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Nanomaterials demonstrate interesting physical and chemical properties 

compared with conventional materials. Various types of new materials, such as 

nanoparticle, nanorod, nanosphere and nanofiber, have been investigated.  

The creation of new functional nanomaterials contributes significantly to the 

innovation of nanoscience and nanotechnologies.  Among them, electrospun 

nanofibers have been attracting the attention of highly functional materials due 

to their enhanced properties, such as high surface to volume ratio, very high 

porosity compared to other conventional fibers.  So, nanofibers have been 

studied for various applications in fields of filtration, tissue engineering, sensor, 

protective material, electronic and photonic material and drug delivery.  In 



 

 

 

this study, the polymeric nanofiber composites were developed using 

simultaneous electrospinning/electrospraying, then applied to protective 

materials.   In chapter 2, two types of electrospun polyamide nanofiber 

composites in which Ag-TiO2 was located either in the interior or on the surface 

of the nanofiber using electrospinning and simultaneous 

electrospinning/electrospray (SEE) process, respectively.  The performance 

of the obtained Ag-TiO2-embedded nanofiber composite (interior located Ag-

TiO2: AT-in-NF) and Ag-TiO2-decorated nanofiber composite (surface located 

Ag-TiO2: AT-sur-NF) was compared by evaluating the decolorization of 

methylene blue (MB) stain and their antimicrobial ability.  It was concluded 

that the positioning of nanomaterial additives is a crucial factor in the enhanced 

performance of such nanofiber composites, and provide a guide for designing 

and optimizing nanofiber composites with superior catalytic activities.  In 

chapter 3, a potential application of nanofibrous composite materials 

impregnated the MgO and POM adsorbents was exhibited as an inner layer for 

the permeable protective clothing against CWA.  The nanofiber composites, 

which were consisted of both polyamide nanofiber and adsorbents (MgO and 

POM), were prepared using the SEE process.  The nanofiber composites were 

compared to neat polyamide nanofiber mat by evaluating the permeability of 

air, moisture and protectability against gas chemical warfare simulants.  It was 



 

 

 

suggested that the high possibility of the application of the nanofiber 

composites to the inner layer of permeable protective clothing.  In chapter 4, 

it was reported that electrospun meta-aramid nanofibers with enhanced 

chemical stability and mechanical property using sequential post-treatment for 

removal of salt in the nanofiber and regeneration of crystalline structure.  The 

aligned meta-aramid nanofibers with LiCl salt was prepared using 

electrospinning apparatus with drum-collector.  The washing and heating 

sequential post-treated nanofiber mats showed improved chemicals stability.  

Furthermore, in order to estimate the possibility of their application to an outer 

layer for permeable protective clothing having the repellency against liquid 

chemical warfare simulants, the surface of meta-aramid nanofibers was 

modified via treatment using water and oil repellent.  In chapter 5, lightweight 

nanofibrous assemblies with high protection ability against chemical warfare 

agents (CWAs) were developed using laminated outer and inner layers based 

on aromatic and aliphatic polyamide nanofiber composites with CWA 

adsorbents magnesium oxide and polyoxometalate.  Thickness, weight 

density (weight per area), cool/warm feeling and air/moisture permeability of 

the assembly were compared with the permeable protective clothing of Korea 

Army as a reference.  The thickness and weight density were variated 

according to the number of stacking, and finally, the lightweight assemblies 



 

 

 

with high protectability against CWA can be developed.  The assembly 

surpassed the reference in the cool feeling property, and provided good 

resistance to the penetration of chemical warfare agents in gas form, while still 

allowing significant water vapor transmission to promote evaporate cooling of 

the body.  The development of the assembly suggests new approach to 

improving performance of a permeable protective materials, and provides a 

guide for designing and optimizing the permeable protective clothing. 
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Chapter 1 

Introduction  

1.1 Nanofiber 

The nanofiber definition and terminology are based on ISO documents (ISO/TS 

27687:2008 ñNanotechnologies ï Terminology and definitions for nano-

objects ï Nanoparticle, nanofiber and nanoplateò).  The definition of 

nanofibers is as follows: the nano-object with two similar external dimensions 

in the nanoscale and the third dimension significantly larger. A nanofiber can 

be flexible or rigid.  The two similar external dimensions are considered to 

differ in size by less than three times and the significantly larger external 

dimension is considered to differ from the other two by more than three times.  

