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Abstract

Nowadays, many researchers have been motivated to develop biodegradable products
from renewable bio-based materials due to environmental problems from plastic wastes. The aim
of this work was to study the preparation and characterization of multilayered electrospun
Poly(lactic acid) or (PLA) and Poly (butylene succinate) or (PBS), non-woven ultrafine fibrous
mats. Firstly, 12% (w/v) PLA fibers in 7:3 DMF-DCM and 12% (w/v) PBS fibers in 9:1 DCM-
CB mixed solvent systems were prepared by electrospinning technique. The effects of fiber
content, diameter, surface morphology, thermal and tensile properties on the multilayered
electrospun PLA/PBS mats were characterized by a Scanning electron microscope, a Differential
scanning calorimeter, and an Universal testing machine. It was found that, as concentration of
PLA was increased, the average fiber diameters decreased with the smooth fibers and uniform
size distribution being obtained, especially for 12% (w/v) of PLA. Furthermore, the glass
transition temperature (Tg) and melting temperature (Tm) of the multilayered PLA/PBS ultrafine
fibrous mats were very close to those of PLA and PBS with a decrease in % crystallinity. In
tensile tests, Young’s modulus, tensile strength and tear strength of the multilayered PLA/PBS

ultrafine fibrous mats were higher than those of the virgin electrospun fibers. However, the



properties were decreased with increasing PBS fiber content. Nevertheless, elongations at break
and at yield were increased. The improvement in toughness could be achieved by the addition of

PLA fibers.
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Chapter 1

Introduction

1.1 Rational

In recent years, a numbers of research works has been focused on biodegradable
polymers which are continuously increa§ing due to the problem of plastic waste. Poly(lactic acid)
(PLA) and poly (butylene succinate) (PBS) are well-known biodegradable plastic and eco-
friendly after their composting which have been studied with much interest for use in several
applications specially in surgery, drug delivery and tissue engineering [1].

As a general rule, Poly(lactic acid) (PLA) exhibits predictable and reproducible
mechanical and physical properties, such as tensile strength, young’s modulus and degradation
rate under controlled conditions [2]. Beside some properties like brittleness, low heat resistance,
and a slow crystallization has been the mains obstacle to expand its use in various applications
[3]. There are two main pathways by which PLA can be synthesized. The first involves
polycondensation of aqueous lactic acid and the second involves ring-opening polymerization of
cyclic lactide dimers. However, another biodegradable aliphatic polyester, PBS which has trade
name as “BIONOLLE” exhibits high flexibility, excellent impact strength, and thermal resistance
but still has been limited in its stiffness.

To date, PLA and PBS have been successfully fabricated into various products such as
fibers and non-woven mats specially by electrospinning technique which is a simple and
powerful technique for producing nanofibers from a wide variety of polymer with diameters in
the range from several micrometers down to tens of nanometers. Besides, these important
advantages of producing polymeric nanofibers are large surface areas, ease of functionalization,
superior mechanical properties and ease of process as suggested by many experts in this field
which are of considerable interest for various kinds of applications such as nanofibers reinforced
composites [4], membranes for filteration [5], support for enzymes and catalysts [4] and
biomedical applications such as scaffolds for tissue engineering, wound dressings and drug
delivery [6] etc.

The set up of the electrospinning process consists of a bipolar high voltage source which

is applied to the droplet of a fluid. A polymer solution or melt coming out from the tip of a small



opening needle is coupled to a syringe injector, acts as one of the electrodes. When the electric
field reaches to a point beyond which electrostatic repulsion works to overcome the surface
tension, a charged polymer jet is ejected and electrospray accelerates towards the collector screen
to obtain randomly orientated or aligned nanofibers [7].

A number of studies showed electrospun PLA nanofibers through post-spinning
orientation and using rotating collectors for scaffolds in the regeneration of cardiac, neural, bone
and blood vessel tissues can be fabricated [8]. Similarly, PLA/LDHs [9] have been electrospun
into nanofibers which solvents generally used are chloroform, chloromethane and N,N-
dimethylformamide [10-11]. Other nanofibrous mats of poly(butylene succinate-co-butylene
adipate) (PBSA) were prepared by electrospinning PBSA solutions in methylene chloride (MC)
and MC/N,N-dimethylformamide (DMF) mixtures have also been successfully produced [12].

Due to the limited of PLA and PBS outlined above, our research focused on laminating
of PBS and PLA as ultrafine fibrous nonwoven mats with enhanced mechanical properties while
maintaining processibility. Howerever, the use electrospinning for the development of ultrafine
fibrous non-woven mats of multilayered electrospun PLA with PBS have not yet been reported.

In this investigation, multilayered PLA and PBS ultrafine fibrous non-woven mats of
various thickness were prepared by electrospinning. Several properties were examined and
studied by different characterization techniques. Morphology of non-woven mats were analyzed
by SEM images while mechanical properties were analyzed by Universal testing machine. In
addition, thermal properties were also studied by Differential scanning calorimeter (DSC). All the
properties of the non-woven mats were compared with electrospun virgin PLA and PBS
polymers.

This study further aimed to reduce plastic waste in daily use by considering replacement

with biodegradable PLA and PBS polymers and consequently to extend its application fields.



1.2 Objectives

The objectives of this research were:

To prepare the electrospun PLA, PBS and multilayered PLA/PBS ultrafine fibrous
non-woven mats from mixed solvent systems.

To examine the preparation effects on morphological appearance of the electrospun
PLA nanofibers in various concentrations and the multilayered PLA/PBS ultrafine
fibrous non-woven mats in different thickness ratios.

To characterize the multilayered electrospun PLA/PBS ultrafine fibrous non-woven

mats such as, mechanical properties.

1.3 Scopes of Study

details.

The scopes of this research study can be divided into several parts as the following

Literature reviews of the theory and publication were necessitated in this special
project.

Realization the basic experimental approach of an electrospinning.

To Study the concentration effects of electropun PLA nanofibers and the affecting
thickness ratio of the multilayered electrospun PLA/PBS ultrafine fibrous non-
woven mats on morphological appearance.

To analyze the % crystallinity of the multilayered electrospun PLA/PBS ultrafine
fibrous non-woven mats.

To compare the mechanical properties of the multilayered electrospun PLA/PBS
ultrafine fibrous non-woven mats such as tensile strength, tear strength, elongation

at break and Young’s modulus etc.



1.4 Expected Results

L.

To succeed at the preparation of the multilayered electrospun PLA/PBS ultrafine
fibrous non-woven mats by appropriate suitable conditions in electrospinning
technique.

Mechanical properties of the multilayered electrospun PLA/PBS ultrafine fibrous
non-woven mats can be gained.

Knowledge and information from this research can be applied with other electropun

nanofibers.



Chapter 2

Theory and Literature Reviews

Poly(lactic acid) (PLA) has generated great interest as one of the most innovative
materials being developed for a wide range of applications. The polymer is thermoplastic and
biodegradable, which makes it highly attractive for biological and medical applications. It can be
transformed by spinning into filaments for subsequent fabrication of desirable textile structures.
Spinning may be accomplished by various routes, the fibers fabricated into various forms and
used for implants and other surgical applications such as sutures, tissue engineering which is the
most recent domain where poly(lactic acid) is being used and is found to be one of the most

favorable matrix materials.

