinforced wound care dressings in the 

medical field.  Chitin nanobeads (~ 25 nm) have been prepared directly from shrimp shells 

powder and IL solution through the electrospinning process.  The nanosize of the chitinous 

materials provides a large surface area for potential applications such as selective metal 

extraction media or support for drug delivery systems. 

In conclusion, the ILs process overall facilitates the preparation of biocomposite 

materials in various shapes that can retain both biopolymer and additive particular properties 

(such as flexibility, biocompatibility, and magnetic or antimicrobial properties) after regeneration 

from IL/biopolymer/additive blends and can be easily used for specific applications. 
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CHAPTER 1 

INTRODUCTION 

 

1.1. Biopolymers and their traditional processing methods 

The rapid increase in the use of synthetic polymers over the past few decades combined 

with the decline of the petroleum-based feedstock shifted the focus of the science community to 

biorenewable resources for the generation of bio-based materials and fuels.  Biopolymers, which 

are polymers or polymer matrix composites derived from nature’s life cycles, offer great 

advantages over fossil-based plastics by being less persistent in the environment through 

digestion of microorganisms or by chemical breakdown through weathering.1

Cellulose, chitin, and alginic acid (Figure 1.1) are some of the common natural polymers 

obtained from lignocellulosic biomass (e.g. wood, hemp, switch grass) and marine environment 

(e.g. chitin from crustacean shells and alginic acid from brown seaweed).  These biopolymers are 

not soluble in water in their natural form and require the use of caustic solutions for processing 

into materials.  Cellulose and chitin represent the first and second most abundant renewable 

resource on the planet; however they are not yet utilized at their full potential because of the 

limited number of solvents that can provide easy processing without structure derivatization and 

alteration of their natural properties.  Alginate compounds are found in the cell wall of brown 

seaweeds as mixtures of calcium, potassium, and sodium salts of alginic acid.

   

2  Sodium alginate 

is water soluble forming viscous solutions and has various applications as stabilizer of 

suspensions, thickener in food industry or textile printing.3  Alginate fibers are non-toxic, non-
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carcinogenic, non-allergic, hemostatic, biocompatible, capable of being sterilized, and can be 

easily manipulated to incorporate medications.4-6  Due to its gel formation ability in the presence 

of polyvalent cations (e.g. Ca2+) and hemostatic effect, it has been used successfully in the 

wound management products sector.  The wider implementation in today’s medicine is 

somewhat limited by the rather expensive alginate extraction process which require multiple 

processing steps for alginate purification and the poor mechanical properties which hinder their 

use at a larger scale.7

 

 

  

(a)      (b) 

  

(c) 

Figure 1.1 Chemical structures of (a) cellulose, (b) chitin, and (c) alginic acid. 

Cellulose, chitin, and alginic acid are linear polysaccharides with basically the same 

backbone structure (β-(1→4) linked D-glucose units).  Based on the structural similarities one 

could assume that they have similar solvability properties.  In fact, the replacement of one 

hydroxyl group from the monomer unit of cellulose with an acetylamine group in the case of 

chitin (Figure 1.1b) and one carboxyl group in the case of alginic acid (Figure 1.1c) determines 

not only the difference in the solvent systems that can process each of these biopolymers, but 
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also their specific properties that makes them prone to various applications in the materials 

science field.  Cellulose is considered the structural polymer in lignocellulosic biomass, holding 

lignin and hemicelluloses through firmly cross-linked covalent bonding.  Cellulose polymeric 

chains connect through inter- and intramolecular hydrogen bonding which combine highly 

structured crystalline regions with amorphous parts.8  In addition, the strong glycosidic bonds 

give cellulose high chemical and mechanical stability and make it a strong building block for any 

composite material.  Using ionic liquid (IL) technology, cellulose was successfully used as a 

polymer matrix that could incorporate inorganic particles to form composite fibers with 

additional functionality (antimicrobial,9 magnetic10,11

Chitin has a cellulose-like crystalline structure with unbranched chains of N-acetyl-D-

glucosamine.  It is the main component of the crustacean shells meant to confer rigidity and 

resistance to the organisms contained.  Compared to cellulose, chitin is more difficult to dissolve 

being recalcitrant to dilute acid solutions and concentrated alkalis.

). 

12,13  The chitin extraction and 

purification process consists of successive steps of demineralization and deproteinization.  

Demineralization occurs in the presence of dilute hydrochloric acid to dissolve minerals from the 

shells such as calcium carbonate (up to 50% in crustaceans).  Deproteinization is a purification 

step that dissolves the protein (30-40%) covalently bonded to chitin.  The treatment of grounded 

shell takes place in dilute sodium hydroxide solution at elevated temperatures for a time ranging 

from 1 to 12 h.  Chitosan, the water soluble chitin derivative, is the starting material for chitinous 

fibers processing.14  Chitosan is obtained through chitin deacetylation process which removes 

enough acetyl groups (60 to 80%)15

Alginic acid is formed of block copolymers of D-mannuronic (M) and L-guluronic (G) 

acid residues, with the relative proportion of M and G monomers mainly dependent on the source 

 to make it water soluble. 
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of extraction and the used extraction route (e.g. ethanol, HCl, or CaCl2).16  The variation in the 

ratio of M and G acid residues determines the ultimate strength, gelation properties and 

absorption ability of the alginate fibers obtained.17  It has been found that while most alginate 

fibers have excellent absorption ability in the presence of moderate to heavy wound exudates, 

they do not always maintain a suitable strength to allow easy removal from the wound.  

Therefore, it is desired to have optimally reinforced alginate-based wound dressings that would 

retain their absorbent and gelling properties while being easily removed from the wound 

afterwards.  As a known building block polymer, cellulose has been used as a blend polymer 

matrix for alginate fibers reinforcement.18

Despite the structural similarities between these three natural polysaccharides, each of 

them has its typical solvent systems for fibers and materials processing.  Without considering the 

process for extraction of the polymers from the biomass source – which is also very tedious and 

require multiple hazardous chemicals – the technological processes established in the natural 

fibers’ industry use caustic chemicals and derivatizations procedures which often cause 

degradation and molecular weight loss of the polymers.  Following are the descriptions of the 

most common fiber processing technologies used to obtain cellulose, chitin, and alginate fibers. 

 

Currently the most popular process used to obtain cellulose fibers is the Viscose process 

and it involves the derivatization of cellulose to cellulose xanthate using CS2 after dissolution in 

sodium hydroxide.19,20  The process requires treatment with H2SO4 to regenerate the fibers 

releasing H2S and up to 75% of the used CS2.  The use of harsh chemicals requires additional 

expenses to make the process meet the environmental regulations for waste water and air 

quality.21  An alternative technology for cellulose fiber manufacturing is the NMMO (N-

methylmorpholine-N-oxide) process which involves direct dissolution of cellulose in an organic 
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solvent with a spinning process to produce high-tenacity fibers like Tencel or Lyocell.22  The 

major drawbacks of the process are poor thermal stability of the solvent23

22

 and pronounced 

degradation of both solvent and cellulose due to byproduct formation which require large usage 

of stabilizers  and high expenditure due to safety concerns.21  The tendency of the fibers to 

fibrillate is another issue which decreases the final performance of the product and therefore 

limits the use of these fibers in textiles. 

Chitin fibers have been produced using commercial chitin powder purified by industrial 

acid-base process and dissolved in halogenated solvent systems such as trichloroacetic acid 

(TCA), dichloroacetic acid (DCA),24 or formic acid–DCA mixtures,25 or amide–LiCl systems 

such as N,N-dimethylacetamide (DMAc)–5% LiCl.26,27

The alginate fiber processing technique is relatively simple subsequent to the tedious 

extraction and purification process of sodium alginate from brown seaweed.  A viscous aqueous 

solution of sodium alginate is usually extruded into a calcium chloride bath.  Based on the ion 

exchange between the sodium ions from the alginate dope and calcium ions from the 

regeneration bath, calcium alginate fibers are formed.

  These methods have the disadvantage of 

using corrosive chemicals which cause degradation of the polymer chains and present difficulties 

in the complete removal and recovery of the solvent from the fiber. 

17  The chemical composition of the 

alginate fibers can be adjusted for specific applications by altering the processing conditions 

during the extrusion process (e.g. various contents of calcium and sodium ions in the coagulation 

bath).28  This measure allows variations in the proportion of calcium and sodium contents within 

the fibers which subsequently determines the moisture absorption capacity of the fibers and their 

strength.29,30  The affinity of alginates to ions is greatly influenced by the number and length of 

the mannuronic and guluronic residues of alginic acid.31 
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1.2. Ionic liquids and their use for biopolymer dissolution and materials processing 

Ionic liquids (ILs) have emerged for over more than a decade as a new class of solvents 

and reaction media, with growing interest in numerous research areas due to their incredible 

versatility and broad spectrum of potential applications.32  Ionic liquids consist of salts and are 

therefore formed of anion and cation pairs in which the ionic components can be varied to design 

a task specific IL or to possess a particular set of properties.33  They are often fluid at room 

temperature, due to the large size of their components and cation’s low degree of symmetry.34  

Having extremely low vapor pressure can facilitate their use as alternative industrial solvents 

with reduced or no amount of waste generation, which can lead to lower costs of the processes 

compared to traditional solvents (VOCs).35  Ionic liquids can be highly conducting36, dissolve 

enzymes37, form versatile biphasic systems for separations38

36

, can form both polymers and gels 

for device applications , are media for a wide range of organic and inorganic reactions.39- 41   

 

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

Figure 1.2 Chemical structures of (a) 1-butyl-3-methylimidazolium chloride ([C4mim]Cl), 
(b) 1-ethyl-3-methylimidazolium chloride ([C2mim]Cl), (c) 1-ethyl-3-methylimidazolium acetate 
([C2mim]OAc), and (d) 1,3-diethylimidazolium acetate ([C2C2im]OAc). 

Since our group reported that imidazolium ILs, such as 1-butyl-3-methylimidazolium 

chloride ([C4mim]Cl), are non-derivative solvents for cellulose,42 the research community began 
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an extensive study of ILs in biomass area.  In Figure 1.2 are represented the chemical structures 

of the imidazolium based ILs used in this work for cellulose and other biopolymers dissolution 

and processing into fibers, films, or beads by different methods.  These ILs and others used in 

various studies have proven their ability to dissolve many types of biopolymers, such as 

lignin,43,44 hemicellulose,45 chitin,46-48 silk fibroin,49 wool keratin,50 starch,51 etc.  In addition, 

the dissolution of raw biomass, including lignocellulosic biomass 52- 55

There have been intensive mechanistic studies to determine the role of the IL structure in 

the cellulose dissolution.

 and shrimp shells47 has 

been reported. 

56- 64  To put it simply, the mechanism of cellulose dissolution in ILs 

consists in the disruption of inter- and intramolecular hydrogen bonding of cellulose chains by 

the anion.65  While it is known that selective combinations of ions can significantly influence the 

ILs physical properties, such as thermal stability, viscosity, melting point, toxicity, etc.58-60,66,67 

more in depth studies reported that both anion and cation participate in the dissolution process, 

therefore the choice of ions affects cellulose solvation in the IL.68

Anions that favor the cellulose dissolution have moderate to excellent hydrogen bonding 

ability (e.g. formate < chloride < acetate) and their substituents are neither bulky to hinder the 

efficient interaction with cellulose H-bond network or hydrophobic to impede any interaction 

with the hydrophilic nature of cellulose.

 

60  Typically, the imidazolium ILs containing acetate 

anion have lower melting points than the chloride ILs, which facilitates the processing of 

IL/biopolymer solutions at room temperature and prevents the biopolymer thermal degradation.  

Additional advantages that make some ILs feasible for industrial use in biopolymer materials 

processing can be the increased thermal stability with increased anion’s size.69,70   
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In regard to cation’s properties, the studies available in the literature report that 

imidazolium and pyridinium are the most common for cellulose dissolution.8  Also, short-even 

numbered side alkyl chains of the imidazolium cation were found to enhance ILs’ ability to 

dissolve cellulose [C2mim]Cl > [C4mim]Cl (Figure 1.2 b, a).42,68,71

60

-73  A cation’s ability to 

dissociate their positive charge due to the planar, nitrogen-containing ring structure favors 

cellulose dissolution as well as the ability to participate in hydrogen bonding. ,74,75

As an overall conclusion based on our studies

 

42,45,47,54,55,68 regarding the efficiency of the 

ILs in the dissolution of biomass and the processing of biopolymers, it has been found that 

[C2mim]OAc (Figure 1.2 c) is currently preferred over [C4mim]Cl (Figure 1.2 a) because of its 

low corrosivity, low acute oral toxicity viscosity, and good thermal stability with the preparation 

of the spinning polymer dope. 

1.3. Research Overview 

In the current search for advanced technologies that can utilize Earth’s biorenewable 

resources in a sustainable manner, it has been suggested that ILs have the potential to process 

biomass from various sources in an integrated biorefinery.  The individual biopolymers separated 

from biomass by simple dissolution in ILs,54 with or without catalytical fractionation,55 can be 

recovered by regeneration in selective coagulants and further used as feedstock for fuels, 

platform chemicals or advanced materials in secondary branches of the biorefinery.  The studies 

in the following chapters present the effect of several parameters (e.g. concentration of 

biopolymer in IL, concentration of additives, particle size of the additives, dispersion methods, 

and extrusion techniques) on the physical properties of the obtained biocomposite materials. 

Using conventional extrusion spinning and forming techniques and coagulation in a water 

bath, the IL/biopolymer solutions can be shaped into various forms like fibers, films, or beads.  
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The process allows the incorporation of various functional additives in the biopolymer matrix 

that can improve the fibers’ fundamental and specific properties and add value to the end 

products.  Unconventional techniques, like electrospinning can also be used to produce 

nanomaterials that oversee a multitude of potential applications in medical, environmental, and 

materials science fields.  This work has focused on the applications of the ILs use in biomass 

processing. 

Chapter 2 describes the preparation and characterization of continuous composite 

cellulose fibers with TiO2 micron size particles incorporated in the polymer matrix.  Based on the 

characterization studies, we conclude that the inorganic particles do not interact with the 

cellulose polymer, but their addition results in significant degradation of the mechanical 

properties of the fibers compared to the plain ones. 

Based on this study and the similar results obtained from using micron size magnetite 

particles in another work,10 we learned that although the desired magnetic properties of the 

composite fibers are retained with particles addition to the IL/cellulose solution, there is a 

significant sacrifice of the mechanical properties due to the micron particle size of the additive, 

which can potentially decrease the end-value of the magnetic fibers.  Therefore, the IL process 

for composite fibers preparation was improved by using nanomagnetite particles with high 

specific surface dispersed in room temperature IL by ultrasonication prior to cellulose 

dissolution.  In Chapter 3 are discussed the possible interactions between nanomagnetite and IL 

during ultrasonic dispersion, which may have lead to enhanced mechanical properties of the 

extruded fibers. 

Chapter 4 presents the role of cellulose as a structural polymer in composite materials 

processing.  While alginic acid can only be processed as a fiber using water insoluble metal salts 
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(e.g. CaCl2) as regeneration solvents, when combined with cellulose it is easily extruded from IL 

solutions.  The biopolymer composite material presented interesting properties such as thermal 

stability close to flame-retardant materials and good swelling ability, although we were not able 

to make a direct correlation between the alginic acid content in the composite and the swelling 

property. 

As a follow-up on our group’s work with shrimp shell dissolution in [C2mim]OAc,47 in 

Chapter 5 are described the efforts to optimize the electrospinning process parameters for the 

preparation of nanochitinous materials from SS/[C2C2im]OAc solution.  Among the numerous 

variables that could alter the process we focused mostly on optimizing the solution properties, 

the choice of chitinous source and effect of particle size on solution properties. 

In the last decade ionic liquids (ILs) proved to have the potential to overcome the 

recalcitrant nature of biomass and not only readily dissolve biopolymers such as cellulose56-

59,61,76- 78 and chitin,46,48 but to also separate the individual components of natural polymers from 

earth and marine bio-based feedstock for further processing into materials and commodity 

chemicals.47,52-55  IL platform technologies are under continuous development, but there are still 

important issues to be addressed before an implementation on large scale.  Aspects such as cost 

of ILs, low energy recycle of the solvent, and ultimately the development of biodegradable non-

toxic ILs are critical for the efficiency and economics of this alternative process for materials 

production from biorenewable feedstock.  Thus, ILs can be considered good candidates for the 

secondary refinery – advanced materials processing from biorenewable polymers.  Although the 

perfect IL has not been decided yet, the industrial implementation of the process in the cellulose 

industry is attractive.  Chapter 6 summarizes the major results and their impact in the field of 
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composite materials.  Future work and further optimization of the processes will also be 

discussed. 
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CHAPTER 2  

PROPERTIES OF CELLULOSE/TiO2 FIBERS PROCESSED FROM IONIC LIQUIDS 

 

Taken in part from a published book chapter: Maxim, M. L.; Sun, N.; Swatloski, R. P.; Rahman, 
M.; Harland, A. G.; Haque, A.; Spear, S. K.; Daly, D. T.; Rogers, R. D. “Properties of 
Cellulose/TiO2 Fibers Processed from Ionic Liquids,” In Cellulose Solvents; For Analysis, 
Shaping and Chemical Modification; Liebert, T. F.; Heinze, T. J.; Edgar, K. J., Eds.; ACS 
Symposium Series 1033, American Chemical Society: Washington, DC 2010; pp 261-274. 

2.1 Introduction 

Cellulose has captured the attention of the research community due to the inevitable 

depletion of petroleum-based resources which has led to the need for more sustainable and 

environmentally-friendly resources.  Cellulose is the most abundant biorenewable material on 

Earth,1 a naturally occurring biopolymer which is used in textile and packaging industries, as 

well as in body care and drug delivery products.2

The cellulose recalcitrance to water and conventional organic solvents is a result of the 

strength of intra- and inter-molecular hydrogen bonding.

  It holds remarkable properties like 

biocompatibility, hydrophilicity, biodegradability, etc., and it is a very cheap material, but by its 

nature, it is very difficult to process.   

3  Therefore to successfully process 

cellulose, either chemical derivatization or physical dissolution in a suitable solvent is required.  

Currently the most popular process used to obtain cellulose fibers is the Viscose process and it 

involves the derivatization of cellulose using CS2 followed by dissolution in sodium 

hydroxide.4,5  The process requires a large amount of hazardous chemicals, and even though up 
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to 75% of the CS2 can be recycled, the additional expenses to make the process meet the required 

environmental regulations for waste water and air quality are continuously increasing.6

An alternative technology for fiber manufacturing is the NMMO (N-methylmorpholine-

N-oxide) process which involves direct dissolution of cellulose in an organic solvent with a 

spinning process to produce high-tenacity fibers like Tencel or Lyocell.

 

7  The major drawbacks 

of the process are poor thermal stability of the solvent8

7

 and pronounced degradation of both 

solvent and cellulose due to byproduct formation which require large usage of stabilizers  and 

high expenditure due to safety concerns.6  The tendency of the fibers to fibrillate is another issue 

which decreases the final performance of the product and therefore limits the use of these fibers 

in textiles. 