The largest external dimension is not necessarily in the nanoscale.  The 

nanofiber is generally accepted as the fibers with nanoscale diameters less than 

100 nm as shown Figure 1.1.  This definition can be extended to include fibers 

as large as 1 mm diameter in the textile industry.1  Due to its dimensions and 

its unique features, nanofiber show an improved properties in comparison to 

the conventional fibers as follows: high surface-to-volume ratio, small fiber-to-

fiber distance, high porosity, large specific surface area, small pore size, and 

high controllability.  These unique characteristics plus the  
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Figure 1.1 The unique feature of nanofibers compared to a human hair, which 

has a diameter around 80 mm and it is about 200 times bigger in diameter than 

nanofibers. 
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functionalities from the materials themselves impart nanofibers with a number 

of novel properties for advanced applications. 

There are varous ways to make nanofibers.  Polymeric nanofibers can be 

prepareed by many techniques such as drawing, templating, self assembly, 

phase separation, melblowing, rotary jet-spinning, and electrospinning, in 

Figure 1.2 and 1.3.  In the case of the drawing, a rod was placed in a polymer 

melt and moved up, at a speed of approximately 1×10ï4 msï1, forming a thin 

filament that cooled to form a nanofiber.2  The drawing of nanofibers is 

repeated several times on every melten droplet.  The drawing process can be 

considered as dry spinning at a molecular level.  Especially, drawing is 

suitable for a viscoelastic material, which can undergo strong deformations 

while being cohesive enough to support the stresses developed during pulling.  

The templating implies the use of a templates or molds, such as self-ordered 

porous alumina and a aluminum oxide membrane with nanoscale pores, to 

prepare a desired nanostructure.3  The nanofiber arrays can be released from 

the self-ordered porous alumina template by destruction of the template or 

mechanical detachment.  Another example, under the application of water 

pressure on one side and restrain from the porous membrane causes extrusion 

of the polymer which, upon coming into contact with a solidifying solution, 

gives rise to nanofibers whose diameters are determined by the pores of the 

membrane.  The self assembly have been used for preparation of nanofibers.  
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Figure 1.2 Various techniques to prepare polymeric nanofibers except for the electrospinning: (A) Drawing, (B) Templating, 

(C) Self-assembly, (D) Phase separation, (E) Meltblowing, (F) Rotary jet-spinning.
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Self assembly of nanofibers refer to the bottom-up fabrication of nanoscale 

fibers using molecules as basic unit.4  The molecules organize and arrange 

theselves into patterns or structures through the intermolecular forces such as 

hydrogen bonding, hydrophobic forces, and electrostatic reactions.  A small 

molecule is arranged in a concentric manner such that that the interaction can 

form among the concentrically arranged small molecules which, upon 

extension in the planeôs normal gives the logitudinal axis of a nanofiber.  The 

arranged small molecules forms the macromolecular nanofibers.  In the case 

of the phase separation, the main mechanism of this method is the separation 

of phases due to physical incompatibility, leaving behid the other remaining 

phase.5  First, a polymer is dissolved in a good solvent before being gelation.  

The polymer solution is stored at the gelation temperature.  The gel was 

immersed in non-good solvent to allow the good solvent exchagned.  And then, 

the gel is removed from the non-good solvent.  At last, interconnected porous 

nanofibrous structure left behind.  The nanofiber can also be formed via 

meltblowing.6  The meltblowing, which have been used to prepare microscale 

fibers, produce the micro- and nanofibers by injecting molten polymer streams 

into high velocity gas/air jets that form a self-bonded nanofibers on a collector.  

The drag force caused by the hot air quickly attenuates the fiber, and reduces 

the diameter to nanoscale.  In the case of the rotary jet-spinning, the system is 

consisted of a reservoir with two side wall orifices that was attached to the shaft 
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of a motor with controllable rotation speed.  Nanofibers can be produced by 

exploiting a high-speed rotating nozzle to form a polymer jet which undergoes 

extension along the rotation direction before solidification.7  The rotating jet-

initiation induces the flow of the polymer solution through the orifice, and then, 

the jet-extension occurs toward to increase surface area of the propelled 

polymer stream.  The solvent in the polymer stream evaporates, solidifying 

and contracting the jet.  If the solvent is highly volatile, the jets form thicker 

fibers as the rapidly evaporating solvent potentiates rapid solidification, 

hindering the jet extension.  

Among the various ways to prepare the polymeric nanofibers, electrospinning 

is the most popular and effective process, creating uniform nanofibers using 

electrostatic repulsion of a charged droplet of polymer liquid.8ï10  This process 

shares characteristics of both electrospraying and conventional solution-dry 

spinning of fibers.11  The electrospinning is basically consisted of a syringe to 

hold the polymer solution, DC voltage supply in the kV range, and collector as 

shown in Figure 1.3A.  When a sufficient voltage is supplied to a polymer 

droplet, located at the end of metal needle tip,   the droplet becomes charged.  

In the charged droplet, electrostatic repulsion counteracts the surface tension 

and the droplet set about to stretch.  At a critical point of the eruption of 

droplet from the surface, this point is known as the Taylor cone (Figure 1.3B).  

At this time, if the molecular cohesion of the droplet for polymer solution is 
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sufficiently high, the jet stream survives and starts flying to the collector.  If 

the molecular cohesion is low, the droplets are electrosprayed.   As the jet 

stream dries during the flight, the mode changes from ohmic flow to convective 

flow as the charge migrates to the surface of the fiber (Figure 1.3C).  Then, in 

the region of convective flow, the jet is elongated by a whipping process 

induced by electrostatic repulsion.  The elongation and thinning of the fiber 

resulting from the random bending brings about the formation of uniform 

nanofibers.  Finally they are deposited on the collector. 

 

 

 



 

 

 

 

 

 

 

 

 

8 

 

Figure 1.3 Schematic of electrospinning process. (A) Apparatus of electrospinning, (B) How the formation of charge in the 

Taylor cone, and (C) Diagram showing flight of nanofiber during electrospinning.
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1.2 Electrospinning Process 

The most electrospinning process have been carried out using polymer solution.  

There are three kinds of the parameters affecting the process: 1) polymer 

solution parameter, 2) processing condition parameter, and 3) ambient 

parameter.  The nanofibers with the desired properties and characteristics can 

be developed with the understanding of these parameters as shown in Figure 

1.4.  

 

1.2.1. Polymer solution parameter (materials variables) 

The physical property of polymer solution, such as concentration, viscosity and 

surface tension, has a decisive effect on the process and the resultant product.  

The molecular weight and solution concentration significantly influences in the 

viscosity and surface tension of the solution.  The surface tension plays an 

important role in the formation of defects, such as beads, along the nanofiber.  

The viscosity of the solution and its electrical properties determine the 

elongation extent of the solution, which have an effect on the diameter of 

nanofiber.  One of the conditions necessary for electrospinning to occur 

where fibers are formed is that the solution must consists of polymer of 

sufficient molecular weight and the solution must be of sufficient 

viscosity.12 
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Figure 1.4 Parameters affecting electrospinning process. 
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As the jet leaves the needle tip during electrospinning, the polymer solution is 

stretched and travels towards the collector.  During the stretching of the 

polymer solution, it is the entanglement of the molecule chains that prevents 

the electrically driven jet from breaking up thus maintaining a continuous 

solution jet. 

The molecular weight of the polymer indicates the length of the polymer chain, 

and it has an important effect on the viscosity of the solution.  The polymer 

length can determine the amount of entanglement of the polymer chains in the 

solvent.  Another way to increase the viscosity of the solution is the increase 

of the polymer concentration.  Similar to increasing the molecular weight, an 

increasing of the concentration results in greater polymer chain entanglements 

within the solution, which is necessary to maintain the continuity of the jet 

during electrospinning. 

The surface tension of polymer solution influences the elecrospinnability.  

The initiation of electrospinning requires the charged solution to overcome its 

surface tension.  But, as the jet travels towards the collector, the inappriate 

surface tension can cause the formation of defects such as beads.  Surface 

tension has the effect of decreasing the surface area per unit mass of a fluid.  

In the case of a high concentration of free solvent molecules, there is a greater 

tendency for the solvent molecules to congregate and adopt a spherical shape 

due to surface tension.  A higher viscosity indicates the greater interaction 
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between the solvent and polymer molecules.  Thus the solvent molecules tend 

to spread over the entangled polymer molecules and reduce the tendency for 

the solvent molecules to come together under the influence of surface tension.  

At high viscosity, the solvent molecules are distributed over the entangled 

polymer molecules, but in the case of a lower viscosity, the solvent molecules 

tend to congregate under the action of surface tension. Solvent such as ethanol 

has a low surface tension thus it can be added to encourage the formation of 

smooth fibers.13  Another way to reduce the surface tension is to add surfactant 

to the solution.  The nanofiber morphology was improved by The addition of 

surfactant in a polymer solution.14 

The conductivity of a polymer solution also has an effect on the elecrospinning.  

The stretching of the solution was induced by repulsion of the charges at its 

surface.  As the conductivity of the solution is increased, more charges are 

carried to the jet.  The conductivity of the solution can be increased by the 

addition of ionic salts.  As mentioned, the defects such as beads should be 

form if the solution is not fully stretched due to the low conductivity of the 

solution.  Therefore, when a small amount of salts is added to the solution, the 

the stretching of the solution can be occurred which may form smooth 

nanofibers.  The increased in the stretching of the solution also tends to make 

nanofibers with smaller diameter.  However, there are some cases about the 

increase of the nanofiber diameter.  As the solution is being stretched, there 
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can be a greater viscoelastic force acting against the columbic forces of the 

charges. As a result, the thicker nanofibers were formed.15  In addition, 

increased conductivity of the solution brings about decrease of the critical 

voltage for electrospinning.  Another effect of the increased conductivity of 

the solution is that it results in a greater bending instability.  As a result, the 

deposition area of the fibers is increased.   

 

1.2.2. Processing parameter (processing variables) 

The parameters, including the supplied voltage, flow rate (feed rate) of polymer 

solution, distance between the needle tip and collector, diameter of needle and 

type of collector, are the external factors exerting on electrospinning jet and 

affect the electrospinning importantly.  One of the curical parameters in 

elecrospinning is the applied voltage to the solution.  The high voltage will 

induce the necessary charges on the solution and together with the external 

electric field, will initiate the electrospinning process when the electrostatic 

force in the solution overcomes the surface tension of the solution. Generally, 

both high negative or positive voltage of more than 6 kV is able to cause the 

solution drop at the tip of the needle to distort into the shape of a Taylor Cone 

during jet initiation.16  Depending on the flow rate of the solution, a higher 

voltage is required so that the Taylor Cone is stable.  Then, the columbic 

repulsive force in the jet stretches the viscoelastic solution.  When the applied 
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voltage is higher, the greater amount of charges causes the jet to accelerate 

faster and more volume of solution was drawn from the needle tip.  When the 

drawing of the solution to the collection plate is faster than the supply from the 

source, the Taylor Cone hides into the needle.17  As both the voltage supplied 

and the resultant electric field have an influence in the stretching and the 

acceleration of the jet, they have an influence on the morphology of the fibers 

obtained.  In the most cases, a higher voltage leads to greater stretching of the 

solution due to the greater columbic forces in the jet as well as the stronger 

electric field.  When a solution of lower viscosity is used, a higher voltage 

favors the formation of secondary jets during electrospinning.  This has the 

effect of reducing the fiber diameter.18   

The diameter of the nanofiber can be influenced by the flight time of the jet: a 

longer flight time will allow more time for the fibers to stretch and elongates 

before it is deposited on the collection plate.  The reduced acceleration of the 

jet and the weaker electric field at a lower voltage increase the flight time of 

the jet which favors the formation of uniform nanofibers.  The effect of high 

voltage is not only on the morphology of the nanofiber, it also affects the 

crystallinity of the nanofiber.  The electrostatic field brings out the polymer 

molecules to be more ordered during electrospinning, thus induces a greater 

crystalline structure of the nanofiber.  But it was reported that the crystallinity 

of the nanofiber was reduced above a certain voltage. With increased voltage, 
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the acceleration of the fibers also increases, and this reduces the flight time of 

the electrospinning jet.  Since the orientation of the polymer molecules can 

take some time, the reduced flight time means that the nanofibers will be 

deposited before the polymer molecules have sufficient time to align itself.  

Thus, if sufficient flight time was given, the crystallinity of the nanofiber is 

improved with higher voltage.19  

Generally, DC voltage is widely appilied in electrospinning. Also, it is possible 

to use AC potential for electrospinning.  In this case, the jet initiation, 

stretching and bending instability is caused due to the charges present in the 

solution.  The charging of the solution is very rapid and jet initiation will occur 

before the voltage alternates in an AC supply.  The regular segments of the jet 

can contain positive or negative charges on them altenately as the jets travel 

towards the collection plate.  The columbic repulsive forces in the jet induces 

the bending instability during the flight.  In other words, the regular segments 

in the jet of either positive or negative voltage would reduce the repulsive forces, 

so reducing the bending instability in the jet.  The as-electrospun nanofibers 

can have a higher diameter than nanofibers that are formed by DC supply of the 

same voltage, because there is less bending instability and less stretching of the 

jet.  Another advantage of an AC supply is that there is fewer tendencies for 

accumulation of like-charges on the fiber after it has been deposited.  Thus, a 

thick nanofiber mat can be prepared when an insulating collection plate was 
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used.20,21 

Among the the processing parameters, the flow rate (feed rate) is very important, 

because the flow rate determines the amount of solution during electrospinning.  

A stable Taylor cone can be formed and maintained only if the avaiable flow 

rate was setted for a given voltage.  When the flow rate increases, a much 

volume of solution is drawn away from the needle tip.  This leads a 

corresponding increase of the diameter of nanofibers or defects size.22,23  In 

the case of the fast flow rate, there must be a corresponding increase of voltage 

for supplying of sufficient charge to the jet.  In addition the jet would take a 

longer time to dry, because of the greater volume of the solution drawn from 

the needle tip.  The solvent in the jet can not have enough time to evaporate 

compared to the smaller volume of the solution pushing with slow flow rate, 

and it causes defects such as beads.  Conclusionly, the slower flow rate was 

more desirable to prepare uniform nanofibers as the solvent will have more time 

to evaporate.24 

The flight time of the jet affects the electrospinning process and the morphology 

of nanofibers.  The flight time can be varied by control of the distance between 

the tip and the collector (tip to collector distance, TCD).  TCD have a great 

influence in both the flight time and the electric field strength in electrospining 

process.  In the narrow TCD, the jet flies a short distance.  It can be difficient 

time for the solvent to be evaporated.  In ddition, the narrow TCD induces the 
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increase of electric field strength, and it allows the acceleration of the flying jet.  

So, too short TCD can cause the merged nanofibers that they contact each other 

to form junctions.25  The increase of electric field strength by narrowing TCD 

also induces the instability of the jet, which can encourage defects formation.26  

If the electric field was at an iptimal value, the electrostatic field would provide 

sufficient stretching to the jet, and so there was less deffects formed.27  If the 

TCD is too wide, no nanofibers were not able to deposit on the collector.28  

Therefore, an optimal electrostatic field strength must be provide via controll 

of the TCD to prepare the nanofibers effectively. 

 

1.2.3. Example: electrospinning condition of polyamide 66  

It was reported that the optimal conditions for electrospinning of uniform 

polyamide 66 (PA66) nanofibers were determined by the control of various 

parameters, such as polymer solution concentration, flow rate, tip-

tocollector distance (TCD), applied voltage, and electrical conductivity of 

the polymer solution.29  An organic salt, benzyl trimethyl ammonium 

chloride (C10H16ClN, BTMAC), was added to the solutions for increase of 

electrical conductivity.  When no salt was added to the PA66 solution, the 

uniform nanofibers were electrospun only at limited conditions, such as 

flow rate of 0.5 mL/h and electric fields greater than 2.0ï3.5 kV/cm as 

shown in Figure 1.5A-C. In contrast, by the addition of BTMAC, range of 
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optimal conditions for uniform nanofibers was expanded; uniform 

nanofibers were obtained at flow rate of 0.5ï1.5 mL/h and electric fields 

greater than 1.3ï1.6 kV/cm as in Figure 1.5D-F.  The expansion of optimal 

electrospinning conditions by improving conductivity, it means 

enhancement of electrospinnability and contribute to productivity 

improvement of uniform nanofibers.  Furthermore, the addition of 

BTMAC affected the increasing of number average diameters and standard 

deviation of the nanofibers as shown in Figure 1.6. When the salt was not 

added, the nanofibers had an average diameter of 92.75 ° 15.91 to 162.21 ° 

19.40 nm. In contrast, the nanofibers with increased electrical conductivity 

showed an average diameter of 128.85 ° 21.34 to 353.65 ° 62.22 nm. Also, 

addition of BTMAC influenced on the increase of diameter distribution. On 

the other hand, the process variables, such as flow rate, TCD, and voltage, 

exerted little influence on the diameter in this case.
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Figure 1.5 Optimal electrospinning conditions for (A) 10 wt%, (B) 15 wt% and (C) 20 wt% PA66 solution without the salt and 

(D) 10 wt%, (E) 15 wt% and (F) 20 wt% PA66 solution with the BTMAC salt. Bright space means the good spinnable zone.  