2.1 Characterization and Properties of PLA

Poly(lactic acid) (PLA) or poly(lactide) is a well-known biodegradable and the first trade
good polymer produced from completely renewable resources like sugar beets, sugarcanes, cormn,
wheat and other starch-rich products that has been studied with much interest in the past few

decades. PLA was first discovered by Carothersin 1932 [13].

o 0
~
OH
CH, cH, H
L-Lactic acid D-Lactic acid

Figure 2.1 Optical isomers of lactic acid [14]

PLA involves the processing and polymerization of lactic acid monomer which exists

two enantiomers as L-lactic acid and D-lactic acid as shown in Figure 2.1 [14]. There are two



main synthesis methods which PLA can be synthesized, the first one involves by
polycondensation of aqueous lactic acid which is generally given the name poly(lactic acid), and
a second one involves by ring-opening polymerization of cyclic lactide dimers, that is generally
called poly(lactide) but these names are not much used throughout the literature [15]. However,
most work has more focused on the ring-opening polymerization of lactide. Nowadays, Cargill
Dow Polymers operates the world’s largest PLA production unit.

Polymerization of lactic acid for making high molecular weight PLA can be achieved in
two ways as shown in Figure 2.1: (1) Direct condensation which involves solvents under high

vacuum. (2) Formation of the cyclic dimer intermediate (lactide) which is solvent free [14]:
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Figure 2.2 Synthesis of polylactic acid [16].

Poly(lactic acid) (PLA) is a linear aliphatic thermoplastic polyester which can be either
amorphous or semi-crystalline, depending on the stereochemistry and thermal history;
furthermore, in many modes of PLA behaves like PET but still also performs like PP. For
amorphous PLAs is rigid and brittle due to the high glass transition (T,) which determines the
upper use temperature for most commercial applications, mostly in the range of 50-60 °C. For

semi-crystalline PLAs, the glass transition temperature (T, is about 58 °C and melting



temperature (T, ) is between 130-230 °c by depending on structure that quit important for
determining the use temperatures across various applications. Both of T, and T are powerful
affected by overall optical composition, primary structure, thermal history, and molecular weight

[17].

Various advantages of PLA include high-strength and high modulus polymer,
biocompatible and biodegradable, rapidly broken down thermally by hydrolysis and PLA also can
tailor its physical properties by material modifications [18-20]. This fact is responsible for
growing interest in PLA for many applications, as it is expected to reduce an impact on the

environment caused by the production and utilization of petrochemical [21].

However, PLA also has some shortcomings which restrict its use, such as its inherent
brittleness, low thermal stability, relatively high price, and the linearity of the molecules limits the
range of physical properties. The most critical as such polymers generally have a relatively high
glass transition temperature; moreover, the gas and water vapor barrier properties are not as good
as those of the traditional polyolefins, the polymers are linear, every hydroxy or carboxylic
impurity present during polymerization results in chain termination leading to low molecular
weight products with poor chemical and mechanical stability so that would tend to limit the range

of applications as well [22].

2.2 Characterization and Properties of PBS

Poly(butylene succinate); or PBS is a biodegradable synthetic aliphatic polyester with
similar properties to PET which the trade name is “BIONOLLE”. PBS is produced by the
polycondensation of 1,4-butandiol with succinic acid that is generally blended with other
compounds, such as starch (TPS) and adipate copolymers (to form PBS-A), to make its use

economical.
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Figure 2.3 The polycondensation of 1,4-butandiol with succinic

PBS is hydro-biodegradable and begins to biodegrade via a hydrolysis mechanism.
Hydrolysis occurs at the ester linkages and this results in a lowering of the polymer's molecular
weight, allowing for further degradation by micro-organisms, a leading manufacturer of PBS
polymers, quotes a degradation rate of 1 month for 50% degradation for 40 micron thick film in

garden soil.

PBS have received growing interests in recent decades because of increasing global
waste-plastic pollution which are biodegradable and easily decomposed in an acidic or basic
condition and thus considered as promising polymers to solve the problem, has been investigated
by many researchers [23]. Because of their excellent biodegradability, melt processability and
thermal and chemical resistance, the application fields of their products via conventional melt
processing techniques. Applications include mulch film, packaging film, bags and 'flushable’
hygiene products. Especially those combined with the electrospinning process, may be extended
further to textiles, medical treatment, environmental engineering and biotechnology and security

application, etc. [24-25].



2.3 Electrospinning Process and Apparatus

At this presents, it is possible to produce fibers with diameters in the range from several
micrometers down to tenths of nanometers and there are various approaches to producing
nanofibers. However, in recent years, electrospinning technique is great, the cheapest and the
most straightforward way to produce nanomaterials with a low-cost, high-value, high-strength
fiber from a biodegradable and renewable waste product for easing environmental concerns which
are of considerable interest for various kinds of applications and electrospun nanofibers are

essential for the scientific and economic revival of developing countries [26-28].
2.3.1 Basic Experimental Approach

Electrospinning represents an attractive approach for polymer biomaterials processing
through an electrically charged jet of polymer solution, with the opportunity for control over
morphology, porosity and composition by using just simple equipment as shown in Figure 2.4

[29].

Figure 2.4 Electrospinning set-up [29]

The basic equipment requirements for demonstration of simple electrospinning are as

follows [30]:

1. A viscous or a melt polymer solution.

2. An electrode that is hollow tubular or solid, is maintained in contact with the polymer
solution,

3. A high-voltage DC generator connected to the electrode.

4. A grounded collecting screen to collect the nanofibers.
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A simple experimental set up consist of a syringe which is carrying a few milliliters of a
polymer solution. The viscosity of the solution is high enough to prevent it dripping from the
syringe under gravity. The needle is mounted vertically a few centimeters (15-20 centimeters)
above the grounded collecting screen or metal drum. A metal wire electrode that is touching the
needle, is connected to the positive terminal of a high-voltage DC power supply unit and the
negative one is connected to the metal drum or the grounded collecting screen [31]. Adjusting the
voltage to 10-20 kV is required for let a droplet of the polymer solution be drawn out from the
needle into a cone-shaped terminus and sprays downwards as a jet towards the metal drum in a

range of nanoscale [32].
2.3.2 Basics Relevant to Electrospinning

Since electrospinning is basically the drawing of a polymer fluid, there are many
different types of polymers and precursors that can be electrospun to form fibers. The materials to
be electrospun will depend on the applications. Materials such as polymers and polymer nanofiber
composites can be directly produced by electrospinning. Other materials such as ceramics and

carbon nanotubes require post processing of the electrospun fibers.

2.3.2.1 Polymer

Polymers consist of long chain of molecule with repeating units called monomers that are
mostly covalently bonded to one another. Polymers exhibit several properties that are attractive
for many applications. Most polymers are inexpensive as they contain simple elements and they

are relatively easy to synthesize.

Fundamental Classification of Polymer

There are basically two types of polymer under this classification, thermoplastic and
thermoset. In thermoplastics, the linear polymers melt when heat is applied but solidifies when
cooled. This heating and cooling can be repeated many times without affecting the properties.
For thermosetting polymer, once an initial heat is applied, there is crosslinking between

polymer chains. Subsequent application of heat would only degrade the polymer.

Polymer Crystallinity

In bulk polymer, there are usually both regions of crystalline and amorphous parts The

ratio of the two regions would determine the properties of the polymer. A polymer is said to be
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amorphous when the arrangement of the linear molecules is completely random. A crystalline
polymer has its linear adjacent linear chains are aligned. Polymers that are of higher crystallinity
show higher yield strength, modulus and hardness. When crystalline polymers are stretched, the
polymer chains are oriented in the direction of the stress and destroy the spherulites structure.
They also have better wear and chemical resistance. However, crystalline polymers are more

brittle.

Polymer Molecular Weight

As polymer chains are made of repeating units, the molecular weight of the polymer is
the sum of the molecular weight of the individual monomers. Generally, a higher molecular
weight increases the polymer's resistance to solvent dissolution. The molecular weight of the

polymer also has a direct influence on its viscosity.

Glass Transition Temperature (Tg)

The glass transition temperature is a very important property of polymers. This
temperature defines the mobility state of the polymer molecules. Below its Tg, the amorphous
polymer is brittle as the molecules are frozen but above Tg, the polymer is ductile and the
molecular chains have sufficient thermal energy to slide. This causes the elastic modulus of
amorphous polymers to decrease by several orders of magnitude at temperature above Tg. It is
important to note that the mechanical behavior of the polymer at temperature above Tg is affected
by the loading rate. Tg affects the mobility of polymer molecules, however, the motion of the
molecular chain is not instantaneous. For slow loading rate, the molecular chain have time to
move at temperature near Tg but if the loading rate is fast, there may not be enough time for the

molecular chain to move thus increasing the effective Tg,

Synthetic Polymer

For synthetic polymer, there are generally two types, the ethenic polymers and the

condensation polymers.

Natural Polymer

One of the greatest potential in electrospun fiber is in the area of bioengineering. For
many biomedical applications, the materials used have to be biocompatible, thus natural polymers
have a distinct advantage over synthetic materials. Since most natural polymer can be degraded

by naturally occurring enzymes, it can be used in applications where temporary implants are
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desired or in drug release. It is also possible to control the degradation rate of the implanted
polymer by chemical cross-linking or other chemical modifications thus allowing greater

versatility in the design of the implant.

2.3.2.2 Electrospun Polymer Fiber

Nowadays , there are many polymers that have been electrospun including custom made
polymers. Electrospun fibers are commonly used in the field of tissue engineering due to their
small diameters which are able to mimic natural extracellular matrix. Thus there are two groups
of polymers that are commonly electrospun. These are the biodegradable polymers and natural
polymers. Many different types of polymers from these two classes have been successfully

electrospun which showed the versatility of electrospinning.

2.3.3 Parameters Affecting Nanofiber Quality

The parameters affecting electrospinning of polymer solution is concerned for the needy
and the fibers may be broadly classified into polymer solution parameters, processing conditions

which include the applied voltage, temperature and effect of collector, and ambient parameters.

2.3.3.1 Polymer Solution Parameters

Molecular Weight And Solution Viscosity

The molecular weight of the polymer represents the length of the polymer chain, which
have an effect on the viscosity of the solution since the polymer length will determine the
amount of entanglement of the polymer chains in the solvent. To maintain the continuity of the
jet during electrospinning is to increase the viscosity of the solution, that means to increase the
polymer concentration which is similar to increasing the molecular weight, the concentration is
increased. That results in greater polymer chain entanglements within the solution. The
polymer chain entanglements have a significant impact on whether the electrospinning jet
breaks up into small droplets or resultant electrospun fibers contain beads {33]. A minimum
viscosity for each polymer solution is required to yield fibers without beads [34-36]. At a low
viscosity, it commonly finds beads along the fibers deposited on the collection screen. When
the viscosity increases, there is a gradually alterable in the shape of the beads from spherical to

spindle-like until a smooth fiber is obtained [35-37]; Moreover, increasing viscosity, the



13

diameter of the fiber also increases [38-42). This is due to the greater resistance of the solution

to be stretched by the charges on the jet [39].

Surface Tension

Bead formation in electrospinning can be induced by changing the surface tension of the
solution [37-38]. The cause of surface tension has the effect of decreasing the surface area per
unit mass of a fluid. When there is a high concentration of free solvent molecules, there is a
greater tendency for the solvent molecules ‘to meet and adopt a spherical shape due to surface
tension.

However, a polymer solution can be controlled by selection of the solvent such as ethanol
has a low surface tension thus it can be added to encourage the formation of smooth fibers [37-
38] or can be added surfactant to the solution. The addition of surfactant was found to yield more
uniform fibers even when insoluble surfactant is dispersed in a solution as fine powder, the fiber

morphology is still improved [43].

Solution Conductivity

The Electrospinning involves stretching of the solution caused by repulsion of the
charges at its surface. The conductivity of the solution is increased, more charges can be carried
by the electrospinning jet which can increase the conductivity of the solution by the addition of
ions lead to the critical voltage for electrospinning to occur is also reduced [44]. Solution
prepared using solvents of higher conductivity generally yield fibers without beads while no

fibers are formed if the solution has zero conductivity [39].

Dielectric Effect of Solvent

A solution with a greater dielectric property reduces the beads formation and the
diameter of the resultant electrospun fiber [45]. Solvents such as N,N-Dimethylformamide
(DMF) is added to a solution to increase its dielectric property to improve the fiber morphology
[46]. However, if a solvent with a higher dielectric constant is added to a solution to improve
the electrospinnability of the solution, the interaction between the mixtures such as the

solubility of the polymer will also have an impact on the morphology of the resultant fibers.
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2.3.3.2 Processing Conditions

Voltage

Generally, both high negative or positive voltage of more than 6kV 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 [47]. At a higher voltage, it was found that there is a greater tendency for beads
formation [41,40,48], the shape of the beads changes from spindle-like to spherical-like [48],
and also encourage faster solvent evaporation to yield drier fibers [49]. At a lower voltage, the
reduced acceleration of the jet and the weaker electric field may increase the flight time of the
electrospinning jet. In this case, a voltage is close to the critical voltage for electrospinning
which may be favorable to obtain finer fibers [50]. Nevertheless, the effect of high voltage is
not only on the physical appearance of the fiber, it also affects the crystallinity of the polymer
fiber. The electrostatic field may cause the polymer molecules to be more ordered during
electrospinning thus induces a greater crystallinity in the fiber. An still more interesting,
Increasing of voltage has increased the beads density, which at even the beads will join to form

a thicker diameter fiber [51].

Feed rate

When the feed rate is increased, there is a increase in the fiber diameter or beads size.
However, there is a limited of increasing in the diameter of the fiber due to higher feed rate
[52]. A lower feed rate is more desirable as the solvent will have more time for evaporation
[53] due to the greater volume of solution drawn from the needle tip, the jet will takes a longer
time to dry. As a result, the solvents in the deposited fibers may not have enough time to
evaporate given the same flight time. The residual solvents may cause the fibers to fuse

together.

Temperature

The temperature of the solution has both the effect of increasing its evaporation rate
and reducing the viscosity of the polymer solution which allows more even stretching of the

solution. The fibers produced have a more uniform diameter.
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Effect of Collector

The collector screen or drum should be made out of conductive material such as
aluminum foil because when a non-conducting material is used as a collector, charges on the
electrospinning jet will rapidly collect on the collector which will result in fewer fibers deposited
[54-55]. Fibers that are collected on the non-conducting material usually have a lower packing
density compared to those collected on a conducting surface. This is caused by the repulsive
forces of the accumulated charges on the collector as more fibers are deposited. However, a
rotating collector or drum has been used to collect aligned fibers, it assists the yield of fibers that
are dry. This rotating collector will allow the solvent to have more time to evaporate [54-55] and
also can increase the rate of evaporation of the solvents on the fibers which will cause to improve

the morphology of the fiber.

Diameter of Syringe Orifice / Needle

A smaller internal diameter of the syringe orifice and the needle was found to reduce
the clogging of polymer solution as well as the amount of beads on the electrospun fibers due to
less exposure of the solution to the atmosphere during electrospinning [56]. Decreasing of the
internal diameter of the orifice has caused a reduction in the diameter of the electrospun fibers.
However, if the diameter of the orifice is too small, it may not be possible to extrude a droplet

of solution at the tip of the orifice [50].

Distance Between Tip and Collector

When the distance between the tip and the collector is reduced, the jet will have a
shorter distance to travel before it reaches the collector screen. But for some fibers forming, the
electrospinning jet must be allowed time for most of the solvents to be evaporated, so the effect
of varying the distance may or may not have a significant effect on the fiber morphology.
However, beads were observed to form when distance was too short [40]. The formation of

beads may be the result of increased field strength between the needle tip and the collector.

2.3.3.3 Ambient Parameters

The humidity of the environment will determine the rate of evaporation of the solvent
in the solution. If it is high humidity, it will seem like water condenses on the surface of the
fiber when electrospinning is carried out under normal atmosphere. As a result, this may have

an influence on the fiber morphology especially the polymer dissolved in volatile solvents
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[40,57]. At a very low humidity, a volatile solvent may dry very rapidly, so the electrospinning
process may only be carried out for a few minutes before the needle tip is clogged [38]. Other
ambient parameters are the composition of the air, which the different gases, will have different
behavior under high electrostatic field and reduction in the pressure surrounding the
electrospinning jet does not improve the electrospinning process. When the pressure is below
atmospheric pressure, the polymer solution in the syringe will have a greater tendency to flow

out of the needle and there causes unstable jet initiation.

2.3.4 Patterning

The ability to obtain one-dimensional (ID), two-dimensional (2D), and three-dimensional
(3D) fiber architecture with controlled alignment and pitch will greatly increase the potential
application of electrospun fibers. Cylinder Collector, The most basic form of getting aligned
fibers rather than random mesh is through the use of a rotating mandrel as show in Figure 2.5

[58].
‘Syringe

Electrospinning et

Rotating Cylinder
- Collector

Figure 2.5 A rotating cylinder collector to obtain unidirectional

nanofiber alignment along the rotating direction [58].

As the fibers are formed from the electrospinning jet, the mandrel that is used to collect
the fibers is rotated at a very high speed up to thousands of rpm (revolution per minute). This
method has been successful in obtaining aligned electrospun poly(glycolic acid) (PGA) (1000 rpm
rotating speed) and type I collagen (4500 rpm rotating speed) fibers [59-60]. In electrospinning,
the jet is traveling at a very high speed. As a result, to align the fibers around the mandrel, it is
necessary that the mandrel is rotating at a very high speed so that the fibers can be taken up on the
surface of the mandrel and wounded around it. A speed can be called as alignment speed. If the

rotation of the mandrel is slower than the alignment speed, the fibers deposited will be randomly
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oriented. As more fibers are collected on the mandrel, accumulation of charges may cause

incoming fibers to be repelled resulting in less oriented fibers.

2.4 Characterization of Nanofibers and Mats

Characterization of nanofibers and mats are undertaken primarily to correlate test metrics
with the useful properties of the material and to ensure consistent high quality of the product
during manufacture. With single fiber measurements the intent is usually to generate fundamental
data that allow a better understanding of the relationship between the structure and the properties
of nanofibers. In principle there are a large number of different characterization techniques that
can be used with nanofibers. With organic polymer nanofibers, the entire gamut of available
polymer characterization techniques can be applied.

A modified electrospinning method has been provided by Wangnerbet al [61] for the
creation of an elastomeric, fibrous sheet (fibrous composite sheet with to distance sub-micrometer
fiber population: biodegradable poly(eater urethane) urea (PEUU) and poly(lactide-co-
glycolide)(PLGA), where the PLGA was loaded with the antibiotic tetracycline
hydrochloride(PLGA-tet) capable of sustained antibacterial activity in vitro. Composite sheet
were flexible with breaking strains exceeding 200%, tensile strengths of 5-7 MPa, and high suture
retention capacity. The blending of PEUU fibers markedly reduced the shrinkage ratio observed
for PLGA-tet sheets in buffer from 50% to 15% while imparting elastomeric properties to the
composites. In development of this materials , a new approach to two-stream electrospinning was
used wherein one component stream provided for antibiotic release while the other provided

mechanical properties deemed essential for the desired application.
2.4.1 Mat Porosity and Pore Size Distribution

The interstitial porosity of a nanofibrous mat is the fractional void space contained within
it and is therefore a morphological property that is unrelated to the material characteristics of the
nanofibers. It is the pore size distribution and three-dimensional geometry that determine the key

properties such as filtration or scaffold performance of nanofibrous mats.

71833
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2.4.2 Nanofiber Diameter and Pore Size

Microscopic imaging is routinely used in the initial characterization of nanofibrous mats
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) techniques
are both particularly useful in understanding and quantifying fiber morphology. Depending on the
particular instrument, resolutions of 1-20 nm are possible with SEM, and 0.1 nm for TEM, but

both techniques essentially yield two-dimensional representations of nanofibers and pores.
2.4.3 Mechanical Properties of Mats

The techniques available to measure the mechanical properties of films and textile
materials are well known and in most instances can be applied with some modification to
nanofibrous mats. However, some caution in interpreting the data is warranted. The most
common such technique is tensile property measurement using the same general experimental

technique used with film or woven textile samples.

2.4.3.1 Single-Fiber Characterization

Characterization of individual nanofibers is critical to understanding their physics
because invariably it is the fiber characteristics that govern the properties of their mats. But, their
minute dimensions makes this a daunting task. Nanofibers of particular interest, those with
dimensions smaller than the wavelength of light, are especially difficult to isolate or test. It is not
practical to extract fiber-level information by manipulation of test data generated from even the

best-characterized fiber mats.

2.4.3.2 Nanofiber Crystallinity

Differential scanning calorimeters are designed to hold a sample of the nanofiber sealed
in a metal sample pan (usually made of aluminum) and a reference metal pan carrying no sample,
at exactly the same temperature. The higher thermal capacity of the sample pan will demand more
thermal energy relative to reference pan to attain a given temperature. As the temperature of the
insulated enclosure holding the pans is slowly increased, the difference in power demand by
sample and reference pans is accurately monitored as a function of temperature and yields thermal

data on the nanofiber sample in the sample pan.
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2.5 Potential Applications Area

2.5.1 Medical Applications

Biomedical applications is still the most intensely researched application area for
electrospun nanofibers composites. Nanofibers are expected to contribute in diverse emerging
medical areas such as organogenesis, genomic medicine, high throughput screening, rapid bedside

clinical tests, and smart wound dressings.

Drug Release

Generally, drug uptake into the human body is faster with the smaller size of the drug and
its coating material. Hence, drug delivery system has been developed using polymeric materials
in the form of nano or micro particles, hydrogels and micelle [62]. Many researchers have
recently focused on the usage of polymer nanofiber membranes which encapsulate medical drugs

instead of conventional polymeric materials.

Tissue Scaffolds

Recently, electrospun polymer nanofibers have been identified as promising
biodegradable matrices for supporting cell attachment and proliferation. With electrospun
nanofibers shown to be a good candidate as tissue scaffold through the many successes in tissue
culture, the artificial blood vessel scaffold also produced by using electrospinning, tubes of

diameter as small as 1.27 mm has been fabricated for application as nerve guidance channel.

Bone

Biodegradable polymers often have been combined with bioceramics to produce
materials for bone repair such as PGA, PLA and PLGA that have found application as recordable
sutures [63], bone fixation screws and plates, They have been widely investigated as bone graft
substitutes with positive results [64] An improvement in the mechanical properties of PCL has
been achieved by co-polymerization with PLA, enabling its use for orthopedic applications, such

as the repair of bone defects.

Nerve
Electrospinning provides a straightforward way to fabricate fibrous polymer scaffold for

neural tissue engineering. The potential of nanofibrous porous scaffold is prepared by phase
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separation using poly(lactic acid) with a similar structure of natural ECM in nerve tissue
engineering [65]. In a recent study, nerve guidance channel was fabricated by electrospinning

poly(L-lactide- co-glycolide) biodegradable polymer nanofibers onto a Teflon mandrel [66].

Affinity Membrane

Affinity membrane was developed to permit the purification of molecules based on
physical/chemical properties or biological functions rather than molecular weight/size. Rather
than operate purely on the sieving mechanism, affinity membrane based its separation on the
selectivity of the membrane to 'capture’ molecules, by immobilizing specific ligands onto the

membrane surface.
2.5.2 Industrial Applications

Composite Reinforcement

Fiber reinforced polymer composite materials have been utilized in aerospace,
automobile, sports items and electrical products. Fillers used in reinforcing fillers and must be of
small enough average particle size and of adequate surface compatibility with the matrix to
effectively. The choice of reinforcement and matrix polymer is dependent on the required

mechanical performance of the products and the whole productive cost.
2.5.3 Materials Applications

Polymer Battery

The important properties of polymer nanofiber batteries are (1) Ion Conductivity, (2)
Interfacial Resistance and (3) Electrochemical stability. Conductive polymers such as
polyvinylidenefluoride (PVdF) [67-68], polyacrylonitrile (PAN) [67-69], poly(vinyl chloride)
(PVC) [70] and poly(methyl methacrylate) (PMMA)[71-72] have been utilized as gel condition

with electrolyte solution.

Sensors

Benefits of sensors is to transform physical or chemical responses into an electrical
signal.

- Gas Sensors

Considering to use quartz crystal microbalances (QCM) sensors with electrospun

nanofibers [73]. It is acknowledged that QCM sensors are widely used to detect the mass change
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in the presence of coating material which reacts with the target gas. He further tried to improve

the sensitivity of QCM sensors at lower concentration of NH’ As a result, sensitivity of QCM

sensors was improved up to 30 ppb level of NH 3.

- Chemical Sensors

Benefits of chemical sensors is to detect certain chemical component or a change of pH
(potential of hydrogen) in a material system. To modify the conventional piezoelectric sensors
[74], so called Thickness Shear Mode (TSM) sensors using electrospun nanofibrous membrane.
Poly-lactic acid-co-glycolic acid (PLAGA) nanofibers were deposited on a sensing interface of
TSM sensors and characterization under different liquid loading.

- Biosensors

Biosensors are the device which can detect or monitor the biological change of the
human body. The fabricated polyvinylpyrrolidone (PVP) nanofiber sensor incorporated with
urease (urea decomposition enzyme) to detect urea, which can be used to check kidney and liver

function problems [75].

Hybrid Compound for Cosmetics

The advantage of new hybrid compounds for cosmetics is the release of active
ingredients for applications related to skin care and protection. Based on the encapsulation of
active organic components within porous silica microcapsules. Sol-gel Technology Ltd. Located
in Bet Shemesh, Isreal provides a safe solution by encapsulating the active organic UV filters in

silica micro-capsules.

Hybrid Material for Protective and Decorative Coatings

Hybrid materials have occurred in the automotive coating. Hybrid coatings provide
coloration, scratch-resistance, protection from UV, and chemical resistance for the substrate.
DuPont with Generation 4 has developed a complex mixture of two hybrid polymer cross-linked
simultaneously during to form a polymer network. This network is partially grafted and partially

interpenetrated as a decorative coating for the automotive industry.

2.5.4 Nanofiber Mats Applications

Filtration is the leading nonbiomedical application of electrospun nanofibers. Another

emerging application area for nanofibers is in sensors for sense chemical and biological agents
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including the growing number of toxic industrial chemicals (TICs). In nearly all application areas
the fragility of organic nanofibers and their temperature sensitivity limits their use. In catalysis
applications, for instance, the substrate gas streams that need to be processed or the liquid-phase
reactions that need to be catalyzed are at relatively high temperatures. The use of inorganic
nanofibers, including metal and metal oxide nanofibers, can therefore be of particular value in

such applications.

2.5.4.1 Air Filtration

Nanofiber mats, because of the small fiber diameter, are very well suited for air filtration
providing that sufficiently low solidity and mechanical strength can be obtained. The range of
particle sizes that need to be separated from an air stream can be quite broad, ranging from
environmentally relevant large particles such as PM-10 (particulate matter with aerodynamic
diameter smaller than 10mm), all the way down to engineered nano-particles only several

nanometers in diameter.

Filters with Nanofibers

The effectiveness of incorporating a nanofiber layer on conventional filter media has
been recognized for some time in the air filter industry. Typically, these applications have been

for dust removal and the media has demonstrated robustness for a wide range of applications.

2.5.4.2 Nanofiber Sensors

It is reasonable to expect the sensitivity of a sensor that involves surface interaction with
analyze molecules to increase with increasing surface area per unit mass of the sensing material.
The high specific surface area of nanofibers therefore suggests the possibility of more efficient
and rapid sensor performance, particularly when sensing mechanism is via a surface reaction

Gravimetric Sensors

Sorption and surface adsorption of chemical agents by a mat of polymer nanofibers can
be detected gravimetrically using quartz crystal microbalance (QCM) detectors The mass sensor

is essentially a circular quartz crystal with thin metal electrodes deposited on either side of it.
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2.5.4.3 Inorganic Nanofibers
Nanofibers that are made of inorganic materials such as inorganic polymers,
metals, or metal oxides are of interest in semiconductor or electronic materials, photonic
materials, aerospace applications, catalysis, and high temperature sensor applications. Inorganic

nanofibers are use in a wide range of operating temperatures.

2.6 Literature Reviews

The first recorded observation of electrospraying was in the late 1500s, William Gilbert
set out to describe the behavior of magnetic and electrostatic phenomena which his work has been
an early example of what would become the modem scientific method.[76] However, the first
description of a process recognizable as electrospinning was in 1902 when J. F. Cooley filed a
United States patent entitled “Apparatus for electrically dispersing fibers” [77].

An overview of Poly(lactic acid) fiber was reported by B. Guptaa, N. Revagadea and J.
Hilbornb [78], They studied the chemistry of poly(lactic acid) and spinning process of poly(lactic
acid) fibers.

H. Zhou, T. Green and Y. Joo were found that melt electrospun PLA sub-micron fiber
mats with no residual solvent may serve as better filter media and tissue scaffolds.[79]

Y. Liu, J. He and J. Yu studied preparation and morphology of Poly(butylene succinate)
nanofibers via electrospinning which the morphology of the fibers were studied on different
weight concentrations of PBS/CF solution and were spun with different diameters of needle-
orifice. From the results, when the weight concentration equals 8%, the electrospinning process
was very difficult and had only a few fibers. As the concentration was increased, the efficiency
was high and the process became more easy. However, the morphology of the fibers was more
uniform when they were spun with a larger diameter of the needle-orifice.[80]

Characterization and processing of biodegradable polymer blends of poly(lactic acid)
(PLA) with poly(butylene succinate adipate) (PBSA). were studied by S. Lee and J. Lee [81].
They investigated thermal, rheological, morphological and mechanical properties of a binary
blend of PLA and PBSA. The blends were extruded and their molded properties were examined.
It was found that the rheological properties of the blends changed remarkably with composition
while the tensile strength and modulus of blends decreased with PBSA content. Interestingly, the

impact strength of PLA/ PBSA (80/20) blend was seriously increased higher than the rule of
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mixture. Morphology of the blends also showed a typical sea and island structure of immiscible
blend. The effect of the blend composition on the biodegradation was also investigated by DSC
thermograms indicated that the thermal properties of PLA did not change noticeably with the
amount of PBSA. Immiscibility was checked with thermal data. In the early stage of the
degradation test, the highest rate was observed for the blend containing 80 wt% PBSA.

In 2008, V. Guarino and Co-workers [82] used poly(lactic acid) fiber-reinforced
poly(caprolactone) scaffolds for bone tissue engineering, In the detail, they found that for a new
type of composite material for bone regeneration which were composed of a porous PCL matrix
reinforced with continuous PLA fibers. They were fabricated by the synergic use of filament
winding and phase inversion/salt leaching technique.

A. Iwatake, M. Nogi and H. Yano [83] studied successfully in the topic of cellulose
nahofiber-reinforced polylactic acid, the reinforcement of polylactic acid (PLA) using
microfibrillated cellulose (MFC) with the goal of making sustainable green-composites.

In 2009, A. Nakagaito and coworkers [84] concerned about production of microfibrillated
cellulose (MFC)-reinforced polylactic acid (PLA) nanocomposites from sheets which were
obtained by a papermaking-like process. In the detail of research, a new process to produce
MFC/PLA composites was compression molding which was found uniformly dispersed MFC and
PLA fibers. A procedure similar to papermaking was developed. However, the fabrication of
cellulose nanofiber-reinforced composites has been so far problematic due to difficulties in
obtaining good dispersion of hydrophilic cellulose fibers in a hydrophobic polymer matrix.

In 2009, L. Suryanegara, A. Nakagaito and H. Yano [85], studied the effect of
crystallization of PLA on the thermal and mechanical properties of microfibrillated cellulose-
reinforced PLA composites, demonstrated that MFC could extend the application of PLA,
particularly for products exposed to high temperature.

E. Jeong, S. Im, J. Youk were reported that biodegradable Poly(butylene succinate)
ultrafine polymer were continuously electrospun for the first time from preparing of PBS
solutions in chloroform (CF)/2-chloroethanol (CE) (7/3, wi/w), CF/CE (6/4, wiw),
dichloromethane (DM)/CE (7/3, w/w), DM/CE (6/4, w/w), and CF/3- chloro-1-propanol (9/1,
w/w). the result of annealed ultrafine PBS fibers exhibited a lamellar stack morphology
containing crystalline and amorphous layers and also had very high crystallinity with their

average diameters were in the range of 125-315 nm. [86]
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Compatibility of biodegradable poly (lactic acid) (PLA) and poly (butylene
succinate)(PBS) blends for packaging application was studied by A. Bhatia and Coworkers [87],
which Poly (lactic acid) (PLA) and poly (butylenes succinate) (PBS) are both biodegradable
polymers. Blends of PLA and PBS were prepared by using a laboratory-scale twin-screw
extruder at 180°C. Morphology showed a clear phase difference trend depending on blend
composition. MDSC thermograms of the blends indicated that the glass transition temperature
(Tg) of PLA did not change much with the addition of PBS. However, PLA/PBS blend of up to
80/20 composition showed that partial miscible between the two polymers. Tensile strength,
modulus and percentage (%) elongation at break of the blends decreased with PBS content.
Rheological resulted miscibility between the two polymers for PBS composition less than 20%
by weight. PBS reduced the brittleness of PLA, thus making it a contender to replace plastics for

packaging applications.



Chapter 3

Experimental Details

3.1 Chemicals

1. Poly(lactic acid) ( PLA), Nature Works LLC Co., USA

2. Poly (butylene succinate) (PBS), Showa HighPolymers Co.,Ltd., Japan

3. N,N Dimethylformamide ( DMF; analytical grade), Labscan Co.,Ltd.,Thailand
4. Dichloromethane (DCM; analytical grade), Labscan Co.,Ltd.,Thailand

5. Chlorobenzene (CB; analytical grade), Labscan Co.,Ltd.,Thailand

3.2 Apparatus

1. High voltage DC power supply

(model UC5-30P, Gamma High Voltage Research, USA)
2. 20 Gauge stainless steel needle

3. Rotating cylinder collector

4. Aluminum foil

5. Glass bottle with a tighten cap

6. 50 ml glass syringe

7. Magnetic stirrer and magnetic bar

8. Balance

9. Stop watch

3.3 Instruments

1. LEO 1455 VP Scanning electron microscope
2. Differential scanning calorimeter (DSC; Perkin Elmer DSC-2)
3. PEACOCK micrometer

4. Universal testing machine (UTM, LLOYD Instrument; 100N)
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relationship between the elongation and the fiber content is obtained since the presence of PBS
fibers contributes more effectively to enhance the toughness than to enhance the tensile strength
in multilayered PLA/PBS mats. However, tear strengths of the higher PBS contents in
multilayered PLA/PBS mats showed very close values to the lower ones (Figure 4.12d). This

phenomena might be caused by the higher PLA loading obtained.



Chapter 5

Conclusion

5.1 Conclusion

In this work, electrospinning technique process was successfully used to fabricate mixed
electrospun PLA/PBS ultrafine fibrous mats. At 8% - 12% (w/v) of PLA, the effects on the fibers
morphology were studied. Moreover, 12% (w/v) PLA and 12% (w/v) PBS in mixed-solvent
systems were prepared to consider the influence of the mat preparation, fiber morphologies,
thermal and also mechanical properties of the ultrafine fibrous mats. The following conclusions

can be made from this investigation.
5.1.1 Processing Conditions and Fiber Morphologies

Electrospinning of 8 % - 12% (w/v) of PLA, was fixed at electrostatic DC potential of
20kV with a 18 cm working distance. The average fiber diameters were approximately 150, 125,
134 and 145 nm, respectively. At low concentrations, a large proportion of fibers were ribbon-
shaped. As the concentration was increased to 14% (w/v), the fibers became to obviously smooth
and were random conformation with a consequent increase in the fiber diameter. The distribution
of PLA electrospun fiber diameters was in a broad range between 89 to 203 nm.

Morphological appearance of the mats after lamination was compared with the virgin
electrospun PLA and PBS fibers. PLA fiber surfaces were smooth with the diameters of ~219 nm
which showed a small difference in their size distribution. The electrospun PBS fibers, very few
small beads with uniform fibers were preformed which the diameters of the fibers range between
131nm - 291 nm. On the other hand, only smooth fibers were obtained in PLA/PBS fiber mats.
The average diameters of these fibers ranging between 200-220 nm, with an extremely uniform
size distribution."However, the average thickness of the PLA electrospun fiber was found to be
much higher than PBS when the electrospinning time was increased. However, only the
electrospun PBS and multilayered PLA/PBS fiber mats which were shown aligned conformations

but PLA fibers were perform random conformation.
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5.1.2 Thermal Properties And Crystallization

From DSC thermograms, PLA was observed the peak of Tg at ~ 63 °C and the peak of
Tm at ~149 "C. Similarly, PBS was reported the peak of Tm around 91 oC, while the Tg and Tm
of the electrospun PLA, PBS and multilayered PLA/PBS ultrafine fibers were very close to those
of PLA and PBS pellets. The % crystallinity of electrospun PLA fibers, PBS fibers and mixed
PLA/PBS ultrafine fibers were 22.6%, 9.8% and 4.0% of PBS and 3.1% of PLA in multilayered

PLA/PBS fibrous mats, respectively.
5.1.3 Mechanical Properties

Mechanical properties values of multilayered PLA/PBS ultrafine fiber were compared to
those of virgin PLA and PBS ultrafine fiber mats. At 0.19 mm of fixed thickness, was found that
the addition of PBS increased the Young’s modulus, tensile strength, tensile stress at yield and
tear strength but reduced elongation at break and at yield. The toughness of the multilayered fiber
mats was decreased as the PLA fibers were added. However, the increase in stiffness of
multilayered PLS/PBS fibrous mats was slightly increased when PBS were particularly designed

to mix with virgin PLA fibers.

When PBS fibers were added twice, the tensile properties of multilayered PLA/PBS
fibrous mats were presented which the Young’s modulus, tensile strength, tensile stress at yield
and tear strength were slightly decreased. It can be predictable that an approximately linear

relationship between the % elongation and the PBS fiber content was obtained.
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5.2 Suggestion for Future Work

From the previous conclusion, the following recommendations for the future studies can
be proposed as follows:

1. Electrospun PLA ultrafine fiber reinforced composites with PBS as a resin should be
studied which can be analyzed for possibility of various applications.

2. The biocompatible properties of electrospun PLA/PBS fiber mats should be concerned
to analyze possibility using in medical applications.

3. Even multilayered electrospun PLA/PBS ultrafine fibrous mats are flexible, the effect
of other ratios should be tested.

4. The potential use of multilayered electrospun PLA/PBS ultrafine fibrous mats should
be evaluated as biomedical mask.

5. This useful information concerning their use as improving mechanical properties in

polymer composites.



(1]

[2]

(3]

[4]

[5]

(6]
[7]

[8]

[9]

References

Kim, K., Yu, M., Zong, X., Chiu, J., Fang, D., and Seo, YS. 2003. Control of Degradation
Rate and Hydrophilicity in Electrospun Non-woven Poly(DL-lactide) Nanofiber
Scaffolds for Biomedical Applications. 24, 4977-85.

Bhuvanesh, G., Nilesh, R., and Jons, H. 2007. Poly(lactic acid) Fiber: An overview. Prog.
Polym. Sci. 32, 455—482.

Ogata, N., Jimenez, G., and Kawai, T.J. 1997. Structure and Thermal/Mechanical Properties
of Poly(L-lactide)-Clay Blend. J. of Polymer Science Part B. Poly Phys. 35, 389- 396.
Hulteen, JC., Chen, H., Chambliss, C., and Martin, C. 1997.

Template Synthesis of Carbon Nanotubule and Nanofiber Arrays. Nanostructure Mater. 9,
133-6.

Kulkarni, R., Pani, K., Neuman, C., and Leonard, F. 1996. Poly(lactic acid) for Surgical
Implants. Arch Surg. 93, 839-43.

Burger, C., Hsiao, BS., Chu, B., and Annu, Rev. 2006. Mater Res. 36, 333-68.

Huang, M., Zhang, Y.Z., Kotaki, M., and Ramakrishna, S. 2003. Compos.Sci. Technol. 63,
2223,

Dattilo, Jr.P., King, MW., Cassill, NL., and Leung, JC. 2002. Medical Textiles; Application
of an Absorbable Barbed Bi-Directional Surgical Suture. J Textile Appl Technol Man. 2,
1-5.

Huang Z. M., Zhang Y. Z., Kotaki M., and Ramakrishna S. 2003. Compos. Sci. Technol. 63,
2223.

[10] Song, M., Pan, C., Li, J., Wang, X., and Gu, Z. 2006. Electrochemical Study on Synergistic

Effect of the Blending of Nano Tio, and PLA Polymer on yhe Interaction of Antitumor

Drug with DNA. Electroanalysis. 18, 1995-2000.

[11] Lee, YH., Lee, JH., An, IG., Kim, C., Lee, DS., Lee, YK., and Et, Al. 2005. Electrospun

Dual-Porosity Structure and Biodegradation Morphology of Montmorillonite Reinforced

PLLA Nanocomposite Scaffolds. Biomaterials. 26, 3165-72.



64

[12] Yong, L., Ji-Huan, H., and Jian-Yong, Y. 1882. Preparation and Morphology of
Poly (butylene succinate) Nanofibers via Electrospinning.

[13] Carothers, H., Dorough, G.L., and Van, Natta, F.J. 1932. J. Am. Chem. Soc. 54, 761.

[14] Bhuvanesh, G., Nilesh, Re., and Jons, H. 2007. Poly (lactic acid) Fiber: an Overview. Prog.
Polym. Sci. 32, 455-482.

[15] Horacek, 1., and Kalisek V. 1994, Polylactide. III;Fiber Preparation by Spinning in
Precipitant Vapor. J Appl Polym Sci. 54, 1767-71.

[16] Lunt, J. 1998. Large Scale Production, Properties and Commercial Applications of Polylactic

Acid Polymers. Polym Deg Stab. 59,145-52.

[17] David H., Patrick G., and Jim L.Jed R.2005.Natural Fibers, Biopolymers, and

Biocomposites. 528-577

[18] Dorgan J R., Lehermerier H., and Mang M.2008.Thermal And Rheological Properties Of

Commercial-Grade Poly (Lactic Acid) S. J Polymer Environ.8,1-9.

[19] Cicero J A., Dorgan J R., Garrett J., Runt J., and Lin J S.2002. Effect of Molecular
Architecture On Two-Step, Melt-Spun Poly (Lactic Acid) Fibers. J Appl Polym Sci .
86,2839-46.

[20] Cicero J A., Dorgan J R., Janzen J., Garrett J., Runt J., and Lin J S.2002. Supramolecular
Morphology of Two-Step, Melt-Spun Poly (Lactic Acid) Fibers. J Appl Polym Sci .86,
28-38.

[21] Schmack G., Tandler B., Vogel R., Beyreuther R., and Jacobsen S.1999. Fritz H-G
Biodegradable Fibers Of Poly (L-Lactide) Produced By High-Speed Melt Spinning And
Spin Drawing. J Appl Polym Sci.73,2785-97.

[22] James E. Mark. 1998.Polymer Data Handbook. Pp.627-633

[23] Kim H. -S., Kim H. -J., Lee J. -W., et al.2006.Polymer Degradation and Stability. pp. 1117-
1127.

[24] Ramakrishna S., Fujihara K., Teo W. -E., et al.2006. Materials Today. pp. 40-50.



[25] Sangmook L., Jae L.2005.Characterization and processing of Biodegradable polymer blends
of poly (lactic acid) with poly (butylene succinate adipate). pp. 71-77.

[26] Taylor G.1987. Disintegration Of Water Drops In An Electric Field. Proc. R. Soc. Lond. A.
280, 383-397.

[27] Matthews, J.A., w nek, G.E., Simpson, D.G.And Bowlin, G.L.2002.Electrospinning of
Collagen Nanofibers. Biomacromolecules. 3, 232-238.

[28] Ji-Huan H., Yong L., Lu-Feng M., Yu-Qin W, and Lan X.2008. Electrospun Nanofibres And
Their Applications. Pp.6-10

[29] Lunt J.1998. Large Scale Production, Properties And Commercial Applications Of Polylactic

Acid Polymers. Polym Deg Stab. 59, 145-52.

[30] Andrady A. L.2008. Science and Technology Of Polymer Nanofibers. John Wiley & Sons,

New jersey. Pp. 7-10

[31] Ding, B., H. Y. Kim., S. C. Lee., D. R. Lee., And K. J. Choi. 2002. Preparation And
Characterization Of Nanoscaled Poly (Vinyl Alcohol) Fibers Via Electrospinning. Fibers

And Polymers . 2, 73-79.

[32] Katta, P., M. Alessandro.,, R. D. Ramsier., And G. G. Chase. 2004. Continuous
Electrospinning Of Aligned Polymer Nanofibers Onto A Wire Drum Collector. Nano
Letters.11,2215-2218.

[33] Shenoy, S. L., Bates, W. D., Frisch, H. L., And Wnek, G. E.2005. Role Of Chain
Entanglements On Fiber Formation During Electrospinning Of Polymer Solutions: Good

Solvent, Non-Specific Polymer-Polymer Interaction Limit Polymer. 46, 3372-3384.

[34] Megelski, S., Stephens, J.S., Chase, D.B., And Rabolt, J.F. 2002. Micro- And Nanostructured

Surface Morphology On Electrospun Polymer Fibers, Macromolecules. 35, 8456-8466.

[35] Fong, H., And Reneker, D.H.1999. Elastomeric Nanofibers Of Styrene-Butadiene-Styrene
Triblock Copolymer, J. Polym. Sci. Pt. B-Polym. Phys. 37, 3488-3493,

65



66

[36] Fong, H., Chun, I, AND Reneker, D. H.1999. Beaded Nanofibers Formed During
Electrospinning Polymer. 40, 4585-4592.

[37] Mit-Uppatham., C, Nithitanakul, M., And Supaphol, P. 2004. Ultrafme Electrospun
Polyarnide-6 Fibers: Effect Of Solution Conditions On Morphology And Average Fiber
Diameter. Macromol. Chem. Physic. 205, 2327-2338.

[38] Baumgarten, P. K.1971. Electrostatic Spinning Of Acrylic Microflbers. J. Colloid Interf. Sci.
36, 75-79.

[39] Jarusuwannapoom, T., Hongrojjanawiwat, W., Jitjaicham, S., Wannatong, L., Nithitanakul,
M., Pattamaprom, C, Koombhongse, P., Rangkupan, R., Amd Supaphol, P.2005. Effect
Of Solvents On Electro-Spinnability Of Polystyrene Solutions And Morphological

Appearance Of Resulting Electrospun Polystyrene Fibers. Euro. Polym. J. 41,409-421.

[40] Megelski, S., Stephens, J.S., Chase, D.B., And Rabolt, J.F.2002. Micro- And Nanostructured

Surface Morphology On Electrospun Polymer Fibers, Macromolecules. 35, 8456-8466.

[41] Deitzel, J. M., Kleinmeyer, J., Harris, D., And Tan, N. C. B. 2001. The Effect Of Processing
Variables On The Morphology Of Electrospun Nanofibers And Textiles. Polymer. 42,
261-272.

[42] Demir, M. M., Yilgor, L, Yilgor, E., And Erman, B.2002. Electrospinning Of Polyurethane
Fibers. Polymer. 43, 3303-3309.

[43] Zeng, J., Xu, X., Chen, X., Liang, Q., Bian, X., Yang, L., And Ling, X. 2003. Biodegradable

Electrospun Fibers For Drug Delivery, J. Control. Release. 92, 227-231.

[44] Son, WXK., Youk, J.H., Lee, T.S., And Park, W.H.2004.Electrospinning Of Ultrafme
Cellulose Acetate Fibers: Studies Of A New Solvent System And Deacetylation Of
Ultrafme Cellulose Acetate Fibers, J. Polym. Sci. Pt. B-Polym. Phys. 42, 5-11.



67

[45] Son, W. K, Youk, J. H, Lee, T. S., And Park, W. H. 2004. The Effects Of Solution Properties
And Polyelectrolyte On Electrospinning Of Ultrafme Poly(Ethylene Oxide) Fibers.
Polymer. 45, 2959-2966.

[46] Lee, K.H., Kim, H.Y., Ra, Y.M., And Lee, D.R.2003. Characterization Of Nanostructured

Poly(E-Caprolactone) Nonwoven Mats Via Electrospinning, Polymer. 44, 1287-1294,

[47] Taylor, G.1987. Disintegration Of Water Drops In An Electric Field. Proc. R. Soc. Lond. A,.

280, 383-397.

[48] Zhong, X. H., Kim, K. S,, Fang, D. F., Ran, S. F., Hsiao, B. S., And Chu, B.2002. Structure
And Process Relationship Of Electrospun Bioabsorbable Nanofibers Membranes.

Polymer. 43, 4403-4412.

[49] Pawlowski, K. J., Belvin, H. L., Raney, D. L., Su, J., Harrison, J. S., And Siochi, E. J.2003.
Electrospinning Of A Micro-Air Vehicle Wing Skin. Polymer. 44, 1309-1314.

[50] Zhao, S. L., Wu, X. H., Wang, L. G., And Huang, Y.2004. Electrospinning Of Ethyl-
Cyanoethyl Cellulose/Tetrahydrofuran Solutions. J. Appl. Polym. Sci.91, 242-246.

[51] Krishnappa, R. V. N,, Desai, K., and Sung, C. M.2003. Morphological Study Of Electrospun
Polycarbonates As A Function Of The Solvent And Processing Voltage. J. Mater. Sci. 38,
2357-2365.

[52] Rutledge, G. C, Li, Y., Fridrikh, S., Warmer, S. B., Kalayci, V. E., And Patra. 2000.
Electrostatic Spinning And Properties Of Ultrafine Fibers, National Textile Center, 2000

Annual Report (M98-D01), National Textile Center. Pp. 1-10

[53] Yuan, X., Zhang, Y., Dong, C. ,And Sheng, J. 2005. Morphology Of Ultrafine Polysulfone

Fibers Prepared By Electrospinning. Polym. Int. In Press.

[54] Kessick, R., Fenn, J., and Tepper, G.2004. Potentials In Electrospraying And Electrospinning

Processes. Polymer.45,2981-2984.



68

[55] Liu, H. Q., And Hiseh, Y. L.2002. Ultrafme Fