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Abstract 
Fibers are classified into two groups; natural fibers and man-made fibers (MMF). There are 

three kinds of MMF: those made by transformation of natural polymers, those made from 

synthetic polymers and those made from inorganic material. Chitosan is classified as a 

biobased polymer and can be spun into man-made fibers. Due to its various functions, 

including anti-microbial, biocompatibility, biodegradability, metal-chelating, metal ions-

coupling properties and general high molecular affinity, much attention has been paid 

recently to include chitosan into various concepts.  

 

The overall aim of this master thesis was to investigate the possibilities to make an 

antibacterial paper. Because chitosan contain primary amino groups that are cationic under 

mildly acidic conditions, it has antibacterial properties. Lab scale spinning of chitosan 

filaments was attempted in order to produce chitosan staple fibers that could be mixed with 

pulp fibers to make paper with antibacterial properties.  

 

Spinning methods used for a particular polymer is determined by the characteristics of the 

polymer. In the development of chitosan spinning at laboratory scale three different 

spinning methods were tested. A successful filament was produced by dry wet spinning. The 

filament was superior to the others in terms of dope composition and weight ratio of 

chitosan/acetic acid for protonation of the amino groups. Furthermore, the addition of 

glycerol improved the swelling of the chitosan hydrogel (or dope). Moreover, the condition 

of the coagulation step resulted in a good solidified filament with satisfactory elasticity and 

strength to be able to be taken up by a drawing cylinder. 

 

However, too small amounts of chitosan were produced in the development of chitosan 

spinning at lab scale and for production of antibacterial paper of chitosan. A second option 

was melt spinning of polylactide (PLA) filaments containing various amounts of chitosan. In 

this case PLA act as a carrier of chitosan into the paper sheet. Continuous filaments were 

spun in a sufficient amount. The antibacterial activity of PLA/chitosan fibers on E. coli 

bacteria was tested both on PLA/chitosan fibers as well as on suspensions. Under nutrient 

free conditions weak antibacterial effects was observed both for fibers and suspensions. 

However, in a more nutrient rich environment no effect was observed. This suggests that the 

produced fibers only had a weak antibacterial activity. 

 

To my knowledge the use of PLA in fiber form to carry chitosan into paper has not been 

attempted previously although different approaches to use chitosan as e.g. wound dressing 

is well described. In conclusion, there is a possibility to produce man made biodegradable 

fibers using chitosan and PLA that potentially could be added to paper. This paper might 

exert antibacterial properties that could have an interest to the market, e.g. for cleaning, in 

hospitals, and in the food industry.
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1. Introduction 

1.1 Background 

 
Fibers are classified into two groups; natural fibers and man-made fibers (MMF). There are 

three kinds of MMF: those made by transformation of natural polymers, those made for 

synthetic polymers and those made from inorganic material. 

 

The largest group of MMF being produced today is made from synthetic polymers such as 

polyester. However, synthetic MMF, where the feedstock is oil-based, has caused concern 

about the risk of climate change besides the limited availability (Shen, 2011). To reduce this 

risk more focus has been given to bio-based fibers i.e. synthetic bio-based polymers and 

natural bio-based polymers. Nevertheless, the natural fibers are also to be expected to be of 

importance in the future as it saves energy (Weiss et. al., 2012). 

 

Today bio-fibers produced using bio-based polymers represent an emerging and innovative 

but still small component of the textile value chain (Militky et. al., 2012). The European Man-

made Fibers Association (CIRFS) founded in 1950 as the “Comité International de la Rayonne 

et des Fibres Synthétiques” report statistics showing the world production of biobased fibers 

has increased by 6% yearly 2011-2013 (CIRFS 2015). In 2013 5 million tons of 90 million tons 

were man-made fibers. Raw cotton production was 26 million tons indicating the dominance 

of natural fibers (CIRFS 2015).  

 

It is of interest to develop new products and processes for use of a wide range of biofibers 

from different sources such as biological products, agricultural materials, forestry products 

or marine products. This is due to; i) an increased consumption of MMF; ii) strong expansion 

of the bio-fiber application expected to take place in the next few years (Militky et. al., 

2012); iii) environmental concerns. Furthermore it is of interest to develop the spinning 

process for new and already existing bio-fibers. 

 

Both chitosan and PLA (polylactic acid) are biopolymers and can be man-made fibers. 

Biopolymers could be classified in two ways: according to their renewability content (fully or 

partially bio-based or oil-based) and to their biodegradability level (fully or partially or not 

biodegradable) (Figure 1.1). Biodegradable polymers are of interest from an environmental 

perspective. 

 

Bio-fibers based on chitosan have been paid much attention to recently due to its various 

functions including anti-microbial, biocompatible, biodegradable, metal-chelating, metal 

ions-complex and molecular affinity (Hirano, 2001). 

 



2 
 

Furthermore, poly (lactic acid) (PLA) is well suited for melt-spinning into fibers. (Avinc et. al., 

2012; Dugan, 2001). For many years PLA has received much attention due to its renewable 

resources, biocompatibility, biodegradation and excellent thermal/mechanical properties 

(Wu et. al., 2006). 

 
These two fibers, chitosan and PLA, could be of major interest to the paper industry in 

Sweden. The focus for the paper industry has so far mainly been to make the paper industry 

energy efficient from a production perspective (Stenqvist, 2014). However, the paper 

industry also needs new products based on renewable bio-fibers that are biodegradable. 

 

Furthermore, the paper industry needs new applications of paper production. It might be of 

major interest to develop anti-bacterial paper where the paper industry will use our woods 

as raw material with the addition of other bio-fibers such as chitosan and PLA. 

 

 
Figure 1.1.: Classification of biodegradable polymers (Averous, 2004; Bergeret, 2011) 
 
 
To investigate these new possibilities a literature study was performed (Appendix B). Then, a 

first attempt to spin chitosan in a lab scale was set up as a proof of concept. If setbacks were 

encountered at spinning of chitosan a second option was meltspinning of PLA and chitosan. 
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Finally, the antibacterial effect was planned to be investigated in paper or on fibers in 

solution. This would be depending of the amount of fibers resulting from the spinning 

experiments.  

 

1.2. Aim of this study 

The overall aim of this master thesis was to investigate the possibility to make paper 

showing antibacterial activity.  

 

A first objective was to develop a spinning method on a laboratory scale for production of 

continuous chitosan filaments for incorporation into paper. 

 

A second objective was to test if PLA could be used as a carrier of antibacterial activity.  

 

As a third objective the antibacterial activity of paper containing chitosan and/or 

chitosan/PLA fibers was be tested. 

 

 

2. Theory 

2.1.  Chitosan  

Chitosan (CS), a copolymer of glucosamine and N-acetyl glucosamine, is a polycation, 

biodegradable, biocompatible, almost non-toxic polymer with antimicrobial properties (Du 

et. al., 2007). Chitosan is produced by N-deacetylation of chitin by alkaline hydrolysis or by 

enzymatic deacetylation (de Oliviera et. al., 2012) (Figure 2.1). Chitin is the second most 

abundant form of organic resource in nature next to cellulose and the main structural 

component of crab and shrimp shell. Furthermore, chitin and chitosan is also found in 

insects, fungi and yeast (Zheng et. al., 2001). 

 
Figure 2.1: Chitin deacetylation 
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In the choice of chitosan there is commercial CS available with the most common 

deacetylation degree (DD) varying from 70% to 95% and with a molecular weight (Mw) from 

50 - 2000 kDa (Kalut, 2008).  

The DD is one important factor for CS solubility while others are counteracting such as the 

rigid D-glucosamine structure, the intermolecular hydrogen bonding and the high 

crystallinity. The most common solvent to dissolve CS is a week solution of acetic acid (~ 1%) 

at about pH 4. With CS dissolved in weak acidic solutions at pH<<pKa 6.3 the aminogroups 

(NH2) will become protonated and CS will become a polycation. At pH 4.5 CS will be 

completely protonated (Pillai et al., 2009).  

Besides DD being the major control of the solubility of CS the distribution of acetyl groups, 

Mw, viscosity, temperature and time of deacetylation is also contributing (Kalut, 2008). 

 
Furthermore, CS has swelling properties, becoming a hydrogel when dissolved in weak acidic 

solution. A hydrogel is a crosslinked polymer network which swells in water due to part of 

the water is tightly bound to the chitosan-polymer. The crosslinked network is due to the 

presence of amino groups (Qu et al., 2000; Rohindra et al., 2004). Due to the quaternary 

amino groups repulsive electrostatic forces permits further water molecules to enter the 

polymer matrix resulting in chitosan behaving as a ionic polymer gel (IPG), (Fernandez et al., 

2009). The critical concentration C* for chain entanglement of chitosan dissolve in acetic 

acid is 0.1 %(w/w) (Montembault et al., 2005). 

Furthermore when adding plasticizer such as glycerol to a hydrogel the swelling properties 

are improved (Zhen et al., 2010). 

 

In the production of man-made fibers of PLA and chitosan by melt spinning the viscsosity is 

an important factor and is the function of the molecular weight (Mw). The Mw of chitosan is 

affected by physical treatment such as grinding heating autoclaving and ultrasonication. 

Thus, smaller particle size (1mm) will result in a chitosan product of both higher viscosity and 

molecular weight than that of larger particle size (above 2 to 6.4 mm). 

 

The melt spinning method is an untraditional spinning method for chitosan which will cause 

thermal degradation of chitosan with several reaction occurring simultaneously and with an 

ash contain of 2 % (CaCO3) (Fernandez-Kim, 2004). 

Thermal degradation of chitosan is a function of Mw, acetyl and carboxymethyl content in 

regard to chitosan (Kittur et al.,  2002). During thermal degradation of chitosan several 

reaction occur simultaneously. The polymer chain is scissioned and low molecular products 

are formed. Furthermore degradation of hydroxyl and acetamido groups occurs and release 

of volatile products.  

Commercial chitosan (high Mw) show the first stage of thermal degradation is between 200-

400 °C after the initial dehydration step in the range of 25-140 °C (de Britto et al., 2007).  
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2.2. Antibacterial activity of chitosan 

The effects of molecular weight (Mw) and the degree of deacetylation (DD) of CS on the 

antibacterial activity was partly investigated by Shin and co-workers where the result for 

three different molecular weights for chitosan. A molecular weight region between 5 × 104 

and 1.2 × 105 Da was optimal for the required action. When the molecular weight was lower 

than 5 × 104 Da, the antimicrobial property increased with molecular weight, while the 

antibacterial activity decreased sharply with the increase of the molecular weight of the 

polymer over 1.2×105 Da (Kenawy et al., 2007). 

 

Furthermore Tao and co-workers showed that the DD controlled and resulted in a positive 

charge carried by the chitosan in acidic solution. A strong charge carried by the chitosan 

made negatively charged substrates such as lipids easily bond to chitosan: Chitosan also 

interfered with the emulsification of neutral lipids by binding them with hydrophobic bonds 

(Tao et al.,2013). 

 

Both the effect of Mw and pH on the antibacterial activity of chitosan was studied by Liu and 

co-workers (Liu, et al., 2001). While the chitosan MW is under 91600 g/mol the antibacterial 

activity of chitosan increases with increasing number of –NH3
+ while above 91600 g/mol the 

“crosslinking” ability of the amine groups will promote a dense structure through strong 

intramolecular hydrogen bonding. By this, many amino groups become unavailable for 

interaction with bacterial surfaces. The solubility of chitosan decreased and the antibacterial 

activity of chitosan diminishes at pH > pKa 6.3 due to de-protonation of -NH3
+. Moreover, as 

pH decreases below the pKa value all amino groups become fully charged. So, the 

antibacterial activity of chitosan does not change with changing pH as long as all amino 

groups are fully charged (Liu, et al., 2001). 

 

Chitosan, as a cationic polymer, adhere to the surface of bacteria through electrostatic 

interactions between charged amines on chitosan with negative charges present on the 

bacteria. This interaction will interfere with the bacteria and  can cause leakage of the 

intracellular constituents (Kenawy et al., (2007). Above pH 7 chitosan generally show weak 

antibacterial activity due mainly to the lowered amount of protonated amino groups at this 

pH. As the charge of the chitosan molecules go down its solubility decreases making contact 

with bacteria less effective (Shahidi et al., 1999). 

 

The water soluble chitosan shows non-specific antibacterial activity against Gram positive 

and Gram negative microorganisms. But the water soluble chitosan exhibits a significantly 

higher antibacterial activity than the acid soluble chitosan at pH7.  

This may be the fact that more amino groups (NH4
+) are formed at pH 5 than pH 7. Besides 

due to the poor solubility of acid soluble chitosan at neutral pH white precipitates appeared 

in nutrient broth while mixing with the acid soluble chitosan at pH 7. 
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The exact mechanism by which water soluble chitosan derivates perform their inhibitory 

effects on microorganism remains unknown. The leakage of intracellular constituents may 

be one of the key factors in cell inactivation. 

The antibacterial activity of the water soluble chitosan on E coli in nutrient both increased 

markedly as the concentration of the water soluble chitosan increased (Chung et al., 2011). 

 

In terms of chitosan´s antibacterial mechanism a lower concentration of the polycationic 

chitosan did probably bind to the negatively charged bacterial surface to cause agglutination 

while at higher concentrations the larger number of positive charges may have imparted a 

net positive charge to the bacterial surfaces to keep them in suspension as reported by 

Shahidi et al.(Shahidi et al., 1999). 

While for Sudharshan the mechanism of antibacterial activity was that the amine group of 

chitosan is bound to surface components of the bacteria and then inhibits their growth. They 

thought that at lower concentration chitosan may have bound to negatively charged 

bacterial surface to disturb the cell membrane and cause cell death due to leakage of 

intracellular components while at high concentration chitosan may have additionally coated 

the bacterial surface to prevent leakage of intracellular components as well as impede mass 

transfer across the cell barrier (Sudarshan et al., 2009).  

 

Another paper on chitosan mechanism was that the antibacterial activities of chitosan can 

be closely related to the formation of hydrophobic micro area. At pH 7 the degree of 

protonation of NH2 is very low that is the repulsion of NH4
+ is weak so the strong 

intermolecular and intramolecular hydrogen bond results in the formation of hydrophobic 

micro-area in polymer chain. At the same time the carboxyl group in the polymer chain is 

strongly hydrophilic. Therefore the polymer chains have hydrophobic and hydrophilic parts. 

This amphiphilic structure provides structure affinity between the cell walls of bacteria and 

the chitosan derivate (Xie et al., 2001). 

 

 

E. coli 
Regarding the cell membrane structure, bacteria can be divided in two classes: Gram-

positive and Gram-negative bacteria. Gram-negative bacteria such as Escherichia coli (E.coli) 

have both an inner and outer membrane, with an aqueous compartment between the two 

membranes – periplasm. In the periplasm peptidoglycan is located. The Gram-positive 

bacteria have a single plasma membrane and with peptidoglycan on the outside. 

The membranes are layers of lipid molecules (bilayers) composed of phospholipids which 

make up a barrier to the environment. In addition, the outer membrane (OM) of E. coli 

contains lipopolysaccharide (LPS), porin channels and lipoproteins (Figure 2.2 and 2.3) 

(Kubelt, 2004).   
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Figure 2.2: E.coli (gram negative) cell wall structure       Figure 2.3: LPS molecule    
 (Kubelt, J. 2004) 
   
The lipid portion of the outer layer of the OM is exclusively composed of LPS molecules 

(Figure 2.3). A single E coli cell contains about 2 million LPS molecules, each consisting of a 

hydrophobic lipid A moiety, a complex array of sugar residues and negatively charged 

phosphate groups (Figure 2.2). Therefore, each LPS molecule possesses hydrophobic, 

hydrophilic, and charged regions giving it unique features with respect to possible 

interactions with other molecules. Furthermore, when Bacteria is growing they shed small 

amounts of LPS molecules (endotoxins) into their surroundings and large amounts when 

they die (Sigma-Aldrich 2015). 

 

2.3. The use of chitosan 

As a natural and highly basic polysaccharide, due to the presence of NH2 groups, makes CS 

more versatile than cellulose. CS is used for a range of different products and applications; 

food, pharmaceutical and cosmetic products to water treatment, plant protection and textile 

industries. In the textile industry chitosan is used in development of threads and fibers for 

wound materials and in agriculture applications CS is in use for root knot worm infestation 

and as suppression of fungal pathogens among many others. CS is of interest in biomedical 

applications partly due to its antimicrobial properties such as wound dressings drug delivery 

systems and space filling implants (Dutta et al., 2004). 

 

The application fields of chitin and its derivatives consist of cosmetics and toiletries, food 

and nutrition, agriculture, paper finishing, solid-state batteries, and biomedical (Barikani et 

al., 2014). 

2.4. PLA 

 

PLA is biocompatible biodegradable aliphatic polyester derived from renewable resources 

from corn, potato, cane or beet sugar to starch. The basic constitutional unit of PLA is lactic 

acid (2-hydroxy propionic acid) which can be manufactured either by carbohydrate 
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fermentation or by chemical synthesis. In the fermentation process which is the most 

common two enantiomers of lactic acid exist, levo- (L-) and dextro- (D-) (Figure 2.4), (Auras 

et al., 2004; Avinc et al., 2009). 

   
Figure 2.4: Two enantiomers of     Figure 2.5: Three stereoisomers of lactide 
lactic acid, L-lactic acid (left)       D-lactide (left), L-lactide (middle), meso-lactide 
and D-lactid acid (right).    (rigth) (Porter, 2006). 
(Auras  et al.,  2004). 
 
As seen in Figure 2.6 production of PLA will start with biomass e. g. starch extracted from 

corn or sugar from plants. Starch as an example will further be converted to sugars e. g, 

glucose or dextrose by enzymatic hydrolysis. The majority of fermentation processes uses 

nowadays bacteria Lactobacilli classified as homofermentative due to low levels of 

byproducts and thus resulting in a high yield of lactic acid (Auras et al., 2004). The natural 

fermentation will generally yield mixture of the two enantiomers in proportions 99,5% (L) 

form lactic acid and 0,5% (D). 

When producing high molecular PLA the chemical synthesis will produce a racemic lactic 

acid. However, fermentation of L-lactic acid is to prefer since it lately has gained acceptance 

besides the chemical synthetic is not economically infeasible. Three methods is used by 

fermentation to produce high molecular mass PLA; a) direct condensation polymerization; b) 

azetropic dehydrative condensation and c) polymerization through lactide formation.

       

 

 
Figure 2.6: Production of high molecular mass PLA (Auras et al., 2004) 
 
Today polymerization through lactide formation is the most current method used for producing 

PLA. From a pre-polymerization of a mixture of lactic acid (L and D-lactid acid) an intermediate is 

formed which is further catalytically converted into a mixture of three stereoisomers of lactic 

Biomass

Hydrolysis Fermentation Purif ication

Glucose
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acid: 1) L-lactide; 2) D-lactide and 3) meso-lactide (Figure 2.5). PLA is then formed with a ring-

opening polymerization of the lactides. The stereochemical make-up of the back bone will 

determine the properties of PLA. Properties as degradation strongly depends on the crystallinity 

of the sample. PLA derived from >93% L-lactic acid is semicrystalline whereas PLA between 50 

and 93% L-lactic acid is strictly amorphous (Auras et al., 2004). 

 

During wet spinning PLA degrades primarily by hydrolysis which is caused by cleavage of the 

ester bond mainly in the amorphous areas of PLA. The polymer degradation is mainly 

determined by polymer reactivity with water and catalyst. Acid and bases accelerate the 

degradation and temperature has an effect on it (Rissanen, M. 2010). This results in 

embrittlement of the polymer with a reduction of the molecular weight to around 40 900 

Daltons (Auras et al., 2004). 

PLA is a slowly crystallizing polymer and the rate of crystal formation increase with a 

decrease of the molecular mass. 

The yellowness index of PLA is the same as for PS and LDPE and describes the change in 

colour of a test sample from clear or white towards yellow.  

During melt spinning the resident time in the extruder will cause thermo-oxidative 

degradation of PLA by decrease in molar mass (Rissanen, M. 2010). 

The typical glass transition temperature (Tg) ranges from 50°C to 80°C while the melting 

temperature ranges from 130°C to 180°C (Auras et al., 2004). 

 

2.5. PLA/Chitosan composite 

PLA is a hydrophobic, biodegradable polymer. Degradation is caused by hydrolysis of ester 

linkage in the polymer. Chain scission of the ester groups is auto catalyzed by the carboxylic 

acid end groups (Rissanen, 2010). These acidic products increase dramatically as the reaction 

proceeds (Metters et al., 2000).  

On the other hand chitosan is a hydrophilic polymer and at the same time biocompatible 

and biodegradable. There are many –OH and –NH2 groups which cause strong 

intramolecular and intermolecular hydrogen bonds. When combining these two polymer the 

alkalescence of chitosan will neutralize the acidic product. 

Due to chitosan being more hydrophilic than PLA, a composite material of PLA and chitosan 

will generate a more biocompatible material. Also the degradation of the material will be 

slower than that of PLA (Li et.al., 2004). 

Correlo et. al., (Correlo, et al., 2005), coextruded PLA and 50%wt CS with a temp profile 

175/180 °C and a screw speed of 100 rpm. This resulted in a decrease of Tg and a decrease 

of the onset of crystallization (Tc) of PLA. The decrease in Tg was due to higher torque i.e 

.more energy was needed to be put in, when adding chitosan. The decrease Tc was due to 

chitosan acting as a nucleating agent promoting faster crystallization. The melt temperature 

did not change in between PLA and a blend of PLA and chitosan (155.3°C and 155.7°C, 

respectively).  
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2.6. Fiber spinning methods 

Fiber spinning methods can be classified into three categories: melt spinning, solution 

spinning and electrospinning. Next, solution spinning is divided into dry spinning, wet 

spinning and a combination of dry and wet spinning (Dry-Wet spinning) and furthermore wet 

spinning is divided into the liquid-crystal method, the gel method and the phase-separation 

method, see Figure 2.7 (Rissanen, 2010).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.7: Fiber spinning methods  
 
Melt spinning differs from solution spinning in that the polymer to be spun is a thermoplastic 

polymer and thus need to be melted while in solution spinning the polymer has to be 

dissolved in a solvent to be spun. 

 

         
Scheme 1: Scheme of melt  Figure 2.8: Melt spinning (Spruiell, JE. 1999) 
spinning (Rissanen, M 2010) 

Fiber spinning 

Electrospinning Melt spinning 
Solution 
spinning 

Wet spinning 

liquid-crystal 
method 

gel method 
phase-

separation 
method 

Dry spinning Dry Wet spining 



11 
 

 
In the initial stage of melt spinning the polymer granules are either melted by extrusion 

“Extrusion spinning” or by choosing “Direct spinning” whereby the granulation step is 

eliminated and instead the polymer is directly melted prior to spinning (Geller, 2006). The 

polymer melt is extruded through the spinneret and as the filaments exit the spinneret they 

are being drawn and solidified by blowing cold air. The filaments are then taken up by rollers 

for further hot drawing to achieve fiber orientation (Rissanen, 2010) (Scheme 1). 

 

     
Scheme 2: Scheme of wet  Figure 2.9: Wet spinning (Lee, SH 2007) 
spinning (Rissanen, M. 2010) 
 
Wet spinning is the oldest spinning processes mentioned in the litterature (Textile 

exchange.org 2013). In the wet spinning process the polymer is not melted but dissolved in a 

solvent. The polymer is extruded through the spinneret, and the filaments are coagulated in 

a spin bath (coagulation bath) containing a non-solvent of the polymer. After coagulation the 

filaments are removed from the bath and washed free from coagulation liquid. This step is 

followed by drawing of the filaments (Scheme 2). As a final step the filaments are dried and 

winded onto strolls. 

 

Wet spinning can be divided into the liquid-crystal method, the gel method, and the phase-

separation method (Figure 2.9), (Rissanen, 2010). 

 

• Liquid-crystal method: A lyotropic polymer solution is solidified through the 

formation of a solid crystalline region in the solution.  

• Gel method: A polymer solution is solidified through the formation of 

intermolecular bonds in the solution. 

• Phase separation method: In the solution two phases are present, the polymer-

rich phase and the solution-rich phase. 

 
When the polymer solution comes out of the spinneret submerged into the coagulation bath 

a surface layer of the filament may be formed “skin” of almost 100% polymer with the inside 
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of the fiber “core” being a viscous solution of the polymer dissolved in the acidic solvent. 

This “skin” forming happens when the diffusion of coagulant (NaOH) is lower than the 

diffusion of the solvent. Hence, the coagulant diffuses through the “skin” into the spin dope 

inducing coagulation inside it and a change in volume. Due to the “skin” is rather rigid a 

shrinkage of the inside volume caused by amalgamation of the polymer particles will occur 

causing macro voids inside the fiber further resulting in fiber-collapse. On the other hand, 

when the diffusion of the coagulant is higher than the diffusion of the solvent the coagulant 

fiber will have a structure formed uniformly. The solvent and the coagulant will diffuse 

smoothly between the inside of the fiber and the external coagulant (Tsurumi, 1994). This 

uniform structure of aggregation of polymer will have a round cross section shape and 

contain a large amount of solvent implicating a more easily elongation in the drawing step 

during the spinning process (Rissanen, 2010). The resident time in the coagulation bath 

governs the degree of crosslinking throughout the cross section of the fiber (Tsurumi, 1994). 

 

Winding

Dissolving polymer

Extriusion through spinneret

Coagulation bath

Drawing

Air gap

Heat setting

        
Scheme 3: Scheme of dry-jet-wet   Figure 2.10: Dry-jet wet spinning 
spinning for spinning of PLA- (Image from RR Mather Chemistry of Textile Fibres 

fibers (B Gupta 2005) 2011 royal society of chemistry chapter 6 High 
Performance Fibres.jpg) 

 
Dry Wet spinning is a combination of wet spinning and dry spinning (Figure 2.10). Initially 

the polymer solution is extruded through the spinneret to an air-gap and secondly immersed 

into the coagulation bath where solidification of the filament takes place as for wet spinning 

(Rissanen, 2010). A small air gap is of advantage due to reducing the risk of sticking of freshly 

extruded filament. (Device for implementing a dry/wet spinning process EP 0832995 A2) Dry 

wet spinning is suitable for spinning of lyocells and polyaramides (Rissanen, 2010). In 

Scheme 3 the scheme for dry jet wet spinning for production of PLA fibers is outlined. 
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3. Experimental 

3.1. Material 

 
Chitosan spinning 
Chitosan of medium grade was purchased from Sigma-Aldrich (Sweden) with DD of 84.7%, 

viscosity of 200 mPas in 1% acetic acid and a molar mass of Mr ͌ 400000 g/mol. Chitosan was 

dissolved in acetic acid (glacial p.a., 99.8%), Acros Organic (USA) and as a plasticizer glycerol 

(Gly) was used with a purity of 99,5% and supplied by Karlshamn Tefac AB (Sweden). Sodium 

hydroxide with a purity >99% was obtained from Sigma-Aldrich (Germany). Acid soluble 

chitosan (CSa) of medium grade (pKa 6.3) was purchased from Sigma-Aldrich (Sweden) with 

DD of 84.7%, viscosity of 200 mPas in 1% acetic acid and a molar mass of Mr  ͌400000..  

Water soluble chitosan (CS-salt) was purchased from Shanghai Nicechem Co. LDT. (China) 

with a DD of 85.3% and a viscosity of 70 mPas in 1% acetic acid. The PLA grade (8052 D, 

powder form) used to melt spin fibers was purchased from Nature Works LLC. 

 

For dope preparation a Heidolph mechanical stirrer of model RZR2020 was used with a radial 

flow impeller model TR 20. 

 

A HAAKE II minilab Rheomex CTW5, was used with a counter-rotating screw from 

ThermoFisher Scientific (Germany) as a spinning machine. The extruder employs two co-

rotating conical screws (109.5 mm in length, and 5 and 14 mm in diameter at the die and the 

rear ends, respectively). The extruder was used in two ways, either directly extrusion (flush) 

or by letting the material recycle (Figure 3.1) and as spinneret a one hole die of 1.5 mm in 

inner diameter was used (Figure 3.2). 

 

   
Figure 3.1: HAAKE II minilab  Figure 3.2: Extruder die of 1mm in  

Rheomex CTW5   inner diameter 

 
A syringe pump of model NE-300 from New Era Pump Systems Inc. was tested for chitosan 

spinning with a maximum pumping rate of 1500 ml/h and with a 60ml syringe (Figure 3.3). 
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Figure 3.3: Syringe pump      Figure 3.4: Test tube rotator, Labinco  

 

A big cardboard cylinder was attached to a test tube rotator, Labinco and used as the 

drawing cylinder fitted with a cardboard cylinder topped with a PET foil (Figure 3.4). The 

tube rotator had a minimum rotation rate of 2 rpm and a maximum rotation rate of 50 rpm. 

 

Man made fibers of PLA and chitosan 

PLA/chitosan fibers were melt spun on the HAAKE II minilab extruder as is described above. 

In order to cut staple fibers from the produced filaments a rotary die cutting machine “RDC 

verktyg AB”, Sweden was used (Figure 3.5).  

 

 
Figure 3.5: Rotary die  
cutting machine 
 

3.2. Method 

The process development was set up according to Scheme 4; three different spinning 

techniques were tested, extrusion dry/wet spinning, dry wet spinning with direct spinning 

(syringe pump) and extrusion wet spinning. 
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Scheme 4: The three main spinning methods investigated in this project. 
 
The process development of chitosan spinning was based on a literature study and a Master 

thesis report (Jansongsri 2010). Spinning properties of chitosan that was taken into 

consideration was molecular weight, and degree of deacetylation. Furthermore the chitosan 

solution composition (dope composition) and conditions were taken into account (Figure 3.6 

and 3.7). Likewise spinning operation conditions such as dope-preparation, spinneret (die), 

coagulation, drawing etc. were considered (Scheme 1, Appendix A). 

 

    
Figure 3.6:  Chitosan/HAc 9/6 %(w/w) Figure 3.7: Chitosan/HAc 5/2 %(w/w) 
3%(w/v) Glycerol 30 minutes mixing. 1.5% (w/v) Glycerol 30 minutes mixing. 

 

The method for preparation of chitosan solution was chosen from master thesis report 

(Jansongsri, 2010). First, water and glycerol was added to wet chitosan, followed by mixing. 

Then acetic acid was gradually added during mixing. In this method all chitosan was in 

solution preventing agglomeration of chitosan. The dope was mixed for 30 minutes. 

Furthermore in the beginning of the spinning process development the ratio of CS/HAc of 

3/2 was tested. This ratio was similar to Master thesis report from Innventia (Jansongsri, 

2010) including addition of Gly as a plasticizer. 

 
 
 
 

Dry Wet 
spinning 

Extruder   

Syringe pump  

Wet spinning Extruder  
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3.2.1. Extrusion dry wet spinning– 17 trials 

At extrusion dry wet spinning the dope was prepared according to P. Jansongsri and 

extruded through the spinneret (extruder die) for in the next step be led down into a 

coagulation bath (Figure 3.8) and finally being taken up on a drawing cylinder.  

Different trials were made by varying the dope composition, die hole diameter, extrusion 

temperature and speed, coagulation concentration and time, drawing speed and ripening 

time (conditioning time). These spinning parameters from the 17 trials are found is in 

Appendix A. 

 

A visual evaluation was made of spinnability of chitosan of characteristics of the filament of 

the spinning trials. See results. 

 

 
Figure 3.8: Filament in coagulation bath 

3.2.2. Extrusion wet spinning  

 
The wet spinning technique was tested to solve the problem with stickiness of the chitosan 

hydrogel to surfaces of the die and coagulation bath when exiting the die hole of the 

extruder. In paper (Pati et al, 2010) Figure 3.9, a silicon tube was attached to a syringe pump 

for wet spinning of filaments entering a coagulation bath. In the similar manner a LC PEEK 

tube was attached to the HAAKE mini-lab extruder and submerged into a coagulation bath of 

2M NaOH in order to obtain a wet spinning technique (Figure 3.10). 

 

   
Figure 3.9: Modified wet spinning system  Figure 3.10: HPLC PEEK   
(Pati et al 2010) tube of 0.25 mm 
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Table 3.1: Three different LC PEEK tube dimensions 

 
 
A dope solution of CS/HAc ratio of 9/6 % (w/w) with 3% (w/v) Gly was prepared following 

the preparation method as described by P. Jansongsri. It was of interest to use this 

composition since this was the composition with the best results from the previous spinning 

trials in the section ‘Extrusion dry wet spinning (A)´. 

Three trials were performed using LC tubes of different dimensions (Table 3.1). The 

extrusion rate was varied in trial 1 between 25-90 rpm; in trial 2 between 25-40 rpm and 

trial 3 it was 50 rpm. The extrusion temperature was set to 25 °C.  

The LC PEEK tube was attached in between the upper and lower part of the extruder in the 

orifice with parafilm. When the extruder was closed the LC tube was squeezed cause the ID 

of the PEEK tube decrease to about 0,25mm in the orifice.  

3.2.3. Dry wet spinning with syringe pump  

 
Dry wet spinning by using a syringe pump (Figure 3.11 and 3.12) was tested to solve the 

problem with low exit speed of chitosan solution into coagulation bath. In a dry wet spinning 

method LC PEEK tubes were tested with the accessible syringe pump at Innventia. The aim 

was to see if the pump could replace the HAAKE minilab by increasing the capacity in 

pumping high viscous solutions threw a long enough LC tube into a coagulation bath. 

  
The ideal result would expect the capacity of the syringe pump being powerful enough to 

extrude the filament. However, the filament could not be too liquid like as this could lead to 

the dissolvation of filament in the coagulation bath when the viscosity gets too low. 

 

In regard to the chitosan solution different concentration and ratio of CS/HAc was tested 

with or without glycerol and with medium or low grade chitosan. However, the chitosan 

preparation method was as described by P. Jansongsri. Different dimensions of LC PEEK tube 

were tested and the pump rate was varied (Table 3.2).  

 

In trial 2, the dope solution of CS/HAc ratio of 9/6 % (w/w) with 3% (w/v) Gly was prepared. 

This was chosen again as this composition gave the best results from the previous spinning 

trials in the section ‘Extrusion dry wet spinning (A)’. 

 

LC PEEK TUBE 

Type ID, mm L, cm

1 Blue 0,25 40

2 Grey 1 2

3 Grey 1 40

Trial
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Figure 3.11 and 3.12: A PEEK tube attached to  
a syringe attached to pressure pump 
 
 
Table 3.2: Spinnability parameters 

Trial 
Chitosan Chitosan HAc Gly LC PEEK TUBE  Pump rate 

grade wt% wt% wt% ID, mm L, cm ml/hr 

1 M 5 2   0,25 2 2 
2 M 9 6 3 0,25 2 6 
3 L 5 2 

 
0,25 2 10 

4 M 3 0,5 
 

0,25 2 15 
5 M 5 2 

 
1 2 10 

6 M 3 0,5   1 2 40 

 
 

3.2.4. Man made biobased fibers of PLA and chitosan 

Prior to melt spinning chitosan, CS-salt and CSa, was ground in a ball mill containing 200 

ceramic balls of volume 9 cm3. This was done in order to improve the spinnability and 

improve the antibacterial characteristic from an increase in area of chitosan in the filament. 

 

     
Figure 3.13: CS-salt was grinded at 4 times.  Figure 3.14: CSa milled 96 hours  
From left 0h, 24h, 42h, 90h and 114h (left) and CS-salt milled for 90  
 hours (right)  
 

CS-salt was ground at 4 different times 24h, 42h, 90h and 114h and CSa was ground for 96h 

(Figure 3.13 and 3.14). The CS-salt chosen was ground for 42h and 96h;  and CSa for 96h, 

respectively. In the spinning of continuous filaments from CSa and CS-salt with PLA, the PLA 

powder and CS particles were mixed together by shaking in a plastic bag. Spinning was 
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performed using the extruder dye of 1 mm in diameter. The filaments exiting the 1 mm die 

was taken up and drawn by the drawing cylinder (Figure 3.15 and 3.16). The different 

experiments performed are summarized in (Table 3.3). Five trials were performed with melt 

spinning. Two of the five trials were of CSa while the other three were CS-salt (Table 3.3). 

 

 

      
Figure 3.15: Spinning of 1% (CSa) 96h Figure 3.16: Melt spinning of filaments 

 

The filament obtained from melt spinning was cut into staple fibers of 2mm in length by 

using the rotary die cutting machine. The torque applied on the cylinders of the rotary die 

cutting machine was 16 Nm and the cutting cylinder was rotated by hand.  

Initially the filaments were collected into bundles with a mass of approx. 1 g, see figure 3.14. 

Secondly each bundles were cut intoparts of 1dm in length. These were further cut into 

2mm long staple fibers using the rotary die cutting machine. Fiber thickness of produced 

fibers were measured using stereomicroscope at 75x magnification.  

 

 

Table 3.3: Spinnability parameters  

Die Chitosan Chitosan Milling Temp Extrusion Take-up Extruder 

 

grade 

 

time 

 

speed speed duration-time 

Ø (mm)  % (w/w) (h) (°C) (rpm) (rpm) (h) 

1 CSa 1 96 180 4 50 0,5 

1 CSa 10 96 175 4 50 1.0 

1 CS-salt 1 ─ 188 4 50 0,5 

1 CS-salt 1 42 185 4 50 0,5 

1 CS-salt 1 90 185 4 50 0,5 

CSa = acid soluble chitosan 
CS-salt = water soluble chitosan 
 

3.2.5. Antibacterial activity test 

 

The antibacterial activity of chitosan in the chitosan/PLA fibers against E.coli was examined 

in a buffered Ringer´s solution ¼ and nutrient media (tryptone glucose extract) and 

determined by the plate count method and OD (Optical density). There are several variations 
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of the plate count method, a standard method used in microbiology. For this purpose, a 

protocol was used from Josefine Illergård at KTH, see Protocol - antibacterial test in 

Appendix G. 

 

Furthermore a leaching test was performed for examination of the antibacterial activity of 

soluble antibacterial agents released from PLA/chitosan fibers. Both the antibacterial test on 

the fibers and the leaching test on the soluble material was performed both by plate count 

method and OD measurements for identifying the effect of nutrients.  

 
Antibacterial test 
 Route 1 Route 2 

Media Ringer´s solution ¼  Nutrient media 

Examination of cfu Plate count method OD 

 
Leaching test 
 Route 1 Route 2 

Media Ringer´s solution ¼  Nutrient media 

Examination of cfu Plate count method OD 

 
 
Antibacterial test – route 1 
 
 Test sample 

Man-made fibers with 2 mm in length, made of acid soluble chitosan and PLA and water 

soluble chitosan and PLA and with varied weight ratio of chitosan and milling time were 

tested for antibacterial activity against Ecoli. 

 

5 samples named: 

 1% CSa 96h 

 10% CSa 96h 

 1% CS-salt 0h 

 1% CS-salt 42h 

 1% CS-salt 90h 

 

0.10 g of fibers was suspended in 10 ml of Ringers solution ¼ (pH 7.3 -7.4). A reference 

sample was prepared without any fibers added. When possible, a replicate sample was 

prepared as well. 
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 Test organism 

The test organism Gram-negative bacteria Escherichia coli (ATCC 11775) was chosen and 

obtained from SIK (Göteborg, Sweden) 

 

 Sample Preparation: 

The bacteria were grown in tryptone glucose extract broth (TGE) at 37°C with continuous 

shaking.  

In prior of antibacterial test the growth media was removed by centrifugation and the 

samples were resuspended in Ringer´s solution by dissolving 0.1 g of fibers in 10 ml Ringer´s 

solution. 

A reference sample was prepared without any fibers added. 

 

 Incubation  

106 colony forming units (CFU) per mL were added to each test sample dissolved in Ringer´s 

solution (Figure 3.18). The samples were then kept overnight in room temperature (RT) at 

continuous shaking at 90 rpm. This was to allow the bacteria to come into contact with the 

test material.  

 Plating method to colonies count  

The samples were diluted to 5*104 cfu/ml (Figure 3.17) and cultivated for 24 hours:  

 0.5 ml of sample was added to 1ml of Ringer´s solution and mixed well (dilution 1:2) 

 1ml of sample was added to 1ml of Ringer´s solution and mixed well (dilution 1:10)  

 

 
Figure 3.17: Dilution series 
 
 Counting method 
To determine the number of bacteria present in 1 ml of fiber sample the colonies grown 
onto plate-film were counted and multiplied by 2*102 (Figure 3.19). 
 

not diluted dilution 1:2 dilution 1:10

mix mix mix

petri film

1ml

106 cfu/ml 5*105 cfu/ml 5*104 cfu/ml
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Figure 3.18: Incubation  Figure 3.19: Plating out for  
 measuring of cell counts 
 
Optical density – Routine 2 

1 ml nutrient media (tryptone glucose extract) was added to the remaining test samples and 

the bacterial suspensions were cultivated at 30 degree C at 90 rpm continuous shaking. After 

24 hours the optical density (OD) at 540 nm was measured measured at 540nm where OD 

corresponded to approximately 2*108 CFU/ml. A serial of dilutions of the sample will give 

accurate absorbance readings in the range 0.01 < A < 1. 

 

Leaching test – Routine 1 

In the leaching test the samples were prepared as described for the antibacterial test but no 

bacteria was added. After one night the fibers were removed by filtration through a 1.3 µm 

syringe filter. The test was then continued with the filtrate of residual material by dilution 

and cultivation on petri film and subsequently estimation of the number of CFU. 

The samples were diluted to 5*104 cfu/ml and cultivated for 24 hours:  

 0.5 ml of sample was added to 1ml of Ringer´s solution and mixed well (dilution 1:2) 

 1ml of sample was added to 1ml of Ringer´s solution and mixed well (dilution 1:10)  

  
Optical density of leached material – Routine 2 

From the remaining test sample of leached material 1ml nutrient media was added and the 

bacterial suspension was cultivated at 30°C at 90 rpm continuous shaking. After 24h the OD 

was measured at 540 nm where OD corresponded to approximately 2*108 CFU/ml. 

 

4. Result 

4.1 Extrusion/Dry wet spinning 

The results of extrusion/dry wet spinning are given in Table 4.1. All properties given in the 

table were determined by the naked eye. The filaments were classified as solid like/liquid 

like, and whether they were sticky or not. Furthermore, the behavior of the filament in the 

coagulation bath was observed, namely if they coagulated or dissolved. Finally it was noted 

whether the filament was elastic enough to be taken up on the drawing cylinder or not. 

A successful dry wet spun filament was defined as a filament that was solid-like without 

stickiness that did not dissolve in the coagulation bath and was taken up on the drawing 
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cylinder without breaking and being able to being removed from the drawing cylinder at 

later stage. Only experiment 7b fulfilled these criteria (Figure 4.1). 

 
Table 4.1: Results of dry wet spinning 
Trial Filament Coagulation bath Drawing step Remark 

 Solid like Liquid like Stickiness Coagulate Dissolve Ability to be 
taken up on the 
drawing cylinder 

 

1 x   - - - broke 

2  x x  x - dissolved 

3 x   x  No  

4a-4c x   x  No  

5a and 
5b 

x  
 

- - 
- 

broke 

5c x   x  No  

6 x  x x  No  

7a x   x  No  

7b x   x  Yes  

8a  x x - - -  

8b  x x - - -  

9a 

x  

x 

x  

Yes Too wet to be 
removed from 

drawing 
cylinder 

10a  x x - - -  

10b 

x  

 

x  

Yes Removed from 
drawing 

cylinder easily 
by hand 

 

Details regarding dry wet spinning including spinning conditions (1-10b)are given in 
Appendix C. 
 

 
Figure 4.1: Filament 7b 

 

Generally speaking, it was difficult to spin chitosan fibers of good quality mainly due to 

problems with stickiness. Thus, it was decided that another approach should be tested. 
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4.1. Extrusion /wet spinning  

 
The different experiments performed on extrusion/wet spinning are collected in appendix D. 

This procedure was severely hampered by problems with passing the melt through the exit 

die. As die, liquid chromatography tubings of different dimensions were tested, e.g see 

figure 4.2. Possible reasons for the poor performance could be e.g. the viscosity of the 

chosen chitosan solution, the LC PEEK tube dimension, the HAAKE mini lab extruder 

extrusion capacity and construction. Furthermore, the LC PEEK tube was squeezed to a 

diameter of 0.25 mm at the orifice due to the construction of the HAAKE mini lab (see 

further Appendix D). All in all this resulted in a too low exit speed of chitosan into the 

coagulation bath and therefore dry wet spinning with syringe pump was tested as an 

alternative. 

 

 
Figure 4.2: HPLC PEEK   

tube of 0.25 mm 

 

4.2. Dry wet spinning with syringe pump  

 
A complete description of performed experiments is given in appendix E. The result of dry 

wet spinning with syringe pump was that the viscosity of the chitosan dope needed to be 

decreased in order to make it possible to pump at the rate needed (40 ml/hr) to keep up 

with the test tube rotator used to wind extruded filaments. However, the less viscous 

filaments were dissolved in the coagulation bath. Thus, given the limitations of available 

equipment this spinning approach was abandoned. Instead an attempt to use PLA as carrier 

of chitosan was devised. The dry wet spinning with syringe pump technique would likely 

work well with better, more robust equipment and a stronger syringe pump with high pump 

capacity.  

 

 

 



25 
 

4.3. PLA/chitosan fibers  

 
It was possible to spin continuous PLA/chitosan filaments with available equipment. A 

complete list of performed experiments is given in appendix F. The properties of produced 

filaments and cut staple fibers are given in table 4.2  

In order to minimize the risk of solid chitosan particles clogging the equipment 

comprehensive milling of used chitosan was performed. The acid soluble PLA chitosan 

filament was more brittle and had a yellow color (Figure 4.3) whereas the filaments 

containing water soluble chitosan (CS salt) were more elastic and black in color (Figure 4.4).A 

general observation was that it was difficult to disperse both CS acid and CS salt in the PLA 

matrix and produced filaments showed an uneven distribution of solids, see figures 4.3 and 

4.4. While CS salt tended to be localized inside the filaments CS acid was localized on the 

surface of the filaments. 

 

Table 4.2: Man-made biobased fibers of PLA and chitosan 

Chitosan Chitosan Chitosan Fiber-dimenstion Extrusion 

 
grade 

milling-

time 
length thickness temp 

%(w/w)   hours mm mm °C 

1 CSa 96 2 0,058 180 

10 CSa 96 2 0,093 175 

1 CS-salt 0 2 0,041 188 

1 CS-salt 42 2 0,029 185 

1 CS-salt 90 2 0,051 185 

CSa = acid soluble chitosan 
CS-salt = water soluble chitosan 
 

    
Figure: 4.3 1% (CSa) 96h and PLA  Figure: 4.4 1% (CS-salt) 42h and PLA  
Filament  filament 
   

In table 4.3 observations regarding melt spinning of PLA/chitosan is given. Measurements 

with stereomicroscope (75X) enabled us to observe major difference between filaments 
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containing CS acid and CS salt. The acid soluble was brittle and had a yellow color and was 

not integrated inside of the PLA filament. However, the water soluble chitosan instead 

entered the PLA filament and was dark brown/black in colour with an ash content indicating 

decomposition of the material. PLA fibers of chitosan was needed a more narrow viscosity 

range compared to spinning of PLA fibers. The condition needed to be able to spin a fiber 

was interacted in complex way indicating molecular interaction (Table 4.3). 

 

Table 4.3 Observation when spinning: 

   

1%(CSa) 90h 1%(CSa)90h was the easiest to spinn Extrudate is yellow in colour, 

man-made fibers are brown in 

colour 

10%(Csa) 90h Since the extrusion time extended to 1 

h the temperature had to be decreased 

to 175°C 

Extrudate is orange in colour, 

man-made fibers are yellow in 

colour 

1%(CS-salt) Very difficult to spinn. More rubbery in 

texture compared to the other samples. 

When increasing temperature to 188°C 

it was possible to take-up filament and 

spin. 

Extrudate is black in colour, 

man-made fibers are grey in 

colour 

1%(CS-salt) 42h The temperature had to be set to 185°C 

due to too high viscosity at 180°C 

causing the filament to break before 

up-take when drawing. At 190°C the 

viscosity was to low making it difficult 

to start-up spinning 

Extrudate is black in colour, 

man-made fibers are grey in 

colour 

1%(CS-salt) 90h The same condition and observation as 

for 1%(CS-salt)42h 

Extrudate is black in colour, 

man-made fibers are grey in 

colour 

 

4.4. Antibacterial activity 

 
Antibacterial test – Routine 1 
From the estimation of colonies of each plate film multiplied by the dilution factor a 

decrease in CFU was seen for 2 samples compared to the starting concentration of E.coli of 

106 cfu/ml.   

The 2 samples with chitosan salt “1% CS-salt 0h” and “1% CS-salt 42h” were able to reduce 

the bacteria when no nutrient was present from 106 CFU/ml to 1*104 CFU/ml resp. 3*104 

CFU/ml (Table 4.4 and Figure 4.5, 4.6 and 4.7). 
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Table 4.4 Estimation of CFU/plate for each sample 

Sample Test name CFU/ml CFU/plate 

Ref 
 

106 not countable 

1% (CSa) 96h 1 106 not countable 

1% (CSa) 96h 2 106 not countable 

10% (CSa) 96h 3 106 not countable 

10% (CSa) 96h 4 106 not countable 

1% (CS-salt) 0h 5 104 500 

1% (CS-salt) 42h 7 3*104 1500 

1% (CS-salt) 90h 9 106 not countable 

1% (CS-salt) 90h 10 106 not countable 

 

 
Figure 4.5: Log CFU/ml for each sample 
 
 

   
Figure 4.6: Ref. 5*104 CFU/ml      Figure 4.7: Sample 5. 5*102 CFU/ml 
 
For optimum accuracy of a count, the preferred range for total CFU/plate should between 30 

to 300 colonies /plate. Results from greater than 300 cfu/plate or less than 30 cfu/plate  

leads to a high degree of error. Since the dilution factor lay above 300 cfu/plate at 500 

cfu/plate and 1500 cfu/plate results had a high degree of error.  

 
 

1

10

100

1000

10000

100000

1000000

lg(CFU/ml) 

Sample 

Antibacterial test 

         Ref     1%Cha96h   10%Cha96h CSsalt0hCSsalt42h  CSsalt90h 

                          1           2          3           4           5           7           9          10        
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Antibacterial test – Routine 2 
When nutrient was added, no differences in OD compared to the reference sample were 

observed as could be seen in Table 4.5 and Figure 4.8. Hence, no antibacterial activity of 

chitosan could be demonstrated with added nutrients. 

 

Table 4.5: OD at T=0 and at T=24 

Sample T = 0 STDEV   T = 24 STDEV 

1% CSa 96h 0,039 0,003 

 

0,170 0,011 

10% CSa 96h 0,038 0,001 

 

0,200 0,007 

1% CS-salt 0h 0,037 0,001 

 

0,181 0,000 

1% CS-salt 42h 0,038 0,001 

 

0,181 0,001 

1% CS-salt 90h 0,043 0,002 

 

0,207 0,005 

ref 0,037 0,001   0,145 0,005 

 

 
Figure 4.8: Optical density after 24 h of antibacterial activity of fibers 
Leaching test  

 
Leaching test- Routine 1 

After removing of the fibers the antibacterial test was performed on the residual material in 

the sample.  

The residual material of all samples of chitosan salt “1% (CS-salt) 0h” and “1% (CS-salt) 42h” 

and “1% (CS-salt) 90h” were able to reduce the bacteria when no nutrient was present from 

106 CFU/ml to 5*103 CFU/ml for all samples. Hence the antibacterial effect was due to 

soluble antibacterial agents (Table 4.6, Figure 4.9).  
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Table 4.6: Estimation of CFU/plate of leached material 

Sample CFU/ml CFU/plate 

Reference 105 not countable 

1% (CSa) 96h 105 not countable 

10% (CSa) 96h 105 not countable 

1% (CS-salt) 0h 5*103 250 

1% (CS-salt) 42h 5*103 250 

1% (CS-salt) 90h 5*103 250 

 

 
Figure 4.9: Optical density after 24 h of antibacterial activity of fibers 

 

Leaching test- Routine 2 

When nutrient was added to the residual material, no differences in OD compared to the 

reference sample was observed as could be seen in Table 4.7 and Figure 4.10. Hence, no 

antibacterial activity of chitosan on residual material was shown. 

 

 

Table 4.7: OD at T=0 and at T=24 

Sample T = 0 STDEV   T = 24 STDEV 

1% (CSa) 96h 0,040 0,002   0,174 0,001 

10% (CSa) 96h 0,039 0,001 

 

0,160 0,004 

1% (CSsalt) 0h 0,038 0,001 

 

0,142 0,006 

1% (CSsalt) 42h 0,038 0,001 

 

0,167 0,009 

1% (CSsalt) 90h 0,039 0,003 

 

0,233 0,003 

ref 0,039 0,003   0,131 0,004 

 

1
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100000
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Leaching test; OD at 24h 

            Ref       1%Cha96h   10%Cha96h   CSsalt0h   CSsalt42h   CSsalt90h 
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Figure 4.10: Optical density after 24 hours of antibacterial activity of  

residual material after fibers being removed 

 
 

 The antibacterial test of CS-salt showed antibacterial activity of fibers 

o CS-salt without grinding showed antibacterial activity by reducing the 

bacteria from 106 CFU/ml to 104 CFU/ml giving 99% reduction of bacteria.  

o CS-salt grinding 42h showed antibacterial activity by reducing the bacteria 

from 106 CFU/ml to 3*104 CFU/ml giving 97% reduction of bacteria. 

 The leaching test of CS-salt showed antibacterial activity of soluble agents 

o CS-salt without grinding showed antibacterial activity by reducing the 

bacteria from 106 CFU/ml to 5*103 CFU/ml giving 99.5% reduction of 

bacteria.  

o CS-salt grinding 42h showed antibacterial activity by reducing the bacteria 

from 106 CFU/ml to 5*103 CFU/ml giving 99.5% reduction of bacteria.  

o CS-salt grinding 42h showed antibacterial activity by reducing the bacteria 

from 106 CFU/ml to 5*103 CFU/ml giving 99.5% reduction of bacteria. 
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5. Discussion 
 

One objective of this thesis was to investigate laboratory scale spinning of chitosan. First, 

extrusion dry wet spinning was tried. However, the stickiness of the chitosan hydrogel to 

surfaces of the die and coagulation bath made this process difficult. On the positive side, one 

filament was successfully produced that was superior in dope composition and weight ratio 

of chitosan/acetic acid for high protonation of amino groups. Moreover, an addition of 

glycerol content improved the swelling of the hydrogel. In this case, the conditions of the 

coagulation step resulted in a good solidified filament with satisfactory elasticity and 

strength to be able to be taken up on the drawing cylinder. 

 
As an alternative approach, extrusion wet spinning was tried. However, this resulted in a low 

exit speed of chitosan into the coagulation bath making this procedure to be of less use to 

us. Finally, dry wet spinning with a syringe pump was tried but the pump capacity and the 

viscosity of the chitosan dope was a limitation. 

 

A second option was melt spinning of filaments of chitosan and PLA with the aim to use PLA 

as a carrier of chitosan into the paper sheet. Continuous filaments were spun in a sufficient 

amount. However the residence time in the extruder was long and the temperature was 

relatively high (between 180-190°C). This caused degradation/discoloration of chitosan. This 

has also been observed previously as shown in paper by Fernandez-Kim (Fernandez-Kim, 

2004).  

 

The results from the measurements of antibacterial activity were ambiguous. For 

PLA/chitosan fibers antibacterial activity was measured that showed a 97% bacteria 

reduction for CS salt and 99% for Cs salt with grinding, figure 4.5. This indicates that the size 

of chitosan particles present in the fibers might play a role in the effectiveness of their 

antibacterial activity. However, the leaching test of residual material showed an antibacterial 

response making the interpretation of observed activities difficult.  

During extrusion chitosan was exposed to high temperatures for a prolonged time. Thus, the 

high temperature might have affected the potential anti-bacterial activity of chitosan by 

degradation and formation of small particles which possibly could increase the antimicrobial 

activity of chitosan. Kenawy, et.al.: (Kenawy et al., 2007) has shown that, as the molecular 

weight of chitosan decreased below 5×104 Da an increased activity was observed. Anyhow, 

the antibacterial effect was weak in our case as it disappeared under nutrient rich 

conditions, which tells us that the produced PLA/chitosan fibers had weak antibacterial 

properties. 

 

A limitation in the study was the narrow serial dilution scheme employed which negatively 

affected the accuracy of the antibacterial test. Of the tested samples only PLA with CS 

showed a clear antimicrobials activity. 
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6. Conclusion  
In the present study the following spinning methods were tested to produce chitosan fibers: 

extrusion dry wet spinning, extrusion wet spinning and dry wet spinning with syringe pump. 

Within the scope of this study it was not possible to fully utilize any of these techniques to 

produce chitosan fibers in the quantities needed for production of test papers However, 

they would likely work well after further adjustments to equipment and procedures.  

 

Although we were unable to produce test sheets in this project the antibacterial activity was 

assessed in a small experiment. This showed that melt spun PLA/chitosan exhibited weak 

anti-bacterial properties. All in all the results can be looked as as a proof on concept that PLA 

could be used as a carrier of antibacterial activity. 

 
It might be of interest to the paper industry to develop anti-bacterial paper that could find 

use in numerous applications. To my knowledge the use of PLA in fiber form to carry 

chitosan into paper has not been attempted previously although different approaches to use 

chitosan as e.g. wound dressing is well described. In conclusion, there is a possibility to 

produce man made biodegradable fibers using chitosan and PLA that potentially could be 

added to paper. This paper might exert antibacterial properties that could have a major 

interest in the market, e.g. for cleaning, in hospitals, and in the food industry. 
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8. Appendix 

Appendix A 
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Appendix B 

Chitosan spinning from 20 research papers 
Materials dope 
 Reference Spinning 

method 

CS, Mw 

(g/mol) 

CS, 

degree of de- 

acetylation 

Dope  Cross-

linking 

agent 

Dope 

stirring 

Dope 

degassed 

Dope 

filtered  

Ripening 

 

Recommend Remarks 

1 GC East and 

Y Qin (1993) 

 

Wet spinning medium 84% 5%(w/v) 

chitosan 

2%(v/v) HAc aq  

  vacuum Candle 

filter 

system 

  Laboratory 
extrusion unit 

2 Mitsubishi 

Rayon Co 
Ltd (1981), 

J81106901 

   3%(w/v) 

chitosan 
0,5%(v/v)HAc aq. 

       

3 H Tamura et 

al. (2004) 

Wet 

spinning, 

new 

coagulation 

system 

 93,5% 10%(w/v) 

chitosan 

10%(v/v) 

HAc aq. 

 Vigorous 

stirring 

 Through 

flannel 

  Apparatus: 

Wet Spinning 

system 

4 JP591164, 

1985 

   Chitosan, 

DCA 

       

5 Shin-Hee 

Lee (2002) 

 

Wet 

spinning, 

ripening time 

Mv 173000 

g/mol 

84,2% 4%(w/v) 

chitosan 

2%(v/v) HAc aq. 

  vacuum vacuum Vacuum, 

20°C, 

1-8 days 

 Apparatus: 

Wet Spinning 

system 

6 Shin-Hee 
Lee (2007) 

 

Wet 
spinning, 

crosslinking 

 86,7% 4%(w/v)chitosan 
2%(w/w) HAc aq.  

0,05M ECH to dope 

60 min vacuum vacuum 20°C 
5 h 

Dissolve CH 
in HAc  

solution 

Epiclorohydrin 
(ECH) 

7 Shin-Hee 
Lee (2004) 

 

Wet 
spinning, 

crosslinking 

 84,3% 4%(w/v)chitosan 
2%(w/w) HAc aq. 

0 – 0,25 M ECH 

60 min vacuum vacuum 20°C 
5 h 

 Epiclorohydrin 
(ECH) 

8 CY Choi et al 
(2007) 

Wet-
spinning, N-

acetylaction 

 92% 4%(w/v) 
chitosan 

2%(v/v) HAc aq. 

   1Air 
pressure, 

filter press 

 

  
 

 

N-acetylation 
of chitosan 

fibers 

9 F Pati et al, 

(2010) 

Modified wet 

spinning 

 75% 0,5 %(w/v) 

CS and 

1%(w/v) CS 

 overnigh

t 

centrifug

ation 

Filter cloth   

 

 

Stock 

solution:4wt% 

CS 

0,5 M HAc 
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Materials- Dope 
 Reference Spinning 

method 

CS, Mw  

(g/mol) 
CS, 
degree of 

deacetylation 

Dope  Cross-

linking 

agent 

Dope 

stirring 
Dope 

degassed 
Dope 

filtered  
Ripening 
 

Recommend Remarks 

10 S. Hirano, 
1999 

Spinning of 
staple fibers 
(short fibers) 

Mw: 
24000 
g/mol 

 3% (w/v) CS 
2% (v/v) 

HAc-methanol 

 CS-HAc 
Stirring 

overnight 

Stirring 
at 

reduced 
pressure 

 overnigh
t 

(Hirano et al 
1998) 

 

 
 
 

11 H Zheng et 
al (2000) 

Blendfibers, 
CS/PVA 

 90,2%, 
84,5%, 

79,1% and 
71,3% 

4,5%(w/v) CS 
2%(v/v) HAc 

+ 
15%(v/v)PVA 

 60 min 60 min 
vacuum 

200 
mech 
filter 
under 

pressure 

  
 
 

 

12 Yimin Qin 
(1993) 
 
 

Wet 
spinning, 
Chelating 
properties 

medium  5%(w/v) CS 
2% (v/v) HAc 

      CS fibers 
treated with 
CuSO4 and 

ZnSO4 

13 J Knaul et 
al (1998) 
 

Wet 
spinning, 

Drying step 

 97,3% 6 % (w/v) CS  
3 % (v/v) HAc  

  24 h 
vacuum 

   
 
 

Coagulation 
composition – 

spinning 
performance 

14 J Knaul et 
al (1998)  

Wet 
spinning, 

 

Mw: 
307000 
g/mol, 
PDI: 
1,48 

95±3% 5 %(w/v) CS  
5 %(v/v) HAc  

  Centrifug
e 

N2: 150 

psi 

through  

40 µm 
filter 

48 h, 
9°C 

buffered 

solutions  

Phosphate 

and KH 

phthalate 

 
 

15 Agboh and 
Qin (1997)  

Wet spinning   3% (w/v) CS 
0,5% (v/v) 

HAc 

      Ref 48: 

Mitsubishi Rayon 

Co. Ltd, 

Japanese Patent 

81,106,901 

16 Agboh and 
Qin (1997)  

Wet spinning   3% (w/v)CS 
1%(v/v) HAc 

  x     

17 Agboh and 
Qin (1997) 

Wet spinning   CS 
Urea acetic acid 

       

18 RNR Araiza 
(2008) 

Wet spinning, 
Hollow fiber 

516800 
g/mol 

98,5% 5 wt% CS 
3wt% HAc 

  x     

19 S Hirano 

(2001) 

Wet spinning   Chitosan, 
2 %HAc Aq. 

       

20 Tamura et 
al (2004) 

Wet spinning 40000 
g/mol 

93,5 % 10 wt% CS 
10wt% HAc 

 x Overnight 
in 

roomtemp. 

x Over night   
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Spinning condition 
 Referens Extrusion 

Nozzle 
Spinneret Spinneret 

filter 
Coagulation 
bath 
(1) 

Coagulation 
bath 
(dimension and 
temp) 

Coagulation 
bath, (2) 
 

Washing 
step1 

Washing 
step2 

Drawing 
system  
(bath) 
 

Take up velocity Winding 
up 

Drying step Ramarks 

1 GC East 
and Y Qin, 
(1993) 
 

 20 holes, 
80 µm 
diameter 

 Diluted NaOH  
(1-4%) 

100 cm  x   80-84°C Extruion rate: 
15m/min 
Spinn stretch 
ratio: 0,41 

 radiant 
heat on 
come rolls 

Laboratory 
extrusion unit 

2 Mitsubishi 
Rayon Co 
Ltd, 
(1981) 

   5 % NaOH          

3 H Tamura 
et al., 
(2004) 

3 cm 
diameter 

50 holes, 
0,1mm 
diameter 

 CaCl2 
saturated  
water-
methanol 
1:1(v/v) 

 50 %(v/v) 
MeOH aq. 

Dest.wat
er 

 Cassette 
tratement: 
EDTA, 
Na2HPO4, 
NaOH 

1st windup roll: 
6,3 m/min. 
Stretch ratio: 
1,0-1,2 

 air several 

aqueous alcohol 

solutions were 

applied to 

remove 

calcium ion. 

4 JP591164 
(1985) 

   MgSO4 or 
ZnSO4 or 
CuSO4 or 
ZnCl or 
CuCO3 

       
 

 Chelating 
agent: EDTA 

5 Shin-Hee 
Lee (2002) 
 

 300 holes, 
0,1mm 
diameter 

400-mech 
stainless 
steel filter 
 

10 % (w/w) 
NaOH aq. 

  x  Washed 
and drawn 
in 
waterbath, 
99 °C  

Take up velocity 
3. 0 m/min at 
end, 
coagulation 
bath 
 

 
 
 
 

 Temperature 
in bath?? 

6 Shin-Hee 
Lee (2007) 
 

 300 holes, 
0,1mm 
diameter 

400-mech 
stainless 
steel filter, 
poresize 
0,037mm 

10 % (w/w) 
NaOH aq. And 
0-20% 
CH3COONa 
 

  x  Washed 
and drawn 
in 
waterbath, 
99 °C  

Take up velocity 
3. 0 m/min at 
end, 
coagulation 
bath 
 

  CH3COONa 
(crosslink 
retardadant to 
improve 
crosslinking) 

7 Shin-Hee 
Lee (2004) 
 

 300 holes, 
0,1mm 
diameter 

400-mech 
stainless 
steel filter 
poresize 
0,037mm 

10 % (w/w) 
NaOH aq. 

  x  Washed 
and drawn 
in 
waterbath, 
99 °C 

Take up velocity 
3. 0 m/min at 
end, 
coagulation 
bath 
 

   

 
 
Spinning condition 
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  Extrusion 

Nozzle 

Spinneret Spinneret 

filter 

Coagulation bath 

(1) 

Coagulation bath 

(dimension and 

temp) 

Coagulation 

bath, (2) 

 

Wash  

step1 

Wash  

step2 

Draw 

bath 

Stretchst

ep 

Take up 

velocity 

Chelatin 

agent  

Drying step Ramarks 

8 CY Choi et 
al. 
(2007) 

 1500 
holes 

 8 % (w/w)NaOH 
aq. 

  3Hot 
water, 
60°C 

3Cold 
water,  
20°C 

   
 
 

  
 

9 F Pati et al, 
(2010) 

Silicon 
rubber 
tube 

Holes of  
some µm 
in 
diameter 

 1 % w/v 
STPP/ethanol  
 

 1  M 
NaOH/ethano
l 
(1:1) 

Water (incubati
on-step, 
EtOH 
over 
night) 

   
 
 

Vacuum, 
room-temp 

Two different 
coagulation 
bath 

10 S Hirano et 
al (1999) 

 300 
holes,  
0,15 mm 

 10% NaOH 

30% NaOAc 
Temp: 30°C - 
40°C 

 Dest 
water 

 2%NaO
H+ 
ethylen
glycero
l and 
cut 

Fibers 
stretched 1,2 
– 1,4 fold 

 1 night  in   
100 % 
methanol 

After   
stretching 1 day 
in 10%NaOH-
30%NAOAc 
 
 
 

11 H Zheng et 
al (2000) 

 Viscosety
pe-
spinneret 
30 holes, 
0,08 mm 

 10 wt% 
NaOH 
NaOH/methanol
,70/30,50/50 

  Washed 
and 
stretched 
at 35°C 

  Stretch ratio: 
29% 

 
 

Air-dried Coagulation 
composition – 
spinning 
performance 
 

12 Yimin Qin, 
1993 
 
 
 

 20 holes 
80 µm 

 5 % 
(w/w)NaOHaq. 

  Stretched 
in hot 
water 
80 - 85°C 

x  1Extrusion 
rate 13 
m/min 
Spin/stretch 
0,4 

 x Linear density: 
6,45 tex 

13 J Knaul et 
al (1998) 
 

Drying 
step 

20 holes, 
0,1 mm. 
Capillary 
length 
double 
holediam
eter 

0,04mm 
stainless 
steel 
filter 

1M NaOH 200cm, 7l, 
residence-time 
48,6 s 

    Extrusion 
rate: 
2,47m/min, 
Takeup rate: 
2,5 m/min 

 
 

Chemicaldry 
ing system 
(aceton, 
MeOH) or 
physical 
drying 
system(direct 
heat, forced 
air) 

 

14 J Knaul et 
al (1998) 
 

Mechanic
al 
propertie
s 

Single-
hole, 
capillary 
length: 
500 µm 

80 µm 
stainless 
steel 
filter 

71 M KOH 72,1 m  1 m long 
bath 
distilled 
water, 
40°C 

  Extrusion 
rate: 4,8 
m/min 

 Methanol 
bath, 25°C 
+ Hot roller, 
50°C 

Run 1  
Final reaction of 
chitosan fibers 
And buffered 
solution( varied 
pH) 
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Spinning condition 
 Reference Extrusion 

Nozzle 

Spinneret Spinneret 

filter 

Coagulation bath 

(1) 

Coagulation bath 

(dimension and 

temp) 

Coagulation 

bath, (2) 

Washing 

step1 

Washing 

step2 

Drawing 

bath 

Stretchin

g step 

Velocity Chelatin 

agent  

Drying step Ramarks 

15 Agboh and 
Qin (1997)  

   5wt% NAOH        
 

 

16 Agboh and 
Qin (1997)  

   2wt% 
Nalaurylsulfate 

       
 

 

17 Agboh and 
Qin (1997) 

   5 wt% NaOH 
90:10 

       
 

 

18 RNR Araiza 
(2008) 

Syringe. 
1,9 mm 
innerdia
meter 

  0,1 M, 0,5 M, 1 
M and 4 M 
NaOH 

 

 x     
 

Interupted 
wet spinning 
methodolgy 

19 S Hirano 
(2001) 

 0,1 mm 
hole 
diameter 

 filament soaked 
over night. 
10wt% NaOH+ 
30wt% NA2SO4 
10wt% 
NaOH+40wt% 
(NH4)2SO4 

  water 
and 
methan
ol 

  Stretching
: 1,4 

 air-dried  

20 Tamura et 
al (2004) 

3 cm in 
diameter 

50 holes 
0,1 mm 

 100g CaCl2 in 
water –
methanol (1:1) 

 1:1 
MeOH:water 
or  EtOH:water 

x  Wet 
stretchi
ng rolls 
ratio: 
1,0 – 
1,2 

spinning 
role: 6,3 
m/min 

 x cassette post- 
treatement 
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Fiber spinning properties 
 Referens Ratio Ratio Fiber tenacity 

(Dry) 
(cN/dtex) 

Fiber tenacity (Dry) 
(N/tex) 

Elongation at 
break (Dry) 

WRV 
 

Remarks Thickness 

1 
 
 

GC East 
and Y Qin, 
(1993) 

  Max. 0,243 N/tex  5,7%    

2 Mitsubishi 
Rayon Co 
Ltd, 
(1981), 
J81106901 

  0,239 N/tex  10,8%    
 

3 H Tamura 
et al., 
(2004) 

 Original 
NaOH 
EDTA 
Na2HPO4 

0,39 cN/dTex 
1,18 cN/dTex 
0,31 cN/dTex 
0,72 cN/dTex 

0,04 N/tex 
0,118 N/tex 
0,03 N/tex 
0,07 N/tex 

11,34 % 
6,65 % 
7,66 % 
16,02 % 

 Original filament was 

refluxed in isopropanol for 5 

h. DA = 25%. 

 

4 JP591164, 
1985 

        

5 Shin-Hee 
Lee (2002) 
 

  1,75 – 1,2 g/d(1-8 
days ripening) 

0,15 – 0,11 N/tex 
 

9-11-7 %( 1-7-8 
days ripening) 

   

6 Shin-Hee 
Lee (2007) 
 

  1.3 – 1,44 g/d (0 – 
20 % SA) 

0,12 – 0,13 N/tex 
 

15,4 – 13,6 % (0 
- 20%SA) 

   

7 Shin-Hee 
Lee (2004) 
 

  1,6 – 1,35 g/d(0 – 
0,25 M ECH) 

0,14 – 0,12 N/tex 
 

16 -11-12 %(0 -
0,05-0,25M) 

   

8 CY Choi et 
al. 
(2007) 

      N-acetylation lowered the 
tensile strength of 
chitosan fibers 

 
 

9 F Pati,et al 
(2010) 

 1 wt%CS     Compressive 
strength(dry): 280 kPa 

10µm 
 
 

10 S Hirano et al, 
(1999) 

CS  1,43 g/dtex 0,14 N/tex 17,3%  Spinning condition C 
Dry tratement A 

 
 

11 H Zheng et al, 
(2000) 

CS 
CS/PVA 
CS/PVA 
CS/PVA 

100/0 
90/10 
80/20 
50/50 

1,50 cN/d 
1,65 cN/d 
1,85 cN/d 
1,46 cN/d 

0,15 N/tex 
0,165 N/tex 
0,185 N/tex 
0,146 N/tex 

12,0% 
13,8% 
15,4% 
12,8% 

120% 
170% 
191% 
241% 

  
 

12 Yimin Qin, 
(1993) 
 

 0 % Cu(ll) 
content 
 
 

1,15 N  6,3 %    
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Fiber spinning properties 
 Referens Ratio Ratio Fiber tenacity 

(Dry) 
(cN/dtex) 

Fiber tenacity 
(Dry) 
(N/tex) 

Elongation at 
break (Dry) 

WRV 
 

Remarks Thickness 

13 
 
 
 

J Knaul et 
al (1998) 
 

Ethanol 
Methanol 
Methanol 
with draw 
on yarn 

 1,00 g/d 
1,05 g/d 
1,30 g/d 

0,09 N/tex 
0,092 N/tex 
0,12 N/tex 
 

14,5% 
18,5% 
5,7% 

   

14 J Knaul et 
al (1998) 
 

pH 5 
pH 6,16 
pH 7,75 

 75,73 g/d 
63,82 g/d 
49,59 g/d 

6,7 N/tex 
5,6 N/tex 
4,4 N/tex 
 

28,43% 
28,03% 
30,33% 

 Run 
1.varied pH, 
temp. time 
Run 
2:varied  
final draw 
ratio 

 

15 Agboh and 
Qin (1997) 

      Ref 48  

16 Agboh and 
Qin (1997) 

  2,44 g/d 0,21 N/tex 
 

10,8%  Ref 49  

17 Agboh and 
Qin (1997) 

  12,2 g/d 1,08 N/tex 17,2%  Ref 51  

18 RNR Araiza 
(2008) 

        

19 S Hirano 
(2001) 

  1,29 g/d 0,15 N/tex 
 

8,2 – 10,4%    

20 Tamura et 
al (2004) 

  12,04 dTex 
0,39 cN/dTex 

1,204 tex 
0,04 N/Tex 

11,34%    
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Appendix C 

The results of the various trials as follows: 

Trial 1 had a dope solution of 18%(w/v)CS and 13%(v/v)HAc. A rod was extruded at 50°C at 

50 rpm extrusion speed. The rod was coherent but broke easy when handle. 

 

Trial 2 had a dope solution of 9%(w/v)CS and 6%(v/v)HAc. Extrusion of the filament was 

done through a 1.5 mm die hole. The extrusion temperature was set to 50°C at the speed to 

50 rpm. The filaments were difficult to handle due to the hydrogel characteristics and had 

more liquid-like properties and when tested putting the filaments into a beaker of 0.1 M 

NaOH cause them to dissolve (Figure C1) 

 

 
Figure C1: In Trial 2; filament dissolve 

 

Trial 3 was performed as trial 2 with exception of adding of 2%(w/v)Gly. The addition of 

glycerol improved the swelling of the filament and made it less liquid-like resulting in putting 

the filaments into a beaker of 0,1 M NaOH for 1min did not dissolve them. However, nor did 

it become enough elastic to be able to be taken up on a drawing cylinder. 

 

Trials 4a-4c was all performed with 18%(w/v)CS and 12%(v/v)HAc with 3%(w/v)Gly. As 

before the die hole size was 1,5mm and the extrusion temperature was 50°C. The 

concentration of coagulant was increased to 2M NaOH and the coagulation time was set to 1 

min. The extrusion speed was varied from 25rpm, 50 rpm and 75 rpm (4a, 4b and 4c). 

With increased extrusion speed the more difficult the sticky freshly extruded filament was to 

handle. However, all the filaments were more solid-like and less flexible and broke easily 

prior to going into the coagulation bath when handle. Furthermore, with an increased 

extrusion speed the filament did not have time to solidify before it got curled, entangled and 

sticky. However, besides difficulties taking up the filament on a drawing cylinder the 

coagulation with 2M NaOH for 1min resulted in a filament with more solid like properties 

compared to solidification with coagulant of 0.1 M NaOH (Figure C2). 
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Figure C2: Solidification of filament 4a 

 

Trial 5a and 5b had a dope prepared of 12% (w/v)CS and 8% (v/v)HAc with 2% (w/v)Gly 

The die was 1.5 mm in diameter and the extrusion temp was 50°C. The extrusion speed was 

varied between 25 rpm and 50 rpm for 5a and 5b respectively. The coagulation time was 

varied between 2 min and 1 min for 5a and 5b respectively. The newly extruded filaments 

were very sticky causing them to break apart when coming in contact with the extruder and 

in prior to solidification they entangled and curled. However coagulation for 2 min improved 

the strength and elasticity of the filament. The same observations were made for the 

filaments in trial 5a and 5b. 

 

Trial 5c: a dope prepared of 12%(w/v)CS and 8%(v/v)HAc with 2%(w/v)Gly 

The die was 1.5 mm in diameter and differed in the extrusion temperature set to 25°C. The 

coagulation conc. was 2 M NaOH and the time was 1min. In addition the dope was prepared 

with a ripening time of 2 h. The hydrogel was more solid-like. The trial resulted in the most 

elastic filament so far.  

 

Trial 6 had a dope prepared of 8,2%(w/v)CS and 5,5%(v/v)HAc with 1,3%(w/v)Gly. The 

extrusion temperature 25°C and the extrusion speed 25 rpm. The concentration of the 

coagulant was 2 M and the coagulation time 30s. Furthermore the dope had been prepared 

with 1 h ripening time. Hydrogel was solid-like elastic but still problems with stickiness of 

newly extruded filament onto extruder and coagulation bath. 

 

Trial 7a and 7b a dope prepared of 9%(w/v)CS and 6%(v/v)HAc with 3%(w/v)Gly 

The die was 1.5 mm in diameter and the extrusion temp was 25°C. The coagulant conc. was 

2 M and coagulation time 30 s. for both trials.  The dope had a ripening time of 0.5 h. In trial 

7a) the extrusion speed was 15rpm while in 7b) 25 rpm.  

So far no success in taking up filaments on a drawing cylinder  

 

However, in trial 7a with a take up speed of >5 rpm the filament with an extrusion speed of 

15 rpm was successfully taken up on the drawing cylinder. The drawing cylinder was covered 

with a PET foil.  
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The filament had enough elasticity and strength to be able to be taken up. However the 

filament was still very wet of coagulant and would further be need to be washed and dried.  

No continuous spinning was able to be performed since the taken up filament was still wet 

and would stick to newly taken up filament.  

It would have been preferable if the filament would have been washed and dried in 

additional  step and in addition a longer time in coagulation bath for a result of a more 

solidified filament and less wet.  

Furthermore the take up speed of >5rpm was still too fast due to limitation in drawing speed 

of the drawing cylinder with an extrusion speed of 15 rpm. Hence, the solution for low 

extrusion speed and less wet and sticky filament would be a larger coagulation bath 

preventing filament to come close and entangle and becoming less sticky. 

Furthermore, the stretch ratio has not been an important factor in this early stage of the 

trials, 

The filament was taken of the drawing cylinder and put aside for drying in room 

temperature. The filament is seen in Figure C3 after drying. 

 

 
Figure C3 Filament of Trial 7b 

 

Trial 8a had a dope prepared of 6%(w/v)CS and 4%(v/v)HAc with 2%(w/v)Gly 

The die was 1 mm in diameter and the extrusion temp was 30°C. The coagulant conc. was 2 

M and coagulation time 30 s. for both trials. The extrusion speed was 10rpm.  

A filament with 1mm in diameter was achieved. However, the dope composition made the 

filament/hydrogel becoming very liquid-like and was sticking to the surface of the die when 

entering the diehole.  

 

Trial 8b had the same dope composition as trial 8a and the same process parameters except 

of the die had the diameter of 1,5 mm. As for Trial 8a the filament/hydrogel was too liquid-

like causing it to stick to the die and the surface of the coagulation bath. 

 

Trial 9a had instead a dope prepared of 9%(w/v)CS and 6%(v/v)HAc with 1,5%(w/v)Gly.  

The die was 1 mm in diameter and the extrusion temp was 30°C. The coagulant conc. was 2 

M and coagulation time <30 s. for the trials. The extrusion speed was varied as well as the 

drawing speed. The stretch ratio has not been considered in this trial. It was possible to take 
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up the filament on the drawing cylinder at 70-90 rpm extrusion speed. However with an 

increased extrusion speed the coagulation time in the petri dish was to short and the 

filament on the drawing cylinder far too wet and sticky. In addition the ratio of glycerol in 

dope composition was 1,5wt%. Due to stickiness, the filament was not able to be taken from 

the drawing cylinder in one piece. 

 

Trial 9b was performed with a dope prepared of 9%(w/v)CS and 6%(v/v)HAc with 

1,5%(w/v)Gly and a die of 0,5 mm in diameter. Despite an extrusion temperature of 30°C 

and varied extrusion speeds of 5 rpm to >90 rpm no filament was entering the diehole.  

 

Trial 10a had a dope composition of 9%(w/v)CS and 6%(v/v)HAc without any glycerol. 

The die was 1,5mm in diameter and the extrusion temp was 30°C. The coagulant conc. was 2 

M and coagulation time 30 s. The extrusion speed was 15 rpm. The dope had a ripening time 

of 0,5h. Without glycerol improving the swelling of the hydrogel the filaments were more 

liquid-like and got stuck to the surface of the die. 

 

Trial 10b had a dope composition of 9%(w/v)CS and 6%(v/v)HAc and 2%(w/v)Gly 

The die was 1.5 mm in diameter and the extrusion temp was 30°C. The coagulant conc. was 

2 M and coagulation time 30 s. The extrusion speed was 10rpm and the take up speed was 

<5 rpm. The filament was taken up by the drawing cylinder and the filament was able to be 

released from the Pet foil on the drawing cylinder by hand.  

 
Filament with best spinnability by dry extrusion wet spinning  
The best result was given by Trial 7b in regard to a filament more solid-like, elastic and less 

prone to stick to surfaces. This was accomplished by several factors as: 

 a dope composition of weight ratio of chitosan/acetic acid chosen to 3/2 

o  9%(w/v)CS and 6%(v/v)HAc with 3%(w/v)Gly with the portion of HAc for 

protonation of the aminogroups  

 a dope composition of weight ratio of chitosan/glycerol chosen to 3/1 

o glycerol as a plasticizer giving CS its swelling properties  

 the preparation method was chosen as for all samples by adding HAc in the final step 

preventing agglomeration of chitosan. 

 coagulation conc of 2M NaOH and time 30s.  

 ripening time of 0.5 h. 

 extrusion speed of 15 - 25 rpm.  

 the correct ratio between the solvent (HAc) and coagulant (NaOH) where higher 

diffusion of the coagulant than the diffusion of the solvent which will give the fiber a 

more uniformly structure form and a more easily elongation in the drawing 

step.(Rissanen, M 2010)  Moreover, the resident time in the coagulation bath 

governs the degree of crosslinking throughout the cross section of the fiber 

(Tsurumi, T. 1994). 
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Appendix D 

 

Trial 1 was performed with a short tube of 40 cm in length from the extruder opening with 

an inner diameter (ID) of 0,25mm. The extrusion speed was varied between 25-90 rpm. No 

filament was entering through the whole length of the tube. It got stuck at half the length. 

 

Trial 2 was performed with a short tube of 2 cm in length from the extruder opening with an 

inner diameter (ID) of 1 mm. The extrusion speed was varied between 25-40 rpm. With a 

small tube as 2 cm in length the tube was not submerged in the coagulation bath and which 

instead reminded of dry/wet spinning. Further increase of extrusion speed did not increase 

the exit speed of chitosan filament in the coagulation bath. Thus, the exit speed for chitosan 

dope in the coagulation bath was too low for the minimum take up speed of the drawing 

cylinder. 

 

Trial 3 was performed with a short tube of 40 cm in length from the extruder opening with 

an inner diameter (ID) of 1mm. The extrusion speed was varied up to 50 rpm. Further 

increase of extrusion speed did not increase the exit speed of chitosan filament in the 

coagulation bath. The filament was entering through the whole length of the tube and 

entered in coagulation bath. However, the exit speed for chitosan filament in the coagu 

lation bath was too low for the minimum take up speed of the drawing cylinder. 

 

 

Appendix E 

 
Trial 1, when extruding chitosan solution 1 the maximum pump rate achieved was 2 ml/hr. 
However the extruder output rate of 2 ml/h, was too low for the drawing speed of the test 
tube rotator, Labinco  
 
Trial 2, when extruding chitosan solution 2 the maximum pump rate achieved was 6 ml/hr. 
However, the extruder output rate of 6 ml/h was too low for the drawing speed of the test 
tube rotator, Labinco. 
 
Trial 3, when extruding chitosan solution 3 the maximum pump rate achieved was 10 ml/hr. 
However, the extruder output rate of 10 ml/h was too low for the drawing speed of the test 
tube rotator, Labinco 
 
Trial 4, when extruding chitosan solution 4 the maximum pump rate achieved was 15 ml/hr. 
However, the extruder output rate of 15 ml/h was too low for the drawing speed of the test 
tube rotator, Labinco 
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Trial 5, when extruding chitosan solution 1 with a PEEK tube of 1 mm in ID and 2cm long the 
maximum pumping rate achieved was 10 ml/hr. However, the extruder output rate of 10 
ml/h is too low for the drawing speed of the test tube rotator, Labinco. 
 
Trial 6, when extruding solution 4 with a PEEK tube 1 mm in ID and 2cm long the maximum 
pumping rate achieved was 40 ml/hr. A pumping rate of 40 ml/hr is fast enough to keep up 
with the drawing speed of the test tube rotator, Labinco. However, solution 4 is less viscous 
than solution 2. Chitosan solution 4 will dissolve.  
 
 

Appendix F 

Stereomicroscopy of 75X magnitude of spinned PLAfilaments of acid soluble chitosan (CSa) 
and water soluble chitosan (CS-salt) PLA filament 

  
Figure F1:PLA filament of 1%CSa Figure F2: A single PLA filament of 1% 
96 hours CSa milled at 96 hours   

   
Figure F3: PLA filament of 10% CSa 96 Figure F4: A single PLA filament of 10% CSa 
hours milled at 96 hours  
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Figure F5:PLA filament of 1%CS-salt  Figure F6: A single PLA filament of 1%  
not milled CS-salt not milled 

   
Figure F7: PLA filament of 1%CS-salt    Figure F8: A single PLA filament of 1% 
milled at 42 hours CS-salt milled at 42 hours 

   
Figure F9:PLA filament of 1%CS-salt 90h Figure F10: A single PLA filament of 1% CS-salt 
 90h 
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Figure F11:1%CSa96h  Figure F12:10%CSa96h 

  
Figure F13:1%CS-salt0h  Figure F14:1%CS-salt42h 

 
Figure F15:1%CS-salt90h 
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Appendix G 

Protocol - antibacterial test  

 
 