Ionic liquids (ILs) represent a new solvent system for cellulose that enables the 

manufacture of cellulose-based materials in a manner that is highly advantageous from various 

points of view.  ILs, salts with a melting point below 100 °C, offer the advantage of low vapor 

pressure9 and cellulose dissolution without pretreatment or chemical derivatization.10- 17  

Cellulose can be easily regenerated from IL solution using various regeneration solvents, among 

which the most efficient and cheapest is water.  During the regeneration process cellulose can be 

shaped into different forms such as fibers, membranes, beads, and flocs, etc.  Enhanced 

functionality of the cellulosic materials can be obtained by introduction of additives into the 

cellulose/IL solution by simple dispersion or direct dissolution.18- 26

For example, cellulose as a biopolymer and biocompatible material makes a suitable 

support for enzyme encapsulation.  Preparation of thin membranes with incorporated laccase was 

  The cellulose composites 

can then be reconstituted into different forms and be used as new materials with improved 

properties.   
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possible by precoating the enzyme with a hydrophobic IL which provided the necessary 

microenvironment for the enzyme to remain active.18  In order to provide more surface active 

area for enzyme immobilization by loading primary amines on the cellulose surface, cellulose-

polyamine composite films and beads were produced from IL solutions.19  Another bioactive 

cellulose film was produced by co-dissolution of polyamidoamine (PAMAM) dendrimers along 

with cellulose in 1-butyl-3-methylimidazolium chloride ([C4mim]Cl).  The films reconstituted 

with DI water which used 1,3-phenylene diisocyanate as a linker to covalently bound cellulose 

and dendrimers showed better performance compared to the composite films for immobilization 

of laccase on the surface.20 

Organic additives incorporated into cellulose via the IL process can lead to inexpensive 

sensors.  By codissolution of cellulose and 1-(2-pyridylazo)-2-naphthol in [C4mim]Cl followed 

by regeneration with water, sensor strips were formed which exhibited a (1:1) response to Hg(II) 

in aqueous solution.21  Successful NOx detection was achieved by immobilization of 

calix[4]arene, a compound known to react with this gas,27

22

 in a cellulose membrane which could 

then be used for both sensing and storage of nitrosonium ion (NO+).  

The use of inorganic additives in cellulose based composites has also been facilitated by 

the IL processing method.  Magnetite (Fe3O4) has been used to produce magnetically responsive 

cellulose composites in the form of beads, flocs, and fibers.23,24  Increased magnetic properties 

have been shown with the increasing concentration of magnetite in the composite fibers.  At the 

same time, however, tensile strength measurements showed deterioration in the mechanical 

properties of the fibers with increasing concentration of the additive. 

Titanium dioxide (TiO2) has been widely used as a white pigment for paints and 

cosmetics, a catalyst in chemical reactions, or a photocatalyst activated by ultraviolet 
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irradiation.28,29  The antibacterial effect of TiO2 based on its photocatalytic properties has been 

studied to create surfaces that would provide protection against infectious diseases, odor, 

staining, deterioration, and allergies.30  The performance of the TiO2 particles depends mostly on 

the polymorph used (rutile or anatase), morphology, and particle size.31

Several studies have been done to determine the antibacterial effect of TiO2 as particles, 

as films,

 

32,33 or as coatings on cellulose fibers.34  It has been shown that TiO2 particles of various 

sizes can be incorporated in cellulosic materials by various methods.  Rayon fibers with TiO2-

SiO2 complexes have been prepared which show better antibacterial activity due to SiO2 

protection.35  Other methods used for the preparation of cellulose/TiO2 composites have been 

reported from NaOH/urea aqueous solution36 and through a controlled hydrolysis of TiOSO4 in 

the presence of cellulose fibers.37

The study reported here focuses on the preparation of cellulose/TiO2 composite fibers 

from cellulose/IL solutions containing suspended titania particles.  The fibers are extruded by a 

dry-jet wet spinning process and regenerated using a water bath.  Several properties of the fibers 

such as surface texture, thermal stability, tensile strength, and elongation at break have been 

investigated as a function of cellulose source and compared with plain cellulose fibers obtained 

under similar conditions. 
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2.2 Experimental 

2.2.1 Materials 

Three types of cellulose with different degrees of polymerization (DP) were used to 

prepare the fibers.  Microcrystalline cellulose (MCC) with an approximate DP of 270 was 

purchased from Aldrich (Milwaukee, WI); ground peach (DP = 687) with high hemicellulose 

content was provided by Weyerhaeuser (Oglethorpe, GA); and ground pulp (DP = 1056) was 

provided by International Paper (Nacthez, MS) as sheets.  The sheets were ground to fine powder 

using an electric lab mill (Janke & Kunkel Ika Labortechnik, Wilmington, NC).  As starting 

materials, all cellulose types were used as fine white powders. 

The IL used for the cellulose dissolution was 1-ethyl-3-methylimidazolium chloride 

([C2mim]Cl) from BASF (Ludwigshafen, Germany).  It had more than 93% purity, appeared as 

off-white solid, and was used as received. 

Rutile type titanium(IV) oxide (TiO2) with an average particle size of less than 5  µm was 

purchased from Aldrich (Milwaukee, WI).  The particles were used as received, without 

preliminary photocatalytic activation. 

2.2.2 Blend and fiber preparation 

The preparation of the spinning dope, the fiber pulling settings and procedures were 

carried out following a procedure described elsewhere.24  For each sample about 10 g of 

[C2mim]Cl was placed in a glass vial and melted in oven at 90 °C.  Cellulose powder was added 

to the IL and heated in a domestic microwave for up to 1.5 min with 2-3 s pulses and mechanical 

stirring in between pulses.  [CAUTION: Care must be taken as overheating the cellulose/IL 

solution can cause degradation and burning of the cellulose.  Special heat gloves need to be 

used when handling glass vials with solutions heated in the microwave]. 
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Cellulose/IL solutions used for the preparation of the plain and composite fibers were 

obtained having the following cellulose concentrations: 14 wt% for MCC (DP = 270); 7 wt% for 

ground peach (DP = 687); 8 wt% for ground pulp (DP = 1056).  For composite fibers the TiO2 

particles were added to the plain solutions after complete cellulose dissolution was achieved and 

mechanically stirred in to obtain homogeneous solutions with final TiO2 concentrations of 3.5 

wt%, 5.0 wt%, or 7.5 wt% relative to the cellulose mass.  The solutions were centrifuged and 

poured into plastic syringes (BD-10 mL and a tip with inside diameter of ~2 mm).  The fibers 

were prepared by the dry-jet wet spinning set-up schematically represented in Scheme 2.1.  The 

plastic syringe (b) containing the IL-based solution was attached to the extrusion pump (a) which 

controlled the extrusion rate.  To ensure the fluidity of the spinning dope, the syringe was 

wrapped in a heating jacket that maintained the temperature at 70 °C.  The fibers were drawn 

through an air gap (~5 cm) into the regeneration bath (c) filled with DI water and then led to the 

godet (d).  Finally the fibers were wound on the uptake reel (e).  The extrusion conditions of the 

fibers were as follows: rate of extrusion 0.3 mL min-1, speed of godets 20 rpm at 6.1 V, and 

speed of the uptake reel 1.44 m s-1 at 3.2 V.  After preparation, the fibers were soaked in DI 

water for 24 h to completely wash out the IL and then air-dried on the spool. 

 

 

Scheme 2.1 Schematic representation of fiber extrusion apparatus: (a) Extrusion pump; (b) 
Syringe; (c) Regeneration bath; (d) Godets; (e) Uptake reel. 

a 

d 
e 

c 

b 
 

DI water 

Fiber 
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2.2.3 Characterization of fibers 

2.2.3.1 Scanning electron microscopy (SEM) 

The surface texture of the plain fibers from various cellulose sources and the composite 

fibers with different TiO2 particle concentrations was analyzed by SEM using a Hitachi S-2500 

SEM operated at 10 kV accelerating voltage.  The samples were mounted on aluminum stubs and 

then sputter-coated with silver and palladium to make them conductive, thus avoiding charge 

build-up and degradation. 

2.2.3.2 Thermogravimetric analysis (TGA) 

The thermogravimetric analyses of original cellulose samples, as well as plain and 

composite fibers, were performed using a TA Instruments TGA 2950 thermogravimetric 

analyzer.  Approximately 10 mg of original cellulose samples were tested at a time.  Fibers were 

cut into small (~ 0.5 mm) pieces and loaded in the platinum pan.  Both fibers and powdered 

samples were subjected to a 5 °C/min temperature ramp starting from room temperature to      

600 °C in air. 

2.2.3.3 Tensile strength 

At least five 10 cm long samples were tested in each category after optical screening for a 

relative uniform cross section of the fiber.  The average diameter of each individual fiber was 

calculated from the measurements at five different sections of the same fiber.  The mechanical 

properties of the fibers were determined using a MTS Q-Test 25 machine attached with a 

specially designed pneumatic grip suitable for thin and flexible fiber testing.  A load cell of    

22.4 newton capacity was used for load measurement.  The cross head speed was maintained at 

1.27 mm min-1 and a data acquisition system was used to obtain the data in terms of stress and 

strain. 
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2.2.3.4 Energy dispersive X-ray spectroscopy (EDS) 

Elemental analysis at the surface of the composite fibers was recorded using a Philips 

XL30 SEM-EDS instrument at 6.5 kV accelerating voltage.  Relative concentrations of C, O, and 

Ti were determined from different spots of the fibers (at least five spots for each fiber with a    

7.5 nm spot size) for statistical analyses. 

2.3 Results and discussion 

2.3.1 Characterization of plain fibers 

2.3.1.1 Surface morphology 

It has previously been shown for this process24 that there is a strong dependence between 

the surface texture of fibers and the concentration of the cellulose used in the solution.        

Figure 2.1 shows the SEM images (120x magnification) of plain cellulose fibers from MCC    

(14 wt%; DP = 270) on the left and peach (4 wt%; DP = 687) on the right.  The MCC fibers on 

the left side have a circular cross section following the exact shape of the syringe tip used for the 

extrusion.  The surface texture is smooth and compact without any cracks.  The extrusion of the 

peach-sourced fibers (right image) at such a low concentration was favored by the higher DP 

number of this cellulose source, as well as the presence of hemicellulose which resulted in a 

higher viscosity cellulose/IL solution.  These fibers, however, have a wrinkled surface which was 

probably caused by the rapid diffusion of IL into water during the regeneration process.  

Although the extrusion of the fibers at this low concentration was possible, the process was not 

continuous.  To ensure the production of continuous and homogeneous fibers higher 

concentrations of peach were ultimately used for both the plain and composite fibers. 
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Figure 2.1 SEM images of plain cellulose fibers extruded from IL solutions: 14 wt% MCC – 
left; 4 wt% peach – right. 

2.3.1.2 Thermal stability 

Thermogravimetric analyses of the original cellulose samples and the fibers regenerated 

from IL solution showed that the IL processing did not change the thermal stability of the 

material or produce any chemical modification.  Previous studies24 showed that the onset 

decomposition temperature for both original and spun materials was around 300 ºC and complete 

degradation temperatures were between 450 and 500 ºC.  The samples analyzed from the fibers 

also seemed to be more thermally stable with a slower two step decomposition curve.  This can 

be attributed to the more compact structure due to the repacking of the molecules after 

regeneration and the big particle size even after grinding.   

The early weight loss for both original cellulose and fibers is due to moisture loss during 

heating.38

2.3.1.3 Mechanical properties 

  Cellulosic materials are hydrophilic so significant water loss was observed for the 

fibers that were washed with water during regeneration. 

The stress-strain plots for the three types of plain cellulose fibers are shown in Figure 2.2 

and their mechanical properties are compared in Table 2.1.  The average data for the ultimate 

stress and failure strain were calculated for at least five test samples.  The tensile strength results 

show that there is a strong correlation between the stress and strain values for the fibers and the 
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concentration and DP number of the cellulose source used.  Previous work showed that for 

peach, hemicellulose facilitated the extrusion of strong fibers even at low concentration          

(3.8 wt%) over the pulp fibers with a concentration of 4.3 wt%.24  In this study we increased the 

cellulose concentrations to almost double (7 wt% for peach and 8 wt% for pulp) which made the 

fibers weaker compared to the ones from low concentrated solutions.  We believe that this was 

caused mostly by the higher viscosity of the solution which made the spinning process more 

difficult using our current extrusion set up.  The inability of the equipment to sufficiently stretch 

the fibers during extrusion led to higher thickness and poor stress-strain properties. 

 

Figure 2.2 Stress-strain curves for plain cellulose fibers extruded from IL solutions of (a) 
MCC (black), (b) peach (dark grey), (c) pulp (light grey). 

2.3.2 Characterization of the composite fibers 

TiO2 particles were homogeneously dispersed in cellulose/IL solutions with final 

concentrations of 3.5, 5, and 7.5 wt% of TiO2 relative to the cellulose mass.  Composite fibers 

were extruded from these solutions and characterized using the same methods as for the plain 

fibers. 
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2.3.2.1 Surface morphology 

With addition of TiO2 particles to the cellulose/IL solution, white fibers were obtained 

with a rough surface texture.  The SEM images in Figure 2.3 show the increased density of TiO2 

particles at the surface of the fiber with higher additive concentration used in solution.  The 

dispersion of the particles was fairly homogeneous, but due to surface outcropping by the 

increased number of particles, the surface became rugged and cracks could be seen.  It is 

believed that the increased ruggedness of the fiber surface should enhance the specific properties 

of the particles due to higher exposure to the activation factors (UV-light for antimicrobial 

activity of TiO2 particles).35 

 

  

Figure 2.3 SEM images of composite fibers from MCC (14 wt%) with 3.5 wt% (left) and 7.5 
wt% (right) TiO2 particles. 

2.3.2.2 Thermal stability 

The thermogravimetric analyses for the composite fibers compared to the plain fibers are 

presented in Figure 2.4.  The decomposition curves keep the same trend of two step 

decomposition due to the compact structure of the fibers implying that there was not interference 

between the TiO2 particles and the cellulose matrix.  The residual weight of the samples studied 

corresponded to the weight of the additive used in the composite fiber suggesting that almost all 

the cellulose was decomposed during the heating process.   
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Figure 2.4 TGA curves for pulp fibers (8 wt%) with 0% (dashed line) and 5% (solid line) TiO2 
relative to cellulose mass. 

2.3.2.3 Mechanical properties 

The stress-strain plots of peach and pulp fibers with different concentrations of additive 

incorporated are shown in Figure 2.5 and Figure 2.6, respectively, and the corresponding data are 

provided in Table 2.1.  The general trend for the strength of the composite fibers is supposed to 

be that with increased concentration of additive the mechanical properties are degraded.  But the 

data shows that there is an optimal concentration of TiO2 that can be used to partially preserve 

the mechanical properties of the plain fibers.  This concentration is 5 wt% TiO2 and can be 

explained by a suitable incorporation of the particles in the cellulose matrix that allows the stress 

transfer at the interface region between the particles and cellulose.   

It can also be observed that the elastic modulus of the composite fibers doesn’t 

significantly change compared to the plain fibers.  This is most probably due to the low 

concentrations of the additive used in the fibers.  The particle size of additives might also be a 

critical factor for the mechanical properties.  Larger sized particles are homogeneously dispersed 

in the cellulose/IL solution and do not create the agglomerates that would disturb the adhesion 

between the particles and the cellulose. 
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Figure 2.5 Stress-strain curves for composite cellulose fibers extruded from IL solutions of 
peach with concentrations of TiO2 particles of (a) 0% (black solid line), (b) 3.5% (dark grey 
line), (c) 5.0% (light grey line). 

 

 

Figure 2.6 Stress-strain curves for composite cellulose fibers extruded from IL solutions of 
pulp with concentrations of TiO2 particles of (a) 0% (black solid line), (b) 3.5% (dark grey line), 
(c) 5.0% (light grey line), (d) 7.5% (dotted line). 
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Table 2.1 Mechanical properties of cellulose fibersa 

Cellulose 
Type 

TiO2 
(wt%) 

Ultimate 
Stress 
(MPa) 

∆Stressb 
(%) 

Failure 
Strain 
(%) 

∆Strainb 
(%) 

MCC 
DP = 270 

0 127(11) 0 12(1) 0 

3.5 112(9) -12 16(4) 33 

5.0 106(15) -17 5(4) -58 

7.5 125(5) -2 10(0) -17 

Peach 
DP = 687 

0 149(8) 0 11(1) 0 

3.5 166(16) 11 38(0) 245 

5.0 137(8) -8 8(1) -27 

Pulp 
DP = 1056 

0 165(11) 0 5(1) 0 

3.5 110(1) -33 11(1) 120 

5.0 204(15) 24 12(6) 140 

7.5 137(9) -17 8(3) 60 
aNumbers in parentheses represent calculated standard deviations for more than 5 samples tested.  
b∆Stress/strain = [(stress/strain of composite fiber) – (stress/strain of plain fiber)]/(stress/strain of 
plain fiber). 

2.3.2.4 Energy dispersive X-ray spectroscopy (EDS) 

The results of EDS analyses performed on the surface of the composite fibers are 

presented in Table 2.2.  The purpose of the analyses was to determine the relative 

concentration of TiO2 on the surface of the fibers and to predict the photocatalytic activity of 

the particles when activated by UV-light and their performance against any microbial agent 

present on the surface.  The theoretical concentrations of the TiO2 particles in case of 

completely homogeneous dispersion of the particles within the fibers were calculated (data not 

shown).  It was found that the experimentally obtained surface concentrations of TiO2 were 

higher than the theoretical values.  This implies that although the dispersion of TiO2 particles 

in the IL-based solution was homogeneous the extrusion and drying process resulted in 
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production of composite fibers where TiO2 particles mostly rested on the surface and yet no 

agglomerations were observed.  This is a confirmation of the SEM results which showed the 

TiO2 particles outcropping the surface of the fibers.  This result indicates that the IL process 

for fiber preparation helps the formation of composite fibers with an active surface provided by 

the dispersed additive within the fiber. 

Table 2.2 Calculated TiO2 concentration at the surface of the composite fibers by EDSa 

Fiber type C  
(wt %) 

O 
(wt %) 

Ti  
(wt %) 

TiO2  
(wt %) on 

surface Cellulose TiO2 
(wt%) 

MCC 

3.5 

5.0 

7.5 

43.9(1) 

43.2(1) 

41.7(1) 

53.3(1) 

53.4(1) 

54.2(1) 

2.8(1) 

3.4(1) 

4.1(1) 

4.7(1) 

5.6(1) 

6.8(2) 

Peach 
3.5 

5.0 

42.8(0) 

45.0(1) 

54.2(1) 

52.0(2) 

3.0(1) 

3.0(1) 

5.0(1) 

5.0(1) 

Pulp 

3.5 

5.0 

7.5 

43.6(1) 

43.7(3) 

41.6(2) 

53.8(1) 

53.0(2) 

53.2(1) 

2.6(1) 

3.3(1) 

5.2(1) 

4.3(1) 

5.5(1) 

8.7(2) 
aNumbers in parentheses represent calculated standard deviations for more than five samples 
tested. 

2.4 Conclusions 

The production of cellulose composite fibers from cellulose/IL/TiO2 solutions was 

demonstrated.  Increasing the concentration of the TiO2 particles in the spinning dope makes the 

texture of the fibers surface more rugged, but this could increase the additive particle exposure to 

UV-light for enhanced photocatalytic activity.  The resultant mechanical properties of the fibers 

are strongly dependent on the solution viscosity, hence on the cellulose concentration in the IL.  

The composite fibers with 5% TiO2 have similar mechanical properties as the plain fibers, which 
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means under these conditions the additive does not have a significant effect on resultant stress or 

strain.  EDS measurements confirmed that most of the TiO2 particles are close to the surface of 

the fibers providing a large active surface area. 
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CHAPTER 3  

THE ENHANCEMENT OF COMPOSITE FIBER PROPERTIES USING IONIC LIQUID 
TECHNOLOGY AND ULTRASONIC DISPERSION OF NANOPARTICLES IN 

CELLULOSIC MATRIX 

Taken in part from a published article: Maxim, M. L.; Sun, N.; Wang, H.; Sterner, J. R.; Haque, 
A.; Rogers, R. D. Nanomater. Energy 2012, 1, 225-236. 

3.1 Introduction 

Ionic liquids (ILs, salts with melting point below 100 °C),1 combining good and tunable 

solubility properties with negligible vapor pressure and excellent thermal stability, have received 

increased attention as a result of the development of green chemistry and its emphasis on 

environmental protection.  Due to the above mentioned unique features, ILs have been widely 

used in organic synthesis, 2, 3 catalysis, 4 electrochemistry, 5 extraction, 6  and other applications.  

The extensive study of ILs in the biomass area began when it was reported that imidazolium ILs, 

such as 1-butyl-3-methylimidazolium chloride ([C4mim]Cl), are non-derivatizing solvents for 

cellulose.7

Up to now, many ILs have been found to be able to dissolve cellulose,

 

8 - 15  and 

importantly, ILs can also dissolve many other kinds of biopolymers, such as lignin, 16 , 17 

hemicellulose, 18  chitin, 19 - 21  silk fibroin, 22  wool keratin, 23  starch, 24  etc.  In addition, the 

dissolution of raw biomass, including lignocellulosic biomass25- 28 and shrimp shells,20 has also 

been reported.  The ability of ILs to serve as non-derivatizing solvents for biomass makes 

possible the homogeneous functionalization of biomass, and it also facilitates the ready 
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preparation of cellulose fibers, beads, flocs and films.13,29-31  This window of opportunity allows 

the research community to explore and develop the next generation of materials, products and 

processes.  In addition, the IL-based technology provides the advantages of using a biomass 

solvent that can be recycled up to 99% due to its negligible vapor pressure which results in 

decreased use of hazardous chemicals, minimal air pollution, and reduced associated waste 

compared to the viscose process.32,33

Our past research has shown that it is possible to prepare functional composite materials 

like films, fibers, and beads with magnetic,

 

34-36 antimicrobial,37 or sensing ability38

Nanoparticles have significantly higher specific area compared to the micro scale 

particles, which means that only a few weight or volume percent of nanofiller addition can 

dramatically change the properties of the polymer.

 by simply 

incorporating the additives into the cellulose/IL solution.  The magnetic properties of micro scale 

Fe3O4 particles embedded in cellulose were retained within prepared magnetic fibers, but the 

mechanical properties of the fibers were significantly decreased with addition of the filler.36  The 

large size of inorganic particles, as well as the difficulty to disperse them uniformly into the 

cellulose/IL solution creates a series of defects which have detrimental effects on the polymer 

performance and cause roughness of the fibers due to the particles’ tendency to outcrop the 

polymer’s surface.36,37  In the same study, it was found that the fibers strength was enhanced by 

using high molecular weight cellulose as the starting material, but with increasing concentration 

of the inorganic filler, the ultimate stress and strain of the composite fibers was decreased 

compared to the plain fibers.36 

39,40  Thus, to minimize the defect formation 

and to allow polymer-filler interaction at molecular level, the use of nanoscale magnetite 

particles as the filler to prepare composite cellulose fibers was chosen. 
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One of the current challenges for the development of the processing-manufacturing 

technologies of polymeric nanocomposite materials is the dispersion of nanoparticles.  Several 

studies showed that the nanoparticle agglomeration is because of their interactions based on their 

identical chemical nature and high surface energy. 41  The agglomerations can be broken by 

imparting enough energy to the mixture in the form of ultrasonic energy, mechanical energy or a 

combination thereof. 42   A proven efficient method in the dispersion of agglomerated 

nanoparticles is ultrasonication in solution,43,44 which takes place in aqueous solutions45 or in 

very low viscosity polymers intended to coat the nanoparticles. 46 , 47   The ultrasonic bath 

dispersion method was previously proven to have a significant effect on the homogeneous 

dispersion of inorganic nanoparticles and breaking of the large agglomerations. 48

Based on the above mentioned studies and others,

  Therefore, 

bath sonication was chosen as the method for nanoparticles dispersion in our procedure. 

49  an alternative approach to 

nanoparticles dispersion in the cellulose polymer matrix was considered.  The IL, 1-ethyl-3-

methylimidazolium acetate ([C2mim]OAc), was used as the particle dispersion medium and 

nanomagnetite with high specific surface as the filler to prepare cellulose composite fibers.  The 

nanomagnetite particles were dispersed in the IL by ultrasonication prior to cellulose dissolution.  

The composite blends were formed after cellulose dissolution and then the fibers were extruded 

using the dry-jet wet spinning process.  Factors like the size of the particles used as fillers (micro 

against nano), 50  processing methods, and the quality of particle dispersion, 51  were found to 

influence the enhancement of the properties of the materials.  It was found that the quality of 

particle dispersion and the mechanical properties of the fibers were considerably improved by 

simply incorporating the nanoparticles in IL before cellulose dissolution. 
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3.2 Experimental 

3.2.1 Materials 

Microcrystalline cellulose (MCC) powder and nanomagnetite particles (NM) with less 

than 50 nm particle size were purchased from Aldrich (Milwaukee, WI).  The IL [C2mim]OAc 

was purchased from Iolitec (Heilbronn, Germany). 

3.2.2 Preparation of the fibers 

The typical process for preparation of cellulose fibers both with and without 

nanomagnetite is schematically represented in Scheme 3.1.  For the pure cellulose fibers, ca. 10 

g of [C2mim]OAc was placed in a 20 mL glass vial and 0.9 g MCC powder was added.  A 

Thermolyne Maxi Mix II Type 37600 mixer was used to homogeneously disperse the cellulose 

powder in the solvent at room temperature after which the vial was placed in a Barnstead Lab-

Line (Dubuque, IA) multi-block heater at 90 ºC and occasionally vortexed to ensure complete 

dissolution.  Complete dissolution was achieved after ca. 30 min when a clear solution with a 

honey-like color and viscosity was obtained.  High speed centrifugation was applied for about 3 

min in a Clay Adams Brand, Dynac Centrifuge, Model 420101/2, Becton Dickinson & Co. 

(Sparks, MD) to remove any air bubbles present in the cellulose/IL solution. 

The magnetic composite fibers were obtained by first dispersing a weighed amount of 

NM particles in 10 g of [C2mim]OAc in a 20 mL vial using a Fisher Scientific Model FS30H 

bath sonicator (40 kHz, 100 W; Pittsburgh, PA) for 1 h.  The prepared IL/NM dispersions 

contained 0.9, 2.25, 4.5, 6.75, 9, 27, 45, and 90 mg of NM particles.  To the well dispersed 

IL/NM mixtures, 0.9 g of MCC powder was added, vortexed vigorously and the vial was placed 

in a heating block at 90 ºC to dissolve the cellulose.  When the cellulose was completely 

dissolved the solution was centrifuged at high speed for 3 min to remove the air bubbles.  The 
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final compositions of the magnetic fibers are reported throughout the paper as the mass ratios (as 

a percentage) of NM load to the total cellulose dissolved in 10 g of ionic liquid, that is, 0.1, 0.25, 

0.5, 0.75, 1.0, 3.0, 5.0, and 10%. 

 

Scheme 3.1 Schematic representation of the MCC/NM fiber preparation process. 

The spinning dopes obtained above, with or without NM particles, were placed in a 

plastic syringe with care to avoid bubble formation.  If air bubbles were formed they were 

removed by placing the syringe in a Precision Scientific Econotherm Laboratory Oven, Model 

1025 (Winchester, VA) for 15 min at 90 ºC.  This step was necessary to minimize defect 

formation (holes and breaks) and to ensure the continuity of the fibers during fiber extrusion.  A 

dry-jet wet spinning set up fully described in our previous work36 was operated using an 
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extrusion rate of 0.7 mL/min.  The spun fibers were regenerated using a room temperature water 

bath (0.6 m long) filled with deionized (DI) water obtained from a commercial deionizer 

(Culligan, Northbrook, IL) with specific resistivity of 17.25 MΩ cm.  A 5 cm air gap was 

maintained between the tip of the syringe and the surface of the water to allow the fiber to be 

fully stretched and develop molecular orientation before coagulation.  The extrusion parameters 

(godets – 5.4 V; fiber collection spool – 4.5 V) were based on previous studies34,36,37 and 

adjusted as necessary to ensure continuity of the fibers.  The spun fibers were washed three times 

with 200 mL DI water to remove any residual IL and then removed from the spools and allowed 

to completely dry in air. 

3.2.3 Characterization methods 

3.2.3.1 Scanning electron microscopy (SEM) 

The surface of the fibers was studied by scanning electron microscopy (SEM) on a 

Philips XL30 SEM instrument operated at 10 kV accelerating voltage.  Prior to imaging, the 

fibers were sputter-coated with gold.  The images were taken at 400 and 500x magnification. 

3.2.3.2 Transmission electron microscope (TEM) 

Transmission electron microscope (TEM) images were captured using a Hitachi H-7650 

TEM at an accelerating voltage of 60 kV.  The commercially available nanoparticles were placed 

on a Formvar Cu coated grid (300 mesh) using a spatula and were analyzed as they were.  The 

IL/NM dispersions were prepared using 1 h bath sonication of 0.5, 1, and 10% NM relative to the 

cellulose mass to be loaded in the IL.  A droplet from each IL/NM dispersion was placed on a 

Formvar grid and rinsed several times with DI water to wash out the IL, and left to dry for 

several hours before being analyzed.  The fibers were infiltrated in 100% Spurr’s Resin 

overnight under vacuum then embedded in the resin using a flat mold.  They were placed in an 
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oven at 70 °C overnight to polymerize the resin.  After its polymerization, the fiber samples were 

trimmed and ~65 nm thick sections were taken.  The sections were placed on Formvar coated 

slot grids and visualized at various magnifications under the electron beam. 

3.2.3.3 Powder X-ray diffraction (PXRD) 

Powder X-Ray Diffraction analysis of original nanomagnetite and regenerated 

cellulose/NM fibers was performed at room temperature using a Rigaku D/MAX-2BX horizontal 

X-ray diffractometer equipped with Cu-Kα radiation (λ = 1.5418 Å).  The sampling ranges (2θ) 

were 5.00-66.00°.  The scanning was conducted in continuous mode with a step size of 0.02° and 

step time of 0.24 degrees/s. 

3.2.3.4 Thermogravimetric analysis (TGA) 

Thermal stability of the fibers was tested using a 2950 Thermogravimetric Analyzer from 

TA Instruments (New Castle, DE).  Fibers were air dried and cut into ~1 mm pieces.  

Approximately 7 mg of each sample was loaded into an aluminum pan and subjected to a 5 

°C/min temperature ramp over a range from room temperature to 600 °C.  An isothermal step of 

30 min at 90 °C was used to remove the moisture from the samples.  The furnace chamber was 

continuously purged with air during the analyses. 

3.2.3.5 Tensile strength 

The mechanical properties of the fibers were tested to evaluate the effect of NM 

concentration on the strength/strain of the fibers.  The test samples of 10 cm long fibers were cut 

from the same take-up spool for each NM concentration and subjected to the tensile test 

measurements.  Test samples of uniform cross section were screened from a group of ten 

samples and measured at five different sections of the fiber to calculate the average diameter of 

each individual fiber sample. 
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An MTS Q-Test 25 machine was used to determine the tensile properties of the fibers.  

At least four samples were tested in each category.  The fibers were placed in a specially 

designed pneumatic grip with a gauge length of 7.62 cm that was suitable for testing thin and 

flexible fibers.  The fibers were subjected to a gradual increase of load at a crosshead speed of 

0.05 inch/min using a 5 lb capacity load cell.  The measurement data were recorded using a data 

acquisition system for stress and strain. 

3.2.3.6 Magnetic properties 

The magnetic properties of the materials were tested at room temperature using a 2900 

MicroMag Alternating Gradient Magnetometer from Princeton Measurements (Princeton, NJ). 

The instrument was calibrated using nickel foil with a saturation magnetization of 2144 memu.  

Approximately 3 mg of fiber sample was cut and attached to a thin flat glass probe with vacuum 

grease.  It was then subjected to a magnetic field of up to 5000 Oe and the data were recorded 

using a data acquisition system. 

3.3 Results and discussion 

For the preparation of the pristine fibers, the cellulose load in [C2mim]OAc was 

optimized.  The IL/cellulose solution prepared by dissolving 1.15 g MCC in 10 g [C2mim]OAc 

was much more viscous compared to the same cellulose concentration in [C2mim]Cl.  The 

increased viscosity made the fibers extrusion more difficult and resulted in thicker fibers.  By 

decreasing the cellulose load in [C2mim]OAc to 0.9 g MCC in 10 g of IL, the extrusion of 

continuous cellulose fibers was optimized with an average thickness 0.17 mm and similar 

mechanical properties to the fibers extruded from [C2mim]Cl.36  It is believed that the dissolution 

ability of the IL was not affected by the dispersion of the nanoparticles prior to cellulose 
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dissolution given the fact that the preparation of spinning dough for the pristine fibers needed the 

same amount of time as for the composite fibers. 

3.3.1 Characterization methods 

3.3.1.1 Surface morphology of the fibers 

Images of the fibers were recorded by SEM to determine if the embedded nanoparticles 

were causing any defects on the surface of the fibers.  Sun et al. observed that micron size 

particles embedded in cellulose caused highly rough surface of the composite fibers and 

increasing concentration of filler resulted in the particles outcropping the surface.36  In Figure 3.1 

the plain cellulose fibers are compared to the composite fibers that had loads of nanomagnetite 

up to 10% mass ratio.  Some features appear on the surface and it is believed that they are mostly 

due to the dust and other impurities from the air drying process.  The surface appears to be very 

smooth and no obvious morphology change was noticed with increasing filler load.  The 

observed cross-section of the fibers was circular in shape and without any microscopic defects 

caused by the embedded particles.  The shape of the fibers’ cross-section was given by the tip of 

the syringe used in the extrusion mechanism. 
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Figure 3.1 SEM representative images of plain and composite cellulose fibers with NM 
loads of: (a) 0; (b) 0.1%; (c) 1%; (d) 5%; and (e) 10% mass ratio. 

(a) 

(c) (b) 

(d) (e) 
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3.3.1.2 Transmission electron microscopy (TEM) 

TEM was used to observe the commercially available nanomagnetite particles in their 

original form.  The nanoparticles were taken with a spatula from the bottle and placed on the 

TEM grid.  The image recorded in Figure 3.2 (a) revealed that the individual particles less than 

50 nm in size were highly agglomerated with a broad size range up to 500 nm and more. 

The quality of the nanomagnetite dispersion in [C2mim]OAc after 1 h ultrasonication was 

also considered for various particles concentrations with representative pictures in Figure 3.2 (b-

g).  A droplet from each IL/NM dispersion was placed on a Formvar® Cu-coated grid (300 mesh) 

and rinsed several times with DI water to wash out the IL.  The nanoparticles remained on the 

grid whereas the IL was diffusing into the water because of the high miscibility of the two 

liquids.  The pictures revealed the formation of some networks among the nanoparticles at low 

concentration dispersions, which indicated alignment and good dispersion of the particles.  For 

higher concentrations particle agglomeration was more frequent and obvious; good evidence for 

the poor performance of the composite fibers with higher NM concentrations in the mechanical 

properties testing (discussion to follow). 

Figure 3.3 shows the TEM images of the cross-section of the pristine fiber compared to 

the composite fibers.  The representative pictures for the composite fibers with increasing NM 

concentration indicate that particle agglomeration was more frequent and the aggregated 

particles were bigger for higher concentrations.  Figure 3.2 shows that at filler loads of 1% NM, 

the particle dispersion in IL changes from a web pattern into an island pattern and most of the big 

particles or agglomerations remain isolated from the pattern.  In Figure 3.2 (c) and (f), it can be 

seen that at this particular NM concentration the nanoparticles smaller than 15 nm are 

homogeneously dispersed on the grid, whereas the big particles or agglomerations larger than 40 
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nm that could not be broken through sonication, stay in between the small nanoparticle islands.  

The big particles are not integrated into the pattern therefore are more likely to not be embedded 

in the cellulose matrix and create defects in the polymer.  Higher NM concentrations (up to 10%) 

resulted in the increase of the large agglomerations in size and frequency as can be seen in 

Figure 3.2 (d) and (g).  The gradual increase of these agglomerations can be observed also in 

Figure 3.3 (f, g, h, i) in the cross-sections of the fibers with NM load equal to or higher than 1%. 
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(a) 

(b) (c) 

(d) (e) 
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Figure 3.2 TEM representative images of NM particles as purchased dispersed in 
[C2mim]OAc (a) and IL dispersions of various mass ratios of NM to cellulose: 0.5% at 15000x 
(b) and 80000x (c); 1% at 25000x (d) and 50000x (e); 10% at 15000x (f) and 50000x (g). 

Another interesting aspect of the TEM images that can be seen in Figure 3.3 is the 

appearance in the cross-section of the pristine and composites fibers of wavy dark stripes more 

or less aligned.  It is believed that these dark stripes are due to the high density polymer chains 

that are formed during the regeneration of the fibers and have higher electron density.  Further 

analysis is needed to identify the exact nature of these stripes. 

(f) (g) 
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Figure 3.3 TEM comparison of cross-sections of composite fibers with increased NM 
concentration (a) 0; (b) 0.1%; (c) 0.25%; (d) 0.5%; (e) 0.75%; (f) 1%; (g) 3%; (h) 5%; (i) 10% 
mass ratio (the scale is reported on the images). 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 
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3.3.1.3 Powder X-ray diffraction analysis (PXRD) 

Magnetite nanoparticles and composite fibers were analyzed by PXRD.  The 

characteristic magnetite peaks were identified at 2θ = 29.9° and 35.2° corresponding to the (220) 

and (311) plane reflections, respectively as shown in Figure 3.4.  The diffractogram for the 

composite fiber retained the positions of characteristic peaks for both cellulose and 

nanomagnetite indicating there was no chemical reaction or crystallographic changes during 

processing of the material.36,52

 

 

Figure 3.4 PXRD analysis of NM powder (black line) and 1% mass ratio NM composite 
fiber (gray line). 
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3.3.1.4 Thermal stability of the composite fibers (TGA) 

The typical behavior of cellulose powder and traditionally processed cellulose fibers 

subjected to thermal analysis in air atmosphere consisted of different steps.  In the first step, 

there was a weight loss due to evaporation of the unbound water around 100 °C.  This weight 

loss can be small for cellulose powder (up to 5%) and larger for processed cellulose fibers which 

have been thoroughly rinsed with water.36,53  Accordingly, the complete thermal analysis of each 

fiber included an isotherm at 90 °C for 30 min for removal of the unbound water from the 

samples.  The second step occurs around 250-270 °C and corresponds to the initial stage of 

thermal degradation.  It is followed by a steep decomposition of about 50% of the cellulosic 

material through an exothermic reaction.54  Around 300 °C the exothermic reaction was slowed 

by an endothermic process because of the formation and evaporation of volatile pyrolysis 

products.  The final exothermic step is attributed to the prolonged char oxidation that peaks 

around 490 °C and is represented by a curve with a diminished slope compared to the initial 

decomposition step.55,56

53

  Although the succession of reactions during decomposition of various 

cellulosic materials is the same, their intensity and temperatures are strongly influenced by the 

cellulose’s DP, supramolecular structure, and the morphology of the material, as well as the 

presence of impurities or additives in the polymer.  

Figure 3.5 shows the thermal decomposition curves of pristine cellulose fibers compared 

to the composite fibers as a function of NM concentration.  The decomposition curves maintain 

the steps discussed above for cellulosic materials: dehydration, initial and accelerated 

decomposition, and prolonged char oxidation.  In the initial decomposition step, where almost 

60% of the mass was lost, the change in the onset decomposition temperature (Tonset) was within 

the standard deviation of the determined temperatures (see Table 3.1).  This change did not 
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reflect a decrease of the thermal stability of the fibers up to 300 °C.  However, above 400 °C, 

Tonset decreased by 75 °C for the fibers with a load of 10% NM (Table I) and the decomposition 

curve had a steeper slope (Figure 3.5).  This means that the nanoparticles from the initial 

decomposition char act as a catalyst for the fast pyrolysis of cellulose, as reported in several 

other studies. 57

36

-61  The same iron oxide catalytic effect on cellulose decomposition was not 

observed in the previous study in which the micron scale magnetite particles were used at 

concentrations up to 30 wt% relative to cellulose mass.   The particle size might have an 

additional enhancement role on cellulose decomposition. 

 

Figure 3.5 Thermal stability for pristine and composite fibers with increasing NM loads: 0 
(solid line), 0.25% (dash line), 3% (long dash dot line), 10% (short dash line) mass ratio. 
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Table 3.1 Thermal stability dependence of the composite fibers on NM concentration for 
first and second step of the thermal decomposition curve.a 
 

[NM], %b Average Tonset decomposition, °C 
1st step 2nd step 

0 289 (1) 452 (15) 
0.10 289 (2) 442 (17) 
0.25 286 (3) 408 (3) 
0.50 284 (2) 440 (9) 
0.75 280 (1) 408 (2) 
1.0 284 (2) 388 (15) 
3.0 280 (0) 392 (9) 
5.0 294 (11) 382 (11) 
10.0 271 (11) 377 (4) 

aNumbers in parenthesis represent standard deviation for three or more readings. 
bNanomagnetite load is represented by the mass ratio expressed in percent of NM to the total 
cellulose dissolved in 10 g of IL. 

3.3.1.5 Mechanical properties of the composite fibers 

The mechanical properties of the fibers were evaluated for the pristine and composite 

fibers extruded by the dry-jet wet spinning process described earlier and are presented in Table 

3.2.  Because the tensile performance of the fibers depends not only on the preparation of the 

spinning dope, but also on the equipment that is used to extrude the fibers from the mixture, 

numerous challenges were encountered in regard to data reproducibility.  The well-established 

protocol described in the experimental section was meant to control most of the factors that 

would introduce defects within the fiber (undissolved cellulose, air bubbles, etc.) and contribute 

to premature fiber failure either during extrusion process or mechanical testing.  The parameters 

of the extrusion set-up (flow rate, speed of the godets and spool, and so on) were also optimized 

to keep the fiber continuous and uniform throughout the spinning process.   

After they were thoroughly washed with DI water and air-dried, the fibers were visually 

screened for macroscopic defects before testing to increase the chances of data reproducibility.  

However, even with all these precautions, the consistency of the data was affected by factors 
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independent of our control.  At a constant flow rate of the syringe pump, the combined effect of 

pump pulse and the inconsistent manual pulling of the fiber to the godets and to the take-up 

spool generated fibers with various thicknesses within the same sample.  Better production 

facilities would overcome the difficulties in the preparation of uniform continuous fibers with 

excellent performance. 

A first batch of fibers with increasing NM loads from 0.25 up to 10% was produced.  

Figure 3.6 shows the dependence of stress and modulus on the NM load in the composite fibers.  

The plot emphasizes an increase in tensile strength for the composite fibers with low NM loads 

(less than 1%) compared to the pristine fibers.  The most significant change in this batch can be 

seen for the fiber with 0.5% NM which shows an increase of 25% in ultimate stress.  At the same 

time there is no clear trend for the elongation of the fibers which is dependent on their thickness.  

It is also observed from Figure 3.6 that Young’s modulus increased mainly for the fibers with 

low NM loads, specifically for the fiber with 0.5% NM, which based on the corresponding data 

provided in Table 3.2, shows a modulus increase of 116%. 
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Table 3.2 Average diameter, ultimate stress, maximum strain and modulus for all the 
sample fibers tested for each concentration of NM.a 

Type of fiber 
MCC-NM [NM],%b 

Nr. 
Samples 
Tested 

Avg. 
Diameter 

(mm) 

Avg. 
Ultimate 

Stress (MPa) 

Avg. Max. 
Strain (%) 

Avg. 
Modulus 

(GPa) 

First batch 

0 13 0.174 (15) 121 (24) 28 (11) 3.1 (9) 
0.1 7 0.184 (7) 113 (17) 16 (6) 3.4 (3) 
0.25 8 0.164 (8) 114 (13) 13 (5) 3.4 (4) 
0.50 12 0.121 (11) 152 (35) 13 (4) 6.7 (2) 
0.75 12 0.160 (19) 111 (36) 19 (4) 3.3 (2) 

1 6 0.162 (18) 97 (15) 25 (9) 2.9 (6) 
3 6 0.156 (7) 83 (20) 17 (9) 3.0 (2) 
5 6 0.169 (7) 80 (8) 31 (2) 2.0 (3) 

10 12 0.160 (23) 99 (61) 14 (7) 3.6 (19) 

Second batch 
0.25 4 0.148 (32) 145 (16) 9 (2) 6 (1) 
0.50 4 0.126 (16) 178 (29) 10 (2) 7 (1) 
0.75 4 0.110 (6) 115 (8) 6 (1) 6 (1) 

aNumbers in parenthesis represent standard deviation for three or more readings. 
bNanomagnetite load is represented by the mass ratio expressed in percent of NM to the total 
cellulose dissolved in 10 g of IL. 

The results for the fibers with higher NM loads presented in Table 3.2 show a decrease in 

the strength and modulus, which may be attributed to the large size agglomerations of the 

nanoparticles.  Even though the TEM images show a relatively even distribution of the particles, 

the agglomerations may have created defects within the fiber and initiated the failure instead of 

reinforcing the fiber.  The stress values are smaller than the plain cellulose fiber, which indicates 

that large loads of NM (higher than 1%) deteriorate the mechanical properties of the composites.  

The strain values do not follow a certain trend in this case either. 
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Figure 3.6 Mechanical properties for plain and composite fibers with increasing NM 
concentration from the first batch: ultimate stress (black solid line), modulus (red solid line). 

To verify the reproducibility of the results at low NM concentration, a second batch of 

fibers with NM loads of 0.25, 0.5, and 0.75% was produced.  Fibers with even higher stress and 

modulus than the first batch of fibers (Figure 3.7) were obtained.  In comparison, the strain 

values for the second batch are small and can be attributed to the thinner fibers.  Comparing the 

average diameters of these two sets of fibers, we noticed that the second batch had smaller 

average diameter which confirms the hypothesis that strain is linearly dependent on the fiber 

thickness.  Given the fact that modulus is the ratio between stress and strain values, it is expected 

that Young’s modulus numbers for the second batch to be higher.  The conclusion is that 
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stretching the fibers during spinning process contributes to the enhancement of the tensile 

strength, along with the orientation of the polymer chains in the fiber. 

 

Figure 3.7 Mechanical properties of composite fibers from different batches in the low 
NM concentration range: ultimate stress first batch (black solid line), ultimate stress second 
batch (black dashed line), modulus first batch (red solid line), modulus second batch (red dashed 
line). 

3.3.1.6 Magnetic properties 

The magnetic properties for the composite fibers as a function of nanoparticle 

concentrations were recorded using an alternating gradient magnetometer and are shown in 

Figure 3.8.  By using nanomagnetite particles as fillers for the composite fibers, we intended not 

only to enhance the mechanical properties, but also to evaluate the effect of the small particles on 
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the magnetic properties in comparison to the microscale magnetite embedded in cellulose fibers.  

It was concluded that while remanence and saturation magnetization values for nanoparticles (Mr 

= 0.57 emu/g; s = 3.8 emu/g) were similar to those for micron size particles (Mr = 0.53 emu/g; 

Ms = 3.7 emu/g),36 there was a 50% increase in the coercivity for the materials filled with 

nanomagnetite (Hc = 72 Oe) compared with micron size magnetite (Hc = 140.7 Oe) for the same 

load of filler (10%) used in the composite material.  This translates into a smaller magnetic field 

needed to reduce the magnetization from saturation to zero which means that the nanomagnetite 

acts as a soft magnet.62  This is highly desirable in magnetic circuits of electronic equipments 

(landline and mobile telephony, radio-electricity, telecommunications, radar, and television).63

 

 

Figure 3.8 Saturation Ms (■) and remanence Mr (▲) magnetization dependence on NM 
load in the composite fibers. 
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3.4 Conclusions 

A process has been developed to incorporate nanomagnetite particles into cellulose fibers 

without obvious agglomerations with small NM loads (up to 1%) by using bath sonication of 

IL/NM mixture prior to cellulose dissolution.  Adjusting the particle size of the filler to nano size 

and lowering the filler’s concentration resulted in flexible magnetic fibers with improved tensile 

strength.  The optimum NM load for maximum fiber strength was 0.5%.  Homogeneous 

dispersion of nanoparticles in the IL was also achieved for larger NM loads, although the 

frequency of the agglomerations up to 300 nm increased at more than 1% NM.  The fibers 

exhibit magnetic properties and their intensity is dependent on the load of the magnetic filler 

incorporated in the cellulose matrix.  Improved magnetic properties were observed in cellulose 

fibers at higher NM concentration (10%), however significant degradation of the mechanical 

properties was also observed.  It was determined that the coercivity of the nanomagnetite fibers 

is specific for the soft magnetic materials which will facilitate their use in various types of 

magnetic circuits for electronic devices.  Future work will focus on studies of the interface 

interactions between cellulose and nanomagnetite that cause the improvement or degradation of 

the mechanical properties of the composite fibers.   
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CHAPTER 4 

ADVANCED BIOPOLYMER COMPOSITE MATERIALS FROM IONIC LIQUID 
SOLUTIONS 

 

Taken in part from a book chapter accepted for publication: Maxim, M. L.; White, J. F.; Block, 
L. E.; Gurau, G.; Rogers, R. D. “Advanced Biopolymer Composite Materials from Ionic Liquid 
Solutions,” in Ionic Liquids: Science and Applications, Visser, A.; Bridges, N. J.; Rogers, R. D. 
(Eds), ACS Symposium Series, American Chemical Society: Washington, DC, 2012 (in press). 

4.1 Introduction 

There are a significant number of biopolymers available in nature (both on land1 and 

marine environment2) that are currently underutilized due to their recalcitrance to dissolution in 

traditional solvents without derivatization or degradation.  Ionic liquids (ILs), which by 

definition are salts with melting points below 100 °C, have been found to dissolve many of these 

natural biopolymers (e.g., silk fibroin,3 wool keratin,4 starch,5 chitin,6- 8 wood,9 konjac 

glucomannan10

The medical textiles field, specifically wound management products sector, is 

continuously growing, and new emerging technologies allow access to advanced or well-known 

materials with improved properties.  There is a constant need to design fibers and dressings with 

improved efficacy, while still retaining key properties such as being highly absorbent, 

hemostatic, biocompatible, and having good mechanical properties.

 to name only a few). 

11  Biopolymers that have 

some or all of these characteristics are naturally occurring, but they are either difficult to process 

in their natural form, or once processed lack some of the crucial properties needed in wound care 
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(e.g., strength or high absorbency) due to their molecular degradation.  One of these 

biopolymers, alginic acid, is widely used as gel dressing in wound care.12

During the last two decades, alginate fibers had been used as high-tech wound 

dressings

   

13,14 not only because they provide an ideal moist healing environment15 (proven by 

clinical trials), but also they promote wound healing.16  Alginic acid (Figure 4.1) is obtained 

from brown seaweed that consists of residues of β-1,4-D-mannuronic acid  and α-1,4-L-

guluronic acid.17

12

  The technological process to obtain the alginate fibers is relatively expensive 

requiring multiple processing steps.   Since alginic acid is not soluble in water and most organic 

solvents, the large scale production of the alginate fibers involves the use of alginate metal salts, 

most commonly sodium, calcium, and silver. 

Alginate fibers are non-toxic, non-carcinogenic, non-allergic, hemostatic, biocompatible, 

of reasonable strength, capable of being sterilized, and can be easily manipulated to incorporate 

medications.11,18,19  The major limitation for wider use in medical wound management is their 

poor mechanical properties.  Cellulose, as a structurally sound biopolymer and highly 

biocompatible (Figure 4.1), if blended with alginic acid could help reinforce the alginate fibers. 

 
   a       b 

Figure 4.1 Chemical structure of alginic acid with its residues (1-4)-linked β-D-mannuronate 
(M) and (1-4)-linked α-L-guluronate (G) (a) and cellulose (b). 

In our quest to develop cellulose/alginate biocomposite materials suitable for the wound 

care sector, we have chosen to take advantage of the ability of ILs to dissolve almost any type of 

biomass.  ILs offer a unique opportunity for controlled processing of natural and synthetic 
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polymers20 and facilitate dispersion of various additives – particles with magnetic21 or 

antimicrobial properties,22 enzymes,23 molecular sensors,24 or macromolecular inclusions25 - that 

increase the functionality and value of the final product.  Another example of cellulose bioactive 

composite fibers obtained via IL route is heparin (anticoagulant) blended with cellulose with 

applications in human blood dialysis.26,27

Here we discuss our work to utilize 1-butyl-3-methylimidazolium chloride ([C4mim]Cl, 

see Figure 4.2) to co-dissolve and process cellulose and alginic acid blended fibers.  The 

continuing goal is to develop highly absorbent cellulose and alginic acid blends that retain the 

gel-swelling ability of the alginic acid and at the same time have good mechanical properties 

conferred by the cellulose structural polymer matrix. 

 

 
 

Figure 4.2 Chemical structure of 1-butyl-3-methylimidazolium chloride ([C4mim]Cl). 

4.2 Experimental 

4.2.1 Materials 

The ionic liquid 1-butyl-3-methylimidazolium chloride ([C4mim]Cl) with more than 90% 

purity was provided by BASF (Florham Park, NJ) and used as solvent for biopolymers.  

Microcrystalline cellulose (MCC) and alginic acid (AA) with 61% mannuronic (M) and 39% 
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guluronic (G) residues were purchased from Aldrich (Milwaukee, WI) and dried in vacuum oven 

at 70 °C prior to use.  Deionized (DI) water from an in-house water purifier (Culligan, 

Northbrook, IL) was used for the fibers regeneration bath.  The removal of residual IL was made 

by soaking the regenerated fibers overnight in DI water or 4.8% aqueous solution of CaCl2 (solid 

pellets of ACS certified grade with 75.9% purity purchased from Fisher Scientific (Pittsburgh, 

PA).  DI water and aqueous solution of 0.9 wt% NaCl with 98.6% purity (Fisher Scientific, 

Pittsburgh, PA) were used to evaluate the absorption capacity of the fibers. 

All other chemicals used for washing or purification of the materials were commercial 

grade and used as received from the chemicals suppliers. 

4.2.2 Standard powder mixture 

A total mass of 1 g of alginic acid and microcrystalline cellulose powders with MCC:AA 

mass ratios of 95:5, 90:10, 85:15, 75:25, and 50:50 were mixed in plastic 20 mL vials using the 

vortex.  The mixtures were characterized by Fourier-Transform Infrared (FTIR) spectroscopy to 

identify the changes in the mixture structure with increasing alginic acid load and their thermal 

behavior was studied using thermogravimetric analysis. 

4.2.3 Solubility of alginic acid in ionic liquid 

The IL, [C4mim]Cl, which is solid at room temperature, was firstly melted at 90 °C for 30 

min. in a Precision Scientific Econotherm Laboratory Oven, Model 1025 (Winchester, VA).  The 

alginic acid powder was added in small increments (0.1 g) to the melted ionic liquid (10 g) and 

stirred vigorously.  The mixture was heated repeatedly using microwave irradiation with 3 s 

pulses until complete dissolution was achieved (monitored by optical microscopy).  The process 

was repeated until the solution became saturated with alginic acid.  [CAUTION: Care must be 

taken as the IL/biopolymer solution overheating can cause degradation and burning of the 
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cellulose.  Special heat gloves need to be used when handling glass vials with solutions 

heated in the microwave]. 

4.2.4 Preparation of the spinning solution 

The preparation steps of the spinning solution for plain and composite materials are 

shown in Scheme 4.1.  The biopolymer/IL solution concentrations are reported throughout the 

paper as the mass ratio (as a percent) of the biopolymers in 10 g of IL, while the MCC:AA ratios 

are referred as mass ratios.  Microcrystalline cellulose powder (10 wt% to IL) was added to the 

melted IL and the mixture was vortexed for one minute to ensure uniform dispersion of cellulose 

powder in the solvent.  The resulting mixture was heated by means of microwave irradiation for 

ca. 1.5 min with 3 s pulses and manual stirring in between pulses until complete dissolution. 

For the biopolymer composite solutions, the alginic acid powder was added to the 

MCC/IL solution in different ratios relative to the MCC load after complete dissolution of 

cellulose was achieved.  The solution was homogenized by vigorous mixing and heating in the 

microwave for ca. 1 min using 3 s pulses (to avoid overheating of the mixture).  The final 

compositions of the prepared solutions of cellulose to alginic acid (MCC:AA mass ratio) were: 

100:0, 90:10, and 75:25 for films, and 100:0, 95:5, 90:10, and 85:15 for fibers.  The solution was 

then degassed by centrifugation for 3-5 min using a Clay Adams Brand, Dynac Centrifuge, 

Model 420101/2, Becton Dickinson & Co. (Sparks, MD) at a speed of approximately 2900 rpm. 
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Scheme 4.1 Schematic representation of the MCC:AA preparation process. 
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4.2.5 Preparation of the composite materials 

All fibers were spun using a dry-jet wet spinning experimental apparatus we have 

previously used to prepare cellulose and cellulose composite fibers.21,22  The MCC:AA:IL 

solutions were poured into a 20 mL plastic syringe.  The syringe was wrapped in a heating jacket 

(with controlled temperature – 70 °C – to ensure uniform fluidity of the solution) and placed on 

the syringe pump.  The syringe tip was at 5 cm distance from the DI water bath to facilitate the 

proper extrusion of the fiber before regeneration.  Godets were used for fiber stretching, 

guidance, and washing in the DI water bath, and a take-up spool was used to collect the 

regenerated fiber.  The parameters of the fiber extrusion set-up were adjusted based on previous 

studies21,22 to ensure the production of thin continuous fibers (godets voltage – 3.4 V; spooler 

voltage – 3.2 V; extrusion rate – 0.8 mL/min).  After extrusion, the fibers were soaked overnight 

in water or aqueous 4.8 wt% CaCl2 solution and air dried at room temperature for two days. 

The composite films were prepared from MCC:AA solution obtained using the same 

method as for the fibers.  After degassing, the solutions were poured on a glass plate and the 

films were cast using a metal rod size RDS 20.  The thickness of the film was controlled by 

guiding the casting rod on a metal frame placed on top of the glass plate.  The films were 

regenerated on the glass plate using water or aqueous 4.8 wt% CaCl2 solution and soaked in the 

regeneration solvent overnight to remove the residual ionic liquid. 

4.2.6 Characterization methods 

4.2.6.1 Scanning electron microscopy (SEM) 

The surface morphology and the cross-section of the fibers was analyzed by SEM using a 

Hitachi S-2500 SEM (Hitachi High-Technologies Pte Ltd, Singapore) operated at 10 kV 

accelerating voltage.  The samples were mounted on aluminum stubs and then sputter-coated 
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with silver and palladium to make them conductive, thus avoiding charge build-up and 

degradation. 

4.2.6.2 Fourier transform infrared spectroscopy (FTIR) 

Infrared spectroscopy was used to qualitatively evaluate the interactions between the 

biopolymers before and after their dissolution in ionic liquid.  Standard powder mixtures of 

cellulose and alginic acid were prepared with MCC:AA mass ratios of 0:100, 50:50, 75:25, 

85:15, 90:10, 95:5, and 100:0.  The powder mixtures were dried, homogenized, placed on the 

sample holder and pressure was applied to record the spectra of each sample.  The films were cut 

in 0.5 cm pieces and analyzed using a PerkinElmer Spectrum 100 FTIR spectrometer (Waltham, 

MA) equipped with an attenuated total reflectance (ATR) cell with 4 scans at 2 cm−1 resolution. 

4.2.6.3 Thermal analysis (TGA) 

The thermal stability of the standard powder mixtures and the fibers was tested using a 

2950 Thermogravimetric Analyzer from TA Instruments (New Castle, DE).  The standard 

powder mixtures were dried in vacuum oven (12 h at 70 °C) prior to thermal analysis.  Fibers 

were air dried and cut into approximately 1 mm pieces.  Then the samples were loaded into an 

aluminum pan and subjected to 5 °C/min temperature ramp over a range from room temperature 

up to 600 °C.  An isothermal step of 30 min at 90 °C was used to remove all the moisture from 

the samples.  The furnace chamber was continuously purged with air during the analyses. 

4.2.6.4 Mechanical properties 

A minimum of four test samples of uniform cross section from each category of fibers 

were visually screened for defects and measured at five different sections of the fiber to calculate 

the average diameter of each individual fiber sample.  An MTS Q-Test 25 machine (MTS, Eden 

Prairie, MN) was used to determine the tensile properties of the fibers.  The fibers were placed in 
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a specially designed pneumatic grip with the gauge length of 7.62 cm that was suitable for 

testing thin and flexible fibers.  The fibers were subjected to a gradual increase of load at a 

crosshead speed of 0.05 in/min using a 5 lb capacity load cell.  The measurement data were 

recorded using a data acquisition system for stress and strain. 

4.2.6.5 Absorption capacity 

A known amount of alginic acid (0.5 g) was mixed with 20 mL of DI water in a vial and 

mixed well by vortexing.  The mixture was left to sit for an hour and then centrifuged for 15 min 

at the highest speed.  The water layer was decanted (using a pipette), and the amount of the 

swollen alginic acid was determined gravimetrically.  The absorption capacity of alginic acid 

was calculated using equation 4.1 and represents the ratio of absorbed water to dry alginic acid 

powder weight multiplied by 100%. 

% absorption capacity = {(wet weight – dry weight)/dry weight} x 100%  (4.1) 

The absorption capacity17 for the plain cellulose and composite materials was determined 

according to the standard protocol from British Pharmacopoeia Monograph for Alginate 

Dressings and Packings.28  A known dry amount of composite material was placed in a flat 

bottom Petri dish (φ = 90 mm) that contained a swelling agent (DI water or 0.9% NaCl) of a 

quantity 40 times the weight of the material.  The sample was allowed to sit in the swelling agent 

for 30 min at room temperature and then it was lifted by one end and held in air for 30 s before 

the weight was measured.  Percent absorption capacity was calculated using equation 4.1 and 

represents the ratio of absorbed water to dry fiber weight multiplied by 100%. 
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4.3 Results and discussion 

4.3.1 Characterization methods 

4.3.1.1 Scanning electron microscopy (SEM) 

The surface morphology of the plain and composite fibers was analyzed by SEM.  All the 

fibers retain the circular shape of the syringe tip and are uniform in thickness.  Figures 4.3 and 

4.4 show fibers regenerated and soaked overnight in DI water (to remove the residual IL), or 

soaked in aqueous 4.8 wt% CaCl2 solution after regeneration in DI water.  After regeneration and 

overnight soaking in DI water, only some fine surface defects were observed over the length of 

the plain fiber (Figure 4.3a, b) which are most probably due to the roughness on the inside of the 

syringe tip.  By increasing the AA concentration (Figure 4.4a, b), apart from defects caused by 

the syringe tip, the surface of the fibers are fairly smooth, probably due to AA’s gel-like 

appearance after swelling. 

The surface morphology of the plain and composite fibers changes when 4.8 wt% CaCl2 

is added to the final washing solution.  The surface of the fibers becomes rough and small cracks 

are visible, although it does not seem to affect the integrity of the fibers (Figure 4.3a′, b′).  The 

composite fibers (Figure 4.4a′, b′) have a slightly rougher surface and increase in surface area 

most likely due to the overnight treatment of the fibers with CaCl2 solution and possible alkali 

metal coordination with carboxyl groups from carbohydrates forming ‘pseudo bridged’ 

unidentate arrangements, as reported by others.29-31
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Figure 4.3 SEM images of pure MCC fibers soaked in DI water (left) and aqueous 4.8 wt% 
CaCl2 (right). 

 

a a′ 

b b′ 
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Figure 4.4 SEM images of MCC:AA fibers soaked in DI water (left) and aqueous 4.8 wt% 
CaCl2 (right). 

a a′ 

b b′ 

MCC:AA 95:5 MCC:AA 90:10 

MCC:AA 95:5 MCC:AA 90:10 
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4.3.1.2 Fourier transform infrared spectroscopy (FTIR) 

Infrared spectroscopy (IR) was used to identify the interactions between cellulose and 

alginic acid before and after dissolution in the IL.  Standard powder mixtures were prepared 

using different mass ratios of MCC:AA, in order to better visualize the appearance of the IR 

frequency bands with increase of alginic acid concentration.  As expected, the C=O band at 1728 

cm-1 characteristic of a carboxylic acid can be seen increasing in intensity with addition of 

alginic acid to the mixture (Figure 4.5). 
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Figure 4.5 FTIR spectra for MCC:AA standard powder mixtures (left) and films soaked in 
DI water (right); MCC:AA ratios: (a) 100:0; (b) 90:10; (c) 75:25. 

A comparison with the IR of the pure IL shows no residual IL left in the MCC:AA films.  

The representative cellulose band around 1059 cm-1 is very intense for each composite sample 

and its intensity is consistent with the concentration of MCC in the fiber composite.  This peak 

represents the C-O-C pyranose ring skeletal vibration32 and the C-O stretching vibration found in 

cellulose and hemicelluloses.33 
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The MCC:AA films regenerated and soaked in aqueous 4.8 wt% CaCl2 solution were also 

analyzed by FTIR and compared with the calcium alginate salt (Figure 4.6).  The 1728 cm-1 C=O 

stretch characteristic of the carboxylic group in alginate acid has shifted to lower wavelength, 

that might indicate an interaction between the alginic acid and the calcium salt, similar to what 

has been observed by Papageorgiou et al.29 
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Figure 4.6 FTIR spectra for MCC:AA films soaked in 4.8 wt% CaCl2 solution; MCC:AA 
ratios: (a) 100:0; (b) 90:10; (c) 75:25. 

4.3.1.3 Thermal analysis (TGA) 

The thermal stability of the standard powder mixtures in known MCC:AA ratios and that 

of the starting materials were studied by thermogravimetric analysis to determine any changes in 

the decomposition temperature due to the interactions between the two biopolymers.  There is an 

obvious temperature and slope difference between the starting materials – microcrystalline 
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cellulose and alginic acid powders, as depicted in Figure 4.7a.  While cellulose has a very steep 

decomposition around 300 °C, pure alginic acid has a lower decomposition point around 150 °C 

which confirms the results from Soares et al.34

The different standard powder mixtures partially retain the behavior of cellulose and 

alginic acid under heating conditions based on the different ratios of the biopolymer contained by 

the mixture.  Therefore, it is not surprising that the decomposition temperature decreases with 

higher content of alginic acid and also the steepness of the slope decreases gradually. 

 where these authors studied alginic acid and its 

sodium salt under atmospheric pressure and showed a small slope decomposition curve over a 

large temperature range from 150 to 450 °C.   

A similar change in the thermal behavior of the composite fibers (MCC:AA 85:15) 

regenerated and soaked in DI water, compared to the plain cellulose fibers is observed (Figure 

4.7b).  There is a slight decrease in the decomposition temperature of the composite and also a 

slope attenuation of the decomposition curve with increasing temperature.  The change is very 

similar to the thermal behavior of the standard powder mixture for MCC:AA 75:25 ratio and the 

small difference between the decomposition temperatures for the plain and composite materials 

may be attributed to the low concentration of alginic acid in the composite material. 

The thermal behavior for the fibers regenerated in DI water and soaked overnight in 4.8 

wt% CaCl2 solution are shown in Figure 4.7c as typical decomposition curves for the calcium 

alginate salts, complementing our IR results which indicate that Ca2+ ions interact with alginic 

acid.  According to the literature, the calcium alginate materials have a two step decomposition 

curve over a wide range of temperatures from 200 to 545 °C.35  Specifically calcium alginate has 

a decomposition curve with less weight loss over the temperature range compared to alginic acid 

and its sodium salt.  Our data (Figure 4.7c) show that both plain cellulose and composite fibers 
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have similar behavior in weight loss and decomposition.  The obvious conclusion is that the 

content of calcium in the fiber prevents its fast pyrolysis even though it has high cellulose 

content.  Therefore, the fibers with or without alginic acid soaked in CaCl2 aqueous solution 

exhibit stable thermal behavior over a wide temperature range with low weight loss and thick 

residues that can successfully inhibit the heat transfer within the fiber.36 
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Figure 4.7 Thermal analysis of (a) MCC:AA standard powder mixtures, (b) fibers soaked in 
DI water, and (c) fibers soaked in 4.8 wt% CaCl2. 
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4.3.1.4 Mechanical properties 

The mechanical properties of the MCC-AA fibers were tested to evaluate if the 

incorporation of alginic acid in the cellulose matrix through IL dissolution and processing 

method allowed the interaction between the two biopolymers and provided any enhancement of 

the material strength or strain.   

The MCC:AA fibers were tested for ultimate tensile strength, which is the maximum 

stress that a material can undertake before it breaks.  The tensile strength measures the applied 

force at which a material can no longer maintain its structural reliability.  At the same time the 

strain of the materials was measured to determine the maximum elongation at break, expressed 

in percent strain of the gauge length.  Fibers with various MCC:AA mass ratios that were 

regenerated and soaked in DI water were tested and the representative stress-strain curves are 

shown in Figure 4.8.  By varying the MCC:AA mass ratio the cellulose content in the fibers was 

gradually decreased which means that the for an accurate comparison control fibers with the 

same cellulose content were needed. 
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Figure 4.8 Stress-strain representative curves for MCC:AA fibers soaked in DI water. 

With decreasing cellulose concentration the plain cellulose fibers decrease in strength and 

strain.  Since cellulose is a structural polymer, it is important to have enough cellulose content to 

regenerate the polymer chains and create the structure of the fiber.  For the composite fibers, we 

expected that some interaction would occur between cellulose chains and alginic acid residues.  

Figure 4.8 shows that the fibers with MCC:AA 85:15 ratio exhibit the same ultimate stress as the 

plain cellulose fibers MCC:AA 95:0.  At the same time, they are stronger than the plain fibers 

with the same cellulose concentration (MCC:AA 85:0).  These results suggest that the alginic 

acid residues in the fiber with the highest alginic acid content interact at a molecular level with 

cellulose and form a stronger structure.  In order to understand the behavior of the polymer 

composite during the tensile testing, SEM imaging was used at the fracture point of the fiber for 

the fibers with MCC:AA ratios of 100:0, 95:5, and 85:15 (Figures 4.9). 
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The polymer layers converge to the breaking point (as indicated by the two arrows) on 

both ends of the fibers as can be observed in Figure 4.9 a and a′.  The fiber in the image is a plain 

cellulose fiber with MCC:AA mass ratio of 100:0.  The layers are very tight and homogeneous, 

but this is not only a factor of polymer capacity to homogeneously regenerate, but also depends 

on the blend preparation and degassification before fiber extrusion. 

The images in Figure 4.9 b, b́ , c, and cʹ show the tensile deformation characteristic to 

ductile polymers that are subjected to a constant load increase.  This phenomenon is called 

necking in materials science and it is due to instability during deformation followed by a 

decrease in the material’s cross-sectional area.37

The stress-strain curves shown in Figure 4.8 indicate that the 95:5 MCC:AA fiber almost 

reaches the strain percentage observed for the plain 100:0 cellulose fiber, but its stress is much 

lower compared to all the other fibers.  This suggests that the failure and permanent deformation 

of the fiber occurred very early in the testing process for this particular fiber. 

  It seems that during testing the polymer layers 

slipped on top of each other until they broke, suggesting that the polymer blend was not 

homogeneous and failure points were created. 

The images in Figure 4.9 were taken at different magnifications in order to better observe 

the separation of the layers and the breaking point of the fiber.  In Figure 4.9 c and ć the two 

matching ends of a broken fiber (MCC:AA 85:15) can be recreated like a puzzle.  This fiber 

could sustain almost as much stress as the fiber with higher cellulose content (85:15 MCC:AA 

fiber vs. 95:0 MCC:AA fiber), but its elongation was visibly affected probably due to the lack in 

structural polymer chains from the cellulose. 
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a MCC:AA 100:0 MCC:AA 100:0 

MCC:AA 95:5 MCC:AA 95:5 

a′ 
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Figure 4.9 SEM images of the cross-section at the fracture point for MCC:AA fibers soaked 
in DI water. 

The representative stress-strain curves for the MCC:AA fibers regenerated in water and 

soaked overnight in 4.8 wt% CaCl2 solution are shown in Figure 4.10.  These fibers’ mechanical 

properties are quite different compared to the fibers soaked in DI water.  Their strength 

significantly decreased and remained relatively constant for all fiber concentrations, but they 

have higher strain compared to all the fibers soaked in DI water.  Specifically, the plain MCC 

fiber soaked in aqueous CaCl2 has a high percentage strain and during testing it formed the 

characteristic necking of the polymers.  The fiber underwent a lot of stretching and thinning 

before the breaking finally occurred.  The other fibers with MCC:AA mass ratios of 95:5 and 

90:10 can sustain little stress and the percentage strain is better than for fibers soaked in DI 

water. 

MCC:AA 85:15 MCC:AA 85:15 c c′ 
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Figure 4.10 Representative stress-strain curves for MCC-AA fibers soaked in aqueous 4.8 
wt% CaCl2. 

Images representing the cross-section of the failure point for the MCC:AA fibers washed 

in an aqueous 4.8 wt% CaCl2 are illustrated in Figure 4.11.  The composite fibers with MCC:AA 

ratios of 95:5 and 90:10 show a slight separation of the layers that can be interpreted as a non-

homogeneous blend.  Qin17 and others38,39 found that the alginic acid rich in mannuronic (M) 

residues are most likely to self-associate rather than coordinate with a metal or with another 

polymer chain to form a complex.  In our case, alginic acid has a majority of M residues (61%), 

which can lead to the formation of the non-homogeneous regions within the cellulose matrix and 

also contribute to the increase in the fibers strain. 
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The average values for the stress and strain of all fibers tested with corresponding 

standard deviation expressed by error bars are presented in Figure 4.12.  The fibers soaked 

overnight in DI water have higher stress than the fibers soaked in CaCl2 solution, while the latter 

exhibit higher strain.  At the same time, it seems that each type of fibers has an optimum 

MCC:AA ratio (85:15 for fibers soaked in DI water and 90:10 for fibers soaked in aqueous 

CaCl2) that show improvement in strength and strain respectively, compared to the fibers with 

other ratios. 

  
MCC:AA 100:0 MCC:AA 100:0 
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Figure 4.11 SEM images of the cross-section at the fracture point for MCC:AA fibers soaked 
in aqueous 4.8 wt% CaCl2. 

MCC:AA 95:5 MCC:AA 95:5 
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Figure 4.12 Average stress (black line) and strain (grey line) values for the MCC:AA fibers 
soaked in DI water (solid line) and aqueous 4.8 wt% CaCl2 (dashed line) for various MCC:AA 
ratios. 

4.3.1.5 Absorption capacity for water 

The absorption capacity for the original alginic acid powder was determined using the 

same method as for the films and fibers; calculated as the ratio between absorbed water to dry 

alginic acid powder multiplied by 100%.  The absorption capacity of the alginic acid powder was 

482% for 0.5 g starting material.  The literature40

The absorption capacities for the plain and composite films and fibers do not show a 

specific trend based on the alginic acid content in the materials.  However, a significant 

difference is observed between materials that were soaked in DI water vs. those soaked in CaCl2 

solution after regeneration.  Due to the strong hygroscopic nature of CaCl2 all materials that have 

 reports that the absorption capacity exceeds 

300% depending mostly on the composition of the polymer (mannuronic and guluronic 

residues). 
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been in contact with CaCl2 show a high absorption capacity regardless of their theoretical alginic 

acid content (Table 1).  The swelling agent used for absorption measurements was either DI 

water or 0.9 wt% NaCl solution (to mimic the body exudates that are normally found in wounds). 

Table 4.1 Absorption capacity for MCC:AA films and fibers. 

 

FILMS FIBERS 

Absorption 
capacity for DI 

water,% 

Absorption 
capacity for 0.9 
wt% NaCl,% 

Absorption capacity 
for DI water,% 

MCC:AA 
mass ratio, % 

 
 

Regeneration 
Solvent 

DI 
water 

4.8 wt% 
CaCl2 

DI 
water 

4.8 wt% 
CaCl2 

DI 
water 

4.8 wt% 
CaCl2 

100:0 35 231 - 132 99 232 

95:5 33 398 45 169 63 170 

90:10 62 305 - 176 - 240 

85:15 49 182 91 166 73 - 
 

According to the literature,17 the absorption capacity of the calcium alginate materials 

varies depending on their content of mannuronic and guluronic residues.  The materials with 

high mannuronic content tend to form weaker and softer gels when in contact with body 

exudates (which contain Na+ ions) and have a higher Ca2+ – Na+ ion exchange capacity 

compared to materials with high guluronic content.  This is attributed to the ability of 

mannuronic residues to weakly bind calcium, facilitating the ion exchange between Ca2+ and 

Na+.17 

The alginic acid powder used in this study has high mannuronic (61%) and low guluronic 

residues (39%), which confers it the ability to weakly bind calcium ions.  The MCC:AA films 

and fibers soaked in water after regeneration have relatively low absorption values for both 
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swelling agents (DI water or 0.9 wt% NaCl).  The change in absorption values is not consistent 

with the increase of alginic acid content in the material which indicates that some of the alginic 

acid may have been washed out of the material during the processing and soaking steps.   

The films soaked in aqueous CaCl2 solution after regeneration showed large absorption 

values for both swelling agents, although a certain affinity for DI water as the swelling agent is 

observed.  As mentioned before, this selectivity can be attributed to the hygroscopic nature of 

CaCl2, but because the fact that the absorption capacity of the films decreases as the content of 

alginic acid increases might suggest that there is an interaction between alginic acid and calcium 

ions.  On the other hand, when NaCl is used as a swelling agent for the plain cellulose film 

(MCC:AA 100:0) the absorption capacity is relatively low compared to the films that were 

swelled with DI water.  However, with increased content of alginic acid the absorption values 

increase slightly and remain constant for the MCC:AA composite films with different ratios.  

This result may reflect the ion exchange between the Ca and Na ions which reaches equilibrium 

and hinders a significant increase of the absorption capacity. 

The absorption capacity results for MCC:AA fibers swelled in DI water were slightly 

higher compared to the results for the films.  No specific trend was observed for the fibers with 

various MCC:AA ratios.  The effect of the soaking agent was seen for the fibers as well: the 

absorption values were small for the fibers soaked in DI water and high for the ones soaked in 

aqueous CaCl2 solution. 
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4.4 Conclusions 

Cellulose/alginic acid materials were successful prepared as films and fibers from 

[C4mim]Cl solution.  The materials soaked in aqueous CaCl2 solution show very good absorption 

capacity, but there was no clear connection between the alginic acid content and the absorption 

values.  In addition, the thermal stability of the materials soaked in CaCl2 solution were close to 

the flame-retardant materials, which gives them additional value.  It was found that there is an 

optimal MCC:AA ratio at which the materials exhibit good mechanical properties.  Future 

research is directed toward the preparation of composite materials of alginic acid in combination 

with other natural biopolymers (e.g. chitin), with the optimal chitin to alginic acid ratio where the 

materials exhibit prime mechanical, physical and biological properties.  In order for these 

materials to be accepted by the wound care sector as wet dressings, biocompatibility and efficacy 

studies would need to be performed.  In addition, further analysis needs to be conducted 

regarding the ion exchange ability between the materials and body exudates, as well as the 

improved homogeneity of the biopolymer blend. 
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CHAPTER 5  

ELECTROSPINNING OF CHITIN BASED MATERIALS FROM SHRIMP SHELL/IONIC 
LIQUIDS SOLUTIONS – PROCESS OPTIMIZATION 

PRELIMINARY RESULTS 
 

5.1 Introduction 

Chitin is a biopolymer widely distributed in the marine environment both in plants and 

animals.1  With a global annual production of over 2 billion tons from freshwater and saltwater 

ecosystems, chitin has the potential to become a major biopolymer source for industrial 

processing of materials for medical and environmental applications.2- 7  Current literature has 

characterized various sources of chitin such as shrimp, crab, lobster, krill, oysters, and squid and 

determined that the chitin content in crustaceans lies between 13 and 41%, and the other 

important components are proteins (30-40%), minerals (30-50%), and lipids up to 12%.8  Chitin 

has a very important structural function in the exoskeletons of all arthropods, as it provides 

strength and protection to the organisms.  In all crustaceans, but specifically in shellfish, chitin 

has a very intimate interaction with the protein forming a polysaccharide-protein complex9 

network which is the basis for the minerals deposition (CaCO3) that eventually becomes the 

outer shell.10  Furthermore, chitin is an amino polysaccharide consisting of β(1 → 4) linked 2-

acetamido-2-deoxy-β-D-glucose units (Figure 5.2 b) found in three polymorphic forms (α-, β-, 

and γ-chitin) among which α-chitin is the most common and stable form.  Its stability is given by 

the antiparallel packing and polarity of the adjacent polymer chains in successive sheets forming 
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inter- and intramolecular hydrogen bonds that are difficult to break.11,12  For this reason there is a 

limited number of chitin solvent systems such as halogenated solvents (e.g. hexafluoroacetone,13 

dichloroacetic acid (DCA),14 formic acid-DCA mixtures15) or dimethylacetamide with 5% 

LiCl.16,17

In recent years ionic liquids (ILs, salts with melting point below 100 °C ) started to show 

promising results for biopolymer dissolution and processing.

  Among the multiple disadvantages associated with the use of these solvent systems are 

the health hazards, corrosiveness which conveys into significant degradation of the polymer, and 

the limited ability to completely remove and recover the solvent from the fibers. 

18- 23  As a result there were several 

studies on pure chitin dissolution in 1-butyl-3-methylimidazolium chloride ([C4mim]Cl),24 1-

butyl-3-methylimidazolium acetate ([C4mim]OAc),25 and 1-allyl-3-methylimidazolium bromide 

([Amim]Br).26  Our group went a step further and accomplished the complete dissolution of 

shrimp shell powder in 1-ethyl-3-methylimidazolium acetate ([C2mim]OAc).27

27

  We clearly 

demonstrated that OAc−, an anion with strong basicity facilitated the imidazolium IL to 

completely dissolve PG chitin and raw crustacean shells.  The process allowed the extraction of 

purified chitin with high molecular weight by addition of regenerating solvents (DI water, 

ethanol or methanol) to the IL/biopolymer solution.  Using the traditional dry-jet wet spinning 

process chitin fibers were successfully extruded from 3.8 wt% shrimp shell (SS)/IL solution.  

The fibers exhibited similar mechanical properties to cellulose fibers made from an IL solution 

using microcrystalline cellulose.  However, the minimum thickness that could be achieved using 

this processing method was 60 µm.   Although microfibers technology is an growing scientific 

area, construction of nanofibers is very desirable because it provides new opportunities for 

biopolymer fibers use in medical,28 environmental,29 and other materials science 

applications.30,31 
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There are several methods to produce nanofibers from polymeric solutions such as phase 

separation,32 island in the sea,33 drawing,34 and self-assembly,35,36 but lately electrospinning has 

been on an ascending curve in number of publications and received a lot of attention from the 

research community.37

The typical components for the basic electrospinning process are represented in Scheme 

5.1: (a) syringe filled with polymer solution with a fine needle at the end; (b) high voltage power 

supply; (c) collector plate.

  The increased interest for this process it is due to its versatility and 

application to a wide selection of fiber forming materials from synthetic and natural polymers, 

plain or with various types of additives, to metals and ceramics.   

38  The polymer solution is pumped through the needle and due to its 

surface tension is held as a droplet at the end of the needle.  The needle is connected to the power 

supply and serves as an electrode while the collector plate is the counter electrode.  By applying 

a large electric field to the tip of needle, the highly electrified pendant droplet elongates to form a 

conical protrusion,39 known as a Taylor cone,40 due to the self-repulsion effect of the dense 

electrostatic charges distributed over its surface.41

37

  When a critical voltage is reached, the 

deformed droplet emerges into a jet with narrowing diameter and is accelerated to the collector 

plate of opposite polarity.   Typically, the evaporation of the solvent occurs before the fiber 

reaches the collection plate.42   



103 
 

 

Scheme 5.1 Schematic representation of a typical perpendicular electrospinning apparatus: (a) 
syringe needle; (b) high voltage power supply; (c) collector plate. (Figure reused with permission 
from Wiley & Sons)38 

The use of the ILs in electrospinning processes for biopolymer nanofiber production has 

emerged from the science community in recent years.43-45  The electrospinning set-up had to 

slightly change to accommodate the ILs extremely low volatility, which made it impossible to 

evaporate the solvent during the fiber making process.  Therefore, the addition of a coagulation 

bath onto the collector plate was necessary to regenerate the nanofibers and wash out the IL at 

the same time.  Currently only few natural polymers have been electrospun from IL solutions 

mainly due to biopolymers recalcitrance to readily dissolve and form homogeneous solutions.  

Elaborate studies and good understanding of the cellulose dissolution mechanism in ILs 

facilitated the emergence of the first cellulose nanofibers.  Plain45-47 and composite cellulose 

nanofibers43 have been successfully electrospun from IL solutions using either water or ethanol 

as coagulation bath.  Silk48 was also electrospun from imidazolium ionic liquid to determine its 

properties in comparison to the fibers obtained using different processing methods.  Recently 

Park et al. reported the electrospinning of chitosan/cellulose composite fibers from [C2mim]OAc 

solution directly into ethanol bath.49  Due to chitosan’s limited solubility in IL it was not possible 

a 

b 

c 
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to prepare fibers from pure IL/chitosan solution.  Therefore, the authors used a mixture of 0.5 

wt% cellulose and 0.25 wt% chitosan in [C2mim]OAc to increase the viscosity and obtain 

micron-size electrospun composite fibers.   

In this work are presented the preliminary results for the process optimization of the 

chitinous nanomaterials preparation from SS/IL solutions by electrospinning method.  There are 

numerous variables that can alter the electrospinning process,50

5.2 Experimental 

 but this study focused mostly on 

optimizing the solution properties by evaluating the viscosity dependence on the shrimp shell 

composition, load in the ionic liquid, and temperature of the SS/IL solution.  In addition, we 

discussed the choice of starting materials and how they will affect the SS/IL solution properties.  

We also determined the effect of SS particle size on the chitin solubility in IL and how chitin 

purification using acid and/or base pre-treatments influence the solution properties.  The 

characterization of the original and pretreated chitinous materials was conducted using Fourier-

transform infrared spectroscopy (FTIR) to qualitatively evaluate their purity before and after 

processing in IL and regeneration in water or ethanol.  The electrospun materials were observed 

by optical microscopy to determine their shape and morphology, and transmission electron 

microscopy was performed to determine the size of the chitin beads obtained from the 

electrospinning process. 

5.2.1 Materials 

Shrimp shell (SS) flakes were collected from the waste of the local shrimp processing 

companies by Gulf Coast Agricultural and Seafood Co-Op (Bayou La Batre, AL).  Without 

additional washing or grinding the shrimp shell flakes (< 5 mm) were dried using a Witte 

Fluidized Bed Dryer (The Witte Company, Inc., Washington, NJ) and provided to our laboratory 
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where they were subjected to additional grinding using an Ika M20 Universal Mill (IKA® Works, 

Inc., Wilmington, NC) with a M23 star-shaped cutter.  The shrimp shell flakes were ground for 5 

min total with 1 min pulses and separated using USA standard test metal sieves (Gilson 

Company, Inc., Lewis Center, OH) with mesh 125, 250, and 500 µm.  The shrimp shell powder 

< 0.125 mm was collected and dried for 48 h in an oven (Precision Scientific Econotherm 

Laboratory Oven, Model 1025, Winchester, VA) at 90 °C.  The larger particle size powders were 

collected separately and saved for process optimization purposes.   

Another batch of shrimp shell powder was processed from unwashed shrimp shell waste 

collected from the same Co-Op for the purpose of comparing the shrimp shell starting material 

best suitable for the electrospinning process.  The processing of the shrimp shell waste was made 

by a low-thermal dryer (PulverDryer USA, Inc., Kalamazoo, MI), that utilizes a high speed 

turbine impeller to power this cyclonic dryer.  The powder was predissolved in [C2C2im]OAc 

using a microwave reactor in a ratio of 1:5 (wt/wt) shrimp shell to ionic liquid and collected in 

metal drums to be later used for analysis and process optimization. 

The particle size distribution of the shrimp shell powder from both shrimp shell sources 

was determined for 1 g of powder.  The Witte shrimp shell (WSS) flakes were ground for 1 and 2 

min using the Ika Mill and separated into particle size ranges as follows: less than 0.125 mm, 

0.125 – 0.250 mm, 0.250 – 0.500 mm, and larger than 0.500 mm.  The weight percentage of the 

separated particles in relation to the total amount of shrimp shell powder (1 g) was calculated in 

order to determine the particle size distribution in the shrimp shell powder and compare with the 

PulverDryer (PSS) powder to establish the optimal distribution for the big scale process of 

microwave dissolution. 
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Practical grade chitin (PG chitin) obtained from crab shells (C7170) was purchased from 

Sigma (St. Louis, MO) and used directly without further purification.  The industrially purified 

chitin was used as reference for comparison of the characteristic chitin properties with the 

materials obtained from shrimp shell by IL processing. 

  

  a      b 

Figure 5.1 Chemical structure of (a) 1,3-diethylimidazolium acetate ([C2C2im]OAc);          
(b) chitin. 

The ionic liquid used for shrimp shell dissolution was 1,3-diethylimidazolium acetate 

([C2C2im]OAc) from BASF (Florham Park, NJ) with 90% purity.  Prior to its use for shrimp 

shell dissolution the IL was dried in a vacuum oven for 24 h at 70 °C. 

The electrospun chitin-based materials were collected in a water bath filled with 

deionized (DI) water at room temperature obtained from a commercial deionizer (Culligan, 

Northbrook, IL) with specific resistivity of 17.25 MΩ cm.  To evaluate the effect of the 

coagulation solvents on chitin purity after regeneration, we used absolute grade ethanol 

(Pharmco-AAPER, Brookfield, CT) for chitin coagulation from SS/IL solution. 
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5.2.2 Equipments and methods 

5.2.2.1 Electrospinning technique and equipment 

The electrospinning set-up is represented in Scheme 5.2.  The voltage up to 30 kV from 

an X-ray power source was applied to a spinner head electrode and a counter electrode which 

was placed at a distance of 13 cm under the collection coagulation bath.  The SS/IL solution was 

delivered through the porous metal spinner head using a NE-300 syringe pump (New Era Pump 

Systems Inc., Farmingdale, NY) which controlled the flow rate.  The coagulation solvent was 

chosen based on its miscibility with the ionic liquid to ensure easiness of solvent removal from 

the regenerated materials (ethanol or DI water). 

 

Scheme 5.2 Schematic representation of electrospinning set-up. 

5.2.2.2 Standard protocols to determine the composition of the shrimp shell powder 

Demineralization.  The shrimp shell powder was treated with 1 M HCl for 30 min at 

ambient temperature with constant stirring and a solid to solvent ratio of 1:15 (w/v).  Following 

demineralization, the decalcified shell was collected on a cellulose filter paper, washed to 
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neutrality with deionized water, dried and weighed.  The mineral content was determined by 

subtraction from total shrimp shell mass the weight of protein and chitin determined 

gravimetrically. 

Deproteinization.  The demineralized shrimp shell was placed in dilute 3.5 wt% NaOH 

with solids to solvent ratio of 1:10 (w/v) for 2 h at 65 °C.  The residue was then washed, filtered, 

brought to neutrality using DI water, and then it was dried and weighed to determine the chitin 

content.  The protein content was determined by subtracting the chitin mass from the 

demineralized shrimp shell. 

5.2.2.3 Shrimp shell dissolution 

Small scale shrimp shell dissolution (for treated and untreated shrimp shell powder) was 

carried using a domestic microwave oven (SHARP Carousel R-209KK, Mahwah, NJ) at full 

power.  A known amount of shrimp shell powder was mixed with IL in a Pyrex glass 50 mL 

beaker and placed in the microwave.  The mixture was heated for up to 3 min using 2 s pulses at 

full power with stirring in between pulses (CAUTION: care must be taken to avoid 

overheating the mixture).  The dissolution efficiency was evaluated by placing a drop of the 

IL/SS mixture between two microscope slides and observing the presence of undissolved 

particles under the optical microscope (Reichert Stereo Star Zoom 580, Depew, NY). 

Large scale shrimp shell dissolution was performed using a microwave reactor with 

Microwave Remotable Head TMA20 and TM0 2.45 GHz Magnetron Heads, air and water 

cooled (Alter Power Systems, Reggio Emilia, IT).  The power control was made by USB Power 

Sensor Model PWR-SEN-6G, 1-6000 MHz connected to a computer.  The SS/IL mixture was 

circulated through a closed system of heat resistant tubing at variable flow rates controlled by a 

MasterFlex peristaltic pump Model 7520-00 (Cole-Parmer Instrument Co., Chicago, IL).  The 
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microwave irradiation chamber contained the custom made ceramic vertical tube in the center 

through which the flowing solution was irradiated and heated.  The ceramic tube as well as the 

irradiation chamber was specifically designed and aligned for maximum absorption of the 

microwave beam by the ionic liquid solution. 

5.2.2.4 Viscosity measurements 

After preparation, the mixtures were allowed to cool down to room temperature for at 

least an hour.  1 mL of the mixture was placed in the viscometer (VISCOlab 3000, Cambridge 

Viscosity, Medford, MA) and the viscosity of the mixture was measured as a function of 

temperature for a temperature range of 30 to 65 °C with 3-5 °C increments. 

5.2.2.5 Regeneration of chitin from SS/IL mixture 

The solvents used for chitin regeneration were deionized water (Culligan, Northbrook, 

IL) with a specific resistivity of 17.25 MΩ cm at 25 °C or absolute ethanol (Pharmco-AAPER, 

Shelbyville, KY).  When water was used for reconstitution, the SS/IL mixture was poured into a 

beaker with 200 mL DI water and stirred with a magnetic stir bar to form solid flocs 

immediately.  The mixture was then stirred at room temperature overnight to ensure the IL 

removal from the reconstituted chitin.  Then the centrifuge (Clay Adams® Brands DYNAC, 

Sparks, MD) was used to separate the liquid from the solid.  The regenerated chitin was washed 

again with 200 mL of DI water, separated and dried for 20 h in oven at 80 °C (Precision 

Econotherm Laboratory Oven).  When dry ethanol was used for chitin reconstitution the same 

procedure was followed using ethanol instead of DI water for the washing steps.  After drying 

the chitinous material was weighed and then washed with 200 mL of DI water to ensure the 

removal of the protein from the material. 
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The chitinous materials obtained from the electrospinning process were separated into 

various particle size ranges using the metal sieves and a constant water flow to separate the 

individual particles from agglomerations.  There were five groups of separated materials based 

on the particle size: less than 90 µm, 90 – 125 µm, 125 – 250 µm, 250 – 500 µm, and larger than 

500 µm.  The particles of the most interest were the ones less than 90 µm, which were kept in the 

DI water dispersion after separation from the bigger particles.  Using centrifugation for 15-20 

min these beads were settled in the vial and the supernatant was pipette out of the vial and placed 

into a clean container.  DI water was added over the settled layer of chitinous material and saved 

for further characterization. 

5.2.3 Characterization methods 

5.2.3.1 Fourier transform infrared spectroscopy (FTIR) 

The FTIR analysis was performed using a PerkinElmer Spectrum 100 FTIR spectrometer 

equipped with an attenuated total reflectance (ATR) cell with 4 scans at 2 cm−1 resolution.  The 

chitin based materials were rinsed with water to remove the residual IL and then separated and 

dried at room temperature for 2 days.  The regenerated chitin was ground using a mortar and 

pestle to ensure uniformity of the particles and placed on the instrument sample holder and 

applied pressure. 

5.2.3.2 Optical microscope analysis 

The visualization of the chitin particles was firstly made by optical microscopy using an 

Olympus CH30 Light Microscope, coupled to a CCD camera with an image analysis system 

(Image-Pro Plus image analysis software, Media Cybernetics version 4.5 for Windows, MD, 

USA).  The beads from each size range were placed on a microscope glass slide using a dropper 
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and observed at various magnifications for shape and surface morphology.  The small size beads 

were air dried on the microscope slide and then visualized at various magnifications. 

5.2.3.3 Transmission electron microscopy (TEM) 

The images were captured using a Hitachi H-7650 TEM at an accelerating voltage of    

60 kV.  The samples were mounted on a Formvar® resin coated Cu grid from the chitin beads of 

particle size less than 90 µm dispersed in water.  Three drops with dispersed beads were placed 

on a wax surface and the upside of the grids was dipped onto the droplet for several seconds to 

allow the beads to collect on the grid.  Then it was allowed to dry for several days and analyzed 

under the electron beam at 20000 and 60000x magnifications. 

5.3 Results and discussion 

5.3.1 Materials 

5.3.1.1 Particle size distribution 

The particle size of the shrimp shell powder influences some parameters that are 

important to the efficiency of the technological process.  The use of a shrimp shell powder with 

optimal particle size distribution as a starting material in the industrial dissolution process could 

enhance the dissolution efficiency of shrimp shell powder in IL because of the higher surface 

area for the IL to diffuse into the material.  Small particles size would also facilitate faster 

dissolution, decreasing the amount of undissolved material and increasing the viscosity of the 

solution.  To obtain a consistent particle size distribution we need to have the same grinding 

process and time with each material batch and we need to consider the additional cost for the 

energy utilized for grinding.  The shrimp shell waste was dried and processed by two different 

industrial methods: PulverDryer process which provided a fine powder and Witte Dryer, 

purposely ground to flakes (< 5 mm) for further particle size analysis in laboratory scale. 
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At laboratory scale the particle size distribution of Witte shrimp shell flakes was 

compared for 1 and 2 minutes grinding time.  We observed that an additional minute to the 

grinding time results in an increase in percentage of the smallest particle size by 44% as shown 

in Figure 5.2. 

 

Figure 5.2 Chart of the particle size distribution for shrimp shell powder as a function of 
grinding time. 

5.3.1.2 Water content measurements for the IL 

The solubility of the shrimp shell in ionic liquid is highly dependent on the moisture 

content of the solvent.  The water content of the ionic liquid was measured by H1 NMR analysis 

and was determined to be 0.8% with 0.1% standard deviation which is low enough to prevent the 

premature regeneration of the chitin. 
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5.3.2 Equipments and methods 

5.3.2.1 Electrospinning technique and equipment 

Electrospinning appears at first a very simple and, therefore, easily controlled technique 

for fiber generation in the nanometer range.  The basic experimental equipment can be set-up at 

laboratory scale using uncomplicated components: syringe with a thin needle to ensure the small 

diameter of the fiber, a high voltage power source connected to the needle (which serves as an 

electrode) and to the collection plate (which serves as a counter electrode).  The polymer solution 

is usually pumped through the syringe using a pump into the electrostatic field generated 

between the two electrodes when the voltage is turned on.  Usually applied voltages are in the 

range of 10-50 kV and the current flow through the system is in the microampers range.  With all 

that said, it seems that the equipment can be turned on and polymer fibers generated in a matter 

of minutes.  The reality is that there are many variables of the process that can significantly 

influence the morphological characteristics of the fibers such as diameter and uniformity, and 

even determine if the materials generated through electrospinning are continuous fibers or beads.  

These parameters can be divided into three major groups: a) solution properties, b) processing 

conditions, and c) ambient conditions.56  The solution properties group comprises inter-

dependable parameters such as viscosity, polymer concentration, molecular mass of the polymer 

and also electrical conductivity, elasticity, and surface tension.  The processing conditions group 

contains parameters like applied voltage, feed rate, and distance between electrodes, whereas the 

ambient conditions are the temperature, air pressure, and humidity.  These variables that can 

possibly alter the electrospinning make the process optimization very difficult for a new system 

as in our study with shrimp shell dissolved in ionic liquid.  However, some of these parameters 

can be held constant during experimentation.  For example, performing the experiments in a 
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controlled environment keeps the ambient conditions unchanged.  We used certain starting 

materials (e.g. shrimp shell powder as polymer and [C2C2im]OAc as solvent) in our studies to 

limit the optimization of the solution properties to viscosity’s dependence on only concentration 

and temperature.  The other parameters like spinning distance, applied voltage, and flow rate 

were held constant for the present work. 

Besides the variables introduced by using the shrimp shell as electrospun polymer from 

IL solution, there are more unknowns brought in by the experimental set-up that we use.  The 

spinner head made of porous metal pipe was meant to facilitate the generation of multiple 

streams at the same time and filtration of potential undissolved material from the solution.  The 

simultaneous electrospinning jets would increase the production rate as reported by Varabhas et 

al. in their work.51

51

  On another hand the numerous pores of the pipe makes difficult to control the 

strength and uniformity of the potential field that drives the electrospinning process; the collector 

geometry might be another factor to consider. ,52

The chitinious nanobeads were obtained from the electrospinning process under the 

following conditions at room temperature, normal air pressure and humidity, and have not been 

yet optimized: 

 

a) Solution properties: 

− Solution concentration: WSS/IL 1:5 (w/w) 

− Viscosity: 4866 cP at 30 °C 

b) Process conditions: 

− Applied voltage: 30,000 V 

− Feed rate: 0.5 mL/min 

− Spinning distance: 13 cm 
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5.3.2.2 Standard protocols to determine the composition of the shrimp shell powder 

The steps for chitin quantification in shrimp shell powder were chosen based on the 

current literature in the field.53,54 54  Rodde et al.  found that there are no significant seasonal 

variations in the composition of the shrimp shell and that shrimp shell waste represents a reliable 

source for the chitin production.  The industrial processes normally use HCl of various 

concentrations to purify chitin and there is a lot of consideration regarding the effect that acid has 

on the molecular weight of the polymer.53,54  The conditions of demineralization of shrimp shell 

with 1 N HCl for 30 min at room temperature with constant stirring and a solid to solvent ratio of 

1:15 (w/v) is an efficient and quick method to purify chitin without sacrificing the quality of the 

product.  In larger scales though it needs to be considered the waste generation and discarding 

which may require lower concentrations of acid to be used.  The deproteinization is also a 

straight forward process of treating the demineralized material with basic solution, usually 3.5% 

NaOH with solids to solvent ratio of 1:10 (w/v) for 2 h at 65 °C.  The shrimp shell composition 

for the two types of powders that we had access to can be seen in Table 5.1.  The PulverDryer 

shrimp shell powder had a higher content of proteins in the detriment of the chitin content.  The 

mineral content was similar for both powders. 

Table 5.1 Composition of the shrimp shell powder. 

Shrimp shell Treatment Minerals, % Proteins, % Chitin, % 

Witte SS 

Acid 54 - - 

Base - 27 - 

Acid-Base - - 19 

PulverDryer 
SS 

Acid 52 - - 

Base - 36 - 

Acid-Base - - 12 
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5.3.2.3 Shrimp shell dissolution 

The small scale shrimp shell dissolution was performed for viscosity studies at ratios of 

shrimp shell to ionic liquid of 1:5, 1:4, and 1:3.  Given the fact that the concentration of shrimp 

shell was above the saturation point of IL with chitin and the content of insoluble salts was very 

high, we were not able to achieve complete dissolution of the material.  The purpose of the large 

shrimp shell load in the solvent was to achieve a high viscosity of the solution that would 

facilitate the electrospinning of the solution into chitinous materials and provide at the same time 

efficient solvent usability for a potential industrial process. 

Based on the viscosity measurements provided in Table 5.2 it was determined that the 

prepared mixtures had increased viscosity with increase of shrimp shell load in the IL.  The 

mixtures were formed of homogeneous chitin/IL clear solution, gel-like material, partially 

dissolved shrimp shell particles and other impurities.  The amount of homogeneous solution 

decreases for the mixtures with increased shrimp shell load most likely because of getting close 

to IL saturation point with dissolved chitin. 

Based on the observations made during dissolution there is some difference between the 

two different sources of shrimp shell powder with regard to viscosity, time of dissolution and 

undissolved particles or impurities.  The PulverDryer shrimp shell solutions had higher 

viscosities and less undissolved particles compared to the Witte shrimp shell solutions.  This 

might be due to the higher protein content which increased the gelation of the solution.  The 

dissolution behavior of treated shrimp shell with acid, base or both was also studied in IL at a 

fixed ratio (1:5 SS/IL) to evaluate the parameters of interest for the extrusion process: viscosity, 

time of dissolution and presence of impurities or undissolved residues. 
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Acid treated shrimp shell powder.  A 1:5 SS/IL solution using acid treated shrimp shell 

has been prepared using microwave heating for 2 min with 2 s pulses. The mixture was highly 

viscous, with many air bubbles and no clear separation in layers even after 20 min centrifugation.  

Gel-like material was formed and there could be observed some undissolved particles present in 

the mixture.  The centrifugation partially degassed the mixture forming a layer of foam on top.  

Most of the sample was regenerated with ethanol, washed twice (using 200 mL of ethanol) and 

dried. The recovered material was approximately 87% relative to the initial load of shrimp shell 

treated with acid.  After washing the dried material with water 74% chitinous material was 

recovered relative to the initial load of shrimp shell. 

Base treated shrimp shell powder.  A 1:5 SS/IL solution using base treated shrimp shell 

has been prepared using microwave heating for 2 min with 2 s pulses.  The viscosity was much 

lower compared to the sample with acid treated shrimp shell.  After centrifugation two layers 

separated- top layer: very fluid and clear, bottom layer: very viscous with a lot of undissolved 

particles (most of them are probably the minerals).  The mixture was diluted with DMSO (10 

mL) and washed 3 times to recover the undissolved material.  After separation the residue was 

additionally washed with water and dried to account for approximately 65% of the initial shrimp 

shell load.  The IL/chitin/DMSO solution was regenerated using 200 mL of DI water to recover 

the dissolved chitin.  During the regeneration step it was observed that very little chitin was 

present in the regeneration solvent.  This might be due to the presence of DMSO in the solution 

which may inhibit the regeneration or the small chitin content of the initial load of shrimp shell. 

Acid-base treated shrimp shell powder.  A 1:5 SS/IL solution using acid-base treated 

shrimp shell has been prepared using microwave heating for 2 min with 2 s pulses.  The mixture 

was very viscous with air bubbles and undissolved particles.  In order to attempt degassing, the 
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solution was centrifuged for 25 min.  Then it was heated for another minute in the domestic 

microwave, but no changes were observed in the viscosity or the presence of undissolved 

particles. 

5.3.2.4 Viscosity measurements 

The viscosity is one of the parameters which affect the polymer solution properties, 

therefore induce important effects on the morphology of the electrospun material.55  A high 

viscosity usually results in fibers with larger diameter.  Also, very low viscosities can lead to 

beads or beaded fibers formation and with increase in viscosity the beads diameter increases and 

uniform fibers are more likely to be formed.56,57  The values in Table 5.2 represent the measured 

viscosities of the SS/IL solutions of various concentrations with temperature increase.  It is 

obvious from the data that the viscosities decrease significantly with temperature increase.  

Although this is an aspect that would offer the opportunity to use larger loads of SS in the IL 

solution and increase the efficiency of the process, it is not desirable to overheat the solution 

because it can result in degradation of the polymer.  It can also be observed that the source of 

polymer with different composition in terms of chitin and impurities content has a great impact 

on the viscosities values.  The solutions of IL and PulverDryer shrimp shell powder with 36% 

protein content has significantly higher viscosity than the solutions of IL and Witte Dryer shrimp 

shell.  This can be explained by the partial solubility of proteins in IL which generates a gelation 

effect of the solution. 



119 
 

Table 5.2 Viscosity values depending on temperature, shrimp shell load in ionic liquid and 
source of shrimp shell powder. 

Mixture PulverDryer Shrimp Shell Witte Shrimp Shell 
Temp (°C) Viscosity (cP) Std. Dev. Temp (°C) Viscosity (cP) Std. Dev. 

SS/IL 
1:5 

30.0 4866.0 4 30 1416 4 
33.0 3727.0 2 31 1261 4 
36.7 2868.0 1 36.6 831 1 
41.0 2198.0 2 41 640 1 
45.5 1634.0 2 45 518 1 
50.9 1215.0 1 45.6 506 1 
55.0 998.5 1 46 488 1 
55.5 978.0 2 50.5 395 1 
60.0 790.0 1 51 379 1 
60.7 750.5 1 56 301 1 
65.5 601.0 2 59.7 260 1 

- - - 65.6 208 2 

SS/IL 
1:4 

30.0 NA NA 30 4131 11 
32.3 NA NA 31 3563 8 
37.2 8546.0 7 31.5 3301 6 
37.3 8531.0 11 32 3093 4 
42.1 7503.0 6 32.5 2964 2 
43.5 7006.0 9 33 2850 3 
44.0 6957.0 8 38.9 1685 1 
45.0 6779.0 6 43 1314 1 
50.3 5257.0 6 45.8 1098 1 
52.0 4700.0 8 50.1 868 1 
55.1 3886.0 4 56 641 1 
60.3 2666.0 5 59.6 543 2 
65.0 1920.0 4 64.8 431 1 

SS/IL 
1:3 30-90 > 10000 - - - - 

- - - 
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Figure 5.3 represents the plot of viscosity dependence on temperature, shrimp shell load 

in IL, and source of SS powder based on the data presented in Table 5.2.  A linear decrease of 

viscosity can be observed with increasing temperature.  The increase of polymer load in solution 

increases the viscosity as expected.  However, the significant viscosity difference between the 

two sources of shrimp shells (PSS and WSS) for the same load in IL raises the issue of the 

reliability on the composition of the biomass feedstock for reproducibility of the chitinous 

materials.  Studies54 have shown that there is not a clear seasonal variation in the composition of 

shrimp shells regarding the chitin, protein, and mineral content.  Therefore, it can be assumed 

that features of the shrimp shell waste processing (e.g. washing, drying, grinding etc.) may have 

influenced the different results in the viscosities. 
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Figure 5.3 Measured viscosity of the shrimp shell/ionic liquid mixtures with various mass 
ratios as a function of temperature: (■) Pure IL (black line); (●) SS/IL 1:5 Witte Dryer SS 
(crimson line); (▲) SS/IL 1:4 Witte Dryer SS (crimson line); (●) SS/IL 1:5 PulverDryer SS 
(dark blue line); (▲) SS/IL 1:4 PulverDryer SS (dark blue line). 
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5.3.2.5 Regeneration of chitin from SS/IL mixture 

The shrimp shell powder could not be completely dissolved in the IL.  Because of the 

high viscosity of the solution the undissolved particles could not be separated from the mixture.  

The chitin was recovered by washing the mixture with the regenerating solvent (DI water or 

ethanol) and recovering the solid material by centrifugation and drying in the oven. 

Table 5.3 Chitin recovery values from each phase of the SS/IL mixture with various 
PulverDryer shrimp shell loads in ionic liquid using different regeneration solvents. 

Regeneration 

solvent 
SS/IL 

Recovered chitinous material (%) 

Ethanol wash Water wash 

Ethanol 

1:4 mixture 89.5 78.5 

1:5 clear top 26.8 - 

1:5 bottom   

DI Water 

1:3 mixture - ~ 58 

1:4 mixture - ~ 57.8 

1:5 mixture - ~ 54.6 

 

The regeneration wash was observed after separation from the solid chitinous material.  It 

was our intention to recover the ionic liquid and to evaluate the possibility of reuse in the 

dissolution process (see Table 5.4). 

The differences between the regeneration solvents were that water wash was turbid and 

foamy after separation of the chitinous material from it most likely because of the water-soluble 

protein.  The ethanol wash was clear and the IL was easier to recover from it.  Most proteins are 

insoluble in ethanol therefore they would regenerate in it, a good reason to choose ethanol as an 

alternative regeneration solvent.  The recovery of the solvent was mainly done by heating and 

evaporating the regeneration solvent.  For this also there is a need to consider the boiling point of 
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the solvent in order to evaluate the energy consumption for IL recovery and to make the process 

feasible for the industrial use. 

Table 5.4 IL wash and recovered IL after the separation of the regenerated material. 

Type of SS powder SS/IL 
mixture 

Regeneration 
Solvent 

Observations 
Before 
heating 

After 
heating 

Recovered 
ILa 

PulverDryer 
SS 

Whole SS 
powder 

1:3 DI water Turbid wash 
Clear wash 
with solid 
particles 

Gel-like 

1:4 DI water Turbid wash 
Clear wash 
with solid 
particles 

Gel-like 

1:4 
Ethanol Clear wash Clear wash Fluid 

DI water after 
ethanol wash Clear wash - Solid 

1:5 DI water Turbid wash 
Clear wash 
with solid 
particles 

Gel-like 

Ethanol Clear wash Clear wash Fluid 

Witte Dryer 
SS 

Acid 
treated SS 1:5 DI water Clear wash Clear wash Fluid 

Ethanol Clear wash Clear wash Fluid 

Base 
treated SS 1:5 

DI water - 
Clear wash 
with solid 
particles 

Gel-like 

DI 
water/DMSOb Clear wash Clear wash Fluid 

aThe recovered IL was dried in a vacuum oven at 80 °C for 24 h or until there were no signals of 
regenerating solvent. 
bThe SS/IL mixture was diluted with DMSO to recover the undissolved material.  Then water 
was added to the filtrate to regenerate the chitin in the IL solution. 
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5.3.3 Characterization methods 

5.3.3.1 Fourier transform infrared spectroscopy (FTIR) 

Chitin has a complex structure with specific network of hydrogen-bonds for each 

polymorphic form involving hydroxyl, carbonyl and amino groups which makes its 

characterization complicated.  Among other techniques, FTIR analysis has been recognized in 

the literature as non-altering, fast, sensitive, user-friendly, low-priced, and suitable for both 

soluble and non-soluble samples method for chitin characterization.58- 61

Table 5.5 Infrared spectrum of PG chitin. 

  The IR spectrum of 

commercially available PG chitin (Figure 5.3 a) has α-chitin signature bands presented in the 

table 5.5 with the proper functional group assignment. 

Frequency, cm-1 Functional groups assignment 
3442 O–H stretching 
3270 N–H stretching 
2884 C–H stretching 
1659 C=O stretching (Amide I band) 1625 
1559 NH bending (Amide II band) 
1156 Asymmetric C–O stretching of the bridge oxygen 
1073 C–O stretching 1028 
878 Ring stretching 

 

The IR spectra of the shrimp shell powders as received or after processing by various 

methods were compared to the PG chitin and their purity was qualitatively evaluated based on 

the characteristic bands frequencies.  Preliminary results show that the chitin purity is highly 

dependent on the source of the chitinous material and the processing methods have an impact on 

the ratio between protein, chitin, and mineral content.  Figure 5.4 a, b, and c respectively, shows 

the IR spectra of practical grade chitin in comparison with original shrimp shell ground into fine 

powder and dried by different methods presented in the experimental section (WSS and PSS).  It 
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is observed that all chitin characteristic bands appear in the shrimp shell powder spectra as 

broader peaks slightly shifted from their expected positions due to interferences from impurities 

consisting in minerals (mainly CaCO3) and proteins.62 

 

Figure 5.4 FTIR spectra of (a) practical grade chitin (black line), (b) Witte Dryer SS – WSS 
(crimson line), and (c) PulverDryer SS – PSS (dark blue line). 
 

In Figure 5.5 it is observed the effect of different regeneration solvents and the degree of 

undissolved residue removal from the sample on the purity of the chitinous product.  

Previously63 it has been observed that using water as regeneration solvent from IL/shrimp shell 

clear solution results in high purity chitin, whereas ethanol gives less pure chitin and the 

sharpness of the characteristic IR peaks is lost.  In Figure 5.5 c the recovered chitin using ethanol 

from SS/IL clear solution has a single correspondent peak for C=O stretching in chitin at 1645 
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cm-1 and one correspondent to NH bending at 1530 cm-1.  Failure to completely remove the 

undissolved residue from the IL/shrimp shell mixture and regeneration of the chitinous material 

using any of the above mentioned solvents resulted in chitinous material with high mineral 

content which caused interference of the chitin characteristic bands in the 1200-1600 cm-1 

region. 

 

Figure 5.5 FTIR spectra of (a) PSS (dark blue line), (b) practical grade chitin (black line), (c) 
recovered chitin from PSS/IL clear solution with ethanol (blue line), (d) recovered chitin from 
PSS/IL mixture with water (green line), and (e) recovered chitin from PSS/IL mixture with 
ethanol (purple line). 
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Acid and/or base treatments of the chitinous powder source were considered as 

purification steps prior to its dissolution in IL to lower the total cost of material purification and 

solvent recovery in a process scale-up scenario.  The acid treated shrimp shell powder 

characterized by FTIR (Figure 5.6 b) shows better resolved peaks and fewer impurities.  After 

dissolution in IL and regeneration in water or ethanol (Figure 5.6 c and d respectively), the 

signature peaks of the chitinous materials remained, however they were less intense compared to 

the acid treated shrimp shell.  The base treated shrimp shell had a spectrum with high 

interferences from CaCO3 impurity at 1408 and 873 cm-1 frequencies (Figure 5.7 b).  The major 

peak at 1408 cm-1 has been identified in the literature as the asymmetric C=O stretching band 

and the other at 873 cm-1 as the out of plane bend of the C–O bond of the carbonate.64,65  After 

dissolution in IL and regeneration with water, the base treated shrimp shell IR spectrum (Figure 

5.7 c) presented more resolved chitin characteristic peaks and lower content of the minerals in 

the samples, which suggests that CaCO3 was removed along with the undissolved residue.   



128 
 

 

Figure 5.6 FTIR spectra of (a) WSS untreated (crimson line), (b) acid treated WSS (red line), 
(c) recovered chitin from acid treated WSS/IL solution with water (green line), and (d) recovered 
chitin from acid treated WSS/IL solution with ethanol (purple line). 
 



129 
 

 

Figure 5.7 FTIR spectra of (a) WSS untreated (crimson line), (b) base treated WSS (red 
line), and (c) recovered chitin from base treated WSS/IL solution with water (green line).
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5.3.3.2 Optical microscope analysis 

After sorting the electrospun chitinous material into various particles sizes using metal 

sieves under continuous water rinse, the beads were placed in glass vials with DI water and 

visualized by optical microscopy to evaluate their shape and morphology.  In the 125-250 µm 

particle size range (Figure 5.8) we were able to identify transparent chitin flakes and short fibers 

among other particles with various sizes and irregular shapes, which suggested they were not a 

product of electrospinning process.  

  

Figure 5.8 Chitin particles from SS/IL 1:5 (w/w) regenerated and dispersed in DI water (125-
250 µm particle size range). 
 

The collected chitinous particles smaller than 90 µm settled on the bottom of the 

centrifugation vial were visualized at magnifications up to 40x (Figure 5.9).  The presence of the 

small chitin particle agglomerations was dominant in the images taken with the optical 

microscope.  Due to the lack of contrast of the materials against the background, the images are 

not well focused and cannot be conclusive regarding the shape of the particles in their wet state.  

Subsequently the particles were air dried on the microscope slides and visualized under the same 

conditions and magnifications.  The images in Figure 5.10 denote the presence of a porous 

surface of chitinous material presumably formed due to the particles tendency to agglomerate.  

4x 10x 

Chitin 
flakes Fiber 
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The pores’ shape seems to be granular and the sizes seem relatively constant throughout the 

sample on the microscope slide.  For the dried chitinous particles there is also an improvement in 

the clarity of the images which enhances the visibility of the chitinous material. 

  

Figure 5.9 Wet chitin particles from SS/IL 1:5 (w/w) regenerated and dispersed in DI water 
separated by centrifugation and left on the bottom of the vial (< 90 µm particle size). 
 

  

Figure 5.10 Dry chitin particles from SS/IL 1:5 (w/w) regenerated and dispersed in DI water 
separated by centrifugation and left on the bottom of the vial (< 90 µm particle size). 

40x 40x 

100x 40x 

Chitin small particle 
agglomerations 



132 
 

5.3.3.3 Transmission electron microscopy (TEM) 

TEM imaging was used to analyze the chitinous particles smaller than 90 µm that were 

generated from SS/IL solutions using the electrospinning process.  The Formvar coated grids 

were prepared as described in the experimental section using chitinous particles dispersed in DI 

water.  The first sample batch consisted of particles visible to the naked eye, which were 

separated and settled on the bottom of the vial by high speed centrifugation (Figure 5.11).  The 

images represent agglomerations of granular material with various thickness suggested by the 

different shades of grey across the analyzed area: light grey means thin material, translated into 

less electrons absorbed, dark grey means thicker material, translated into more electrons 

absorbed.  The lack of contrast between the chitin beads and the background which may be due 

to the polymer nature of the chitin, made it difficult to focus the images. 

  

Figure 5.11 TEM images of chitin particles from SS/IL 1:5 (w/w) regenerated and dispersed 
in DI water separated by centrifugation and left on the bottom of the vial (< 90 µm particle size). 

500 nm 100 nm 
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The second sample batch consisted of chitin particles dispersed in DI water not visible to 

the naked eye, contained in the supernatant after high speed centrifugation.  They were mounted 

on the Formvar coated grids using the method described in the experimental section and 

analyzed under the electron beam.  Figure 5.12 shows two images of the chitin nanobeads at 

20000 (left) and 60000x (right) magnifications.  As opposed to the particles from Figure 5.11, it 

appears that fewer particles have less interaction and are less likely to agglomerate and form a 

granular surface.  Based on the image scale of 100 nm we were able to identify the individual 

chitin beads, spherical in shape and with an approximate diameter of 25 nm.   

 

  

Figure 5.12 TEM images of chitin particles from SS/IL 1:5 (w/w) regenerated and dispersed 
in DI water separated by centrifugation and left in the supernatant (< 90 µm particle size). 

5.4 Conclusions 

The preparation of chitin nanobeads from IL solutions by electrospinning method was 

demonstrated.  TEM images illustrate nanobeads agglomerations of ~ 100 nm and individual 

beads with a diameter of ~ 25 nm can be identified.  The majority of the obtained chitin beads 

which were separated by metal sieves were less than 500 µm, due to the process parameters not 

500 nm 100 nm 
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being optimized yet.  Optical microscope images showed there are large beads with irregular 

granular shape and large agglomerations of smaller particles.  The electrospinning process can be 

improved by adjusting the process parameters to obtain continuous nanometer range fibers and 

enhance the production rate by either pretreatment of shrimp shell powder prior to dissolution in 

IL or by using regenerated chitin in the electrospinning process. 
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CHAPTER 6 

CONCLUSIONS 

 

The focus on biomass as a renewable resource has been triggered by the increasing 

demand for non-renewable supplies and the distress of imminent depletion of fossil reserves.  As 

a potential alternative to the current fuel and petrochemical refineries, the National Renewable 

Energy Laboratory has defined the “biorefinery” as “a facility that integrates conversion 

processes and equipment to produce fuels, power, and chemicals from biomass.”1

In the past decade, ILs have received increased attention from the research community 

due to one of their most attractive properties: non-derivatizing solvents for biopolymers such as 

cellulose and chitin.  The relatively viscous IL/biopolymer solution can be easily processed into 

  The general 

perspective of biorefineries is to maximize the value derived from the renewable biomass 

feedstock by producing several low-volume, but high-value chemical products which enhance 

profitability, and a low-value, but high-volume biofuel required to meet the national energy and 

transportation needs.  Interestingly, for most groups the biorefinery concept focuses on the idea 

to convert complex biopolymers into small fractions in order to produce fuels.  This concept is in 

analogy with petroleum refineries which use 90-95% of raw oil to produce fuel and only 5-10% 

are converted for further chemical use.  The scope of biorefineries is not necessarily to reproduce 

the petroleum-based chemicals from renewable sources, but to put the biomass to a better use, to 

take advantage of its complexity and excellent mechanical and thermal properties, biological 

compatibility and biodegradability in its original form as biopolymers.   
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materials of different shapes (fibers, films) by various forming techniques (dry-jet wet spinning, 

film casting) and regeneration with a coagulation solvent (water, ethanol, methanol, etc.).  Also, 

additives can be homogeneously incorporated into the IL/biopolymer solution prior to 

regeneration to form advanced materials with additional functionality.  In addition, the materials 

processed by IL technology have the advantage of retaining the biopolymers initial molecular 

weight and do not present any alteration of the molecular structure.  Therefore, ILs have a head-

start in the competition with the traditional processing technologies, because the biopolymers are 

used in their natural form and their intrinsic properties are preserved in the end product.   

The general schematic of the biorefinery concept based on ILs technology for renewable 

resources processing is presented in Scheme 6.1. 

Secondary refinery
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Scheme 6.1 Schematic representation of biomass biorefinery using ILs technology. 

In an ideal integrated biorefinery set-up, the primary refinery step would consist in the 

dissolution of biomass in IL and recovering of the pure biopolymer fractions by selected 

precipitation.2  The secondary refinery would use the feedstocks generated from the first step to 
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produce platform chemicals and materials.  Recent studies2 have shown that it is quite difficult to 

generate pure biopolymer fractions from ILs/wood solutions due to the strong lignocellulosic 

bonds that cannot be easily broken, but catalytical fractionation3 or high processing temperature4

The purpose of this work was to address the exploitation of ionic liquids as solvent 

platform to develop advanced materials with added value from biopolymers as represented by 

the second step in an integrated IL-based biorefinery plant.  Cellulose, chitin, and alginic acid of 

various molecular weights and grades were used to learn how the biopolymer molecular weight 

and its concentration in IL affect the properties of the developed materials.  The molecular 

weight of the biopolymer and concentrations of the biopolymer are factors that influence the 

morphology and strength of the fibers.  For example, using high molecular weight cellulose the 

strength of the fibers was increased, but the surface texture of the fibers became wrinkled 

compared to smooth cellulose fibers obtained from small molecular weight polymer.  In addition, 

we learned that incorporating inorganic additives in the IL/biopolymer solution influence the 

materials’ fundamental properties – micron size particles decrease the mechanical properties of 

fibers, whereas nanosized particles can enhance the fibers’ strength, while the specific properties 

given by the additives (antimicrobial or magnetic) remain the same.  We also learned that 

cellulose acts as a structural polymer and can incorporate weaker polymers such as alginic acid 

in its matrix to successfully form alginate based composite fibers and films.  Finally, we were 

able to develop an electrospinning process that uses ILs’ conductivity and their ability to directly 

dissolve shrimp shells to form chitinous nanomaterials from IL/shrimp shell solutions. 

 

show promise for the enhancement of biopolymer fraction purity. 

In Chapter 2, we prepared composite cellulose fibers from [C2mim]Cl solutions with 

addition of micron size TiO2 particles.  It was observed that the apparent homogeneity of the 
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fibers was not consistent with the mechanical properties results which suggested that the 

particles may create some defects in the cellulose matrix and cause fibers’ failure at stress.  

These effects were attributed to the micron size of the particles and also to their non-

homogeneous dispersion within the cellulose matrix.  The particles had also the tendency to 

outcrop the fibers surface, which is probably good for the enhancement of their photocatalytical 

effect. 

After dealing with poor particle dispersion in IL/cellulose solutions and sacrifice of the 

mechanical properties of the materials by addition of micron size particles, it was time to 

produce composite fibers that retain the additives function and experience an enhancement of 

tensile strength.  In Chapter 3, we dispersed nanomagnetite particles in [C2mim]OAc (liquid at 

room temperature) by ultrasonic means prior to cellulose dissolution.  We created the 

opportunity for the IL interaction with the small particles at molecular level, followed by their 

better dispersion in the cellulose matrix.  Although the exact mechanism is not clear, it seems 

that at IL/NM concentrations smaller than 1 wt%, the nanoparticles form complex networks with 

IL, which indicate interactions that might cause alignment and good dispersion of the particles 

within the mixture.  It is not coincidental that the composite fibers with the same small 

concentrations of NM have enhanced tensile strength.  This also proves that some ILs make 

suitable dispersion media for nanoparticles. 

In Chapter 4, we used [C4mim]Cl to combine a structural polymer such as cellulose with 

alginic acid, which is a biopolymer that can be drawn into a fiber only with the use of a aqueous 

metal salt as regenerating solvent.  This offered us the opportunity to obtain a biodegradable 

material with swelling ability, due to the presence of alginic acid, and increased strength due to 

the structural polymer. 
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Our group studies in the biomass field were rewarded with the finding that shrimp shell 

powders can be dissolved in ILs with very basic anions ([C2mim]OAc, [C2C2im]OAc).  This 

discovery combined with the ILs excellent conductivity resulted in the production of chitinous 

nanomaterials through the electrospinning process in Chapter 5.  As the conventional 

electrospinning process consists in the evaporation of the solvent upon the fiber’s formation, our 

process needed some modification to accommodate the low volatility of our solvent.  A 

coagulation bath was placed on the collector plate to accumulate the produced nanomaterials and 

diffuse out the IL from them.  Another addition to the experimental set-up was the porous 

spinner-head which was designed to increase the productivity rate of the materials.  The 

preliminary results show that chitinous nanobeads can be obtained directly from SS/IL solution 

with no prior purification of the starting material. 

It is important to note that the ILs used throughout this dissertation had at least one thing 

in common: they could dissolve cellulose.  It may be that differences appear in their physical or 

chemical properties, but the bottom line is that ILs can be used as platform solvents for 

biopolymer processing to produce advanced materials.  We developed a tunable approach that 

allows us to make composite materials with added functionality for specific applications. 

ILs are a little bit short to be employed as biomass fractionation solvents with the use of 

selective catalysts and regeneration solvents.  This would facilitate the production of pure 

biopolymers as renewable feedstock for chemicals and materials development.  The 

implementation of IL-based biorefinery concept would require the development of biomaterials 

using the new biopolymer feedstock along with the assessment of their properties and potential 

value on the market compared to the current benchmark products. 
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Given the fact that the biorefinery concept based on ILs technology is in its infancy, there 

are other issues to be addressed before it can be feasible for industrial use.  As research 

progresses, it is expected that more information will be in place regarding recyclability of the 

rather costly solvents, assessment of the toxicological data and environmental impact, waste 

disposal and long-term stability and ILs will become more accessible as industrial solvents.5,6

A more complex analysis that comprises all the issues of newly developed technologies is 

the life cycle assessment (LCA).  This standardized methodology provides guidelines for 

identifying and assessing the potential environmental impacts associated with a product, process, 

or service over its entire life cycle from raw material acquisition through production, use, end-of-

life treatment, recycling, and final disposal (cradle-to-grave).

  

Recently the recyclability and toxicity of the ILs have been studied in more depth due to research 

community awareness that these aspects are critical for the future of ILs.   

7  Such a powerful tool can 

facilitate a pertinent evaluation of any IL technological process before it proves feasible for 

industrial scale up, as a substitute to the already established industrial process.  ISO 14040 

guidelines8 provides the principles and framework for the product/technology assessment with 

the corresponding steps for the successful analysis.  This complex analysis requires information 

about resource use, emissions, and impacts throughout a life cycle.  Unfortunately, for new 

technologies and even for some industrial products, it is difficult to find these types of data in the 

LCA databases.9,10  Gaining knowledge through a life cycle assessment of a product/technology 

gives the advantage to be aware of its most important problems and the opportunity to best 

address them.11  Therefore, it is imperiously necessary to generate full characterization of new 

compounds in order to speed up the process of implementing the most versatile and industrial 

efficient technologies in the future.  Based on the current results, it may be reasonable to expect 
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within a few decades an ILs-based biorefinery that will make full use of the currently less-

exploited biomass resources. 
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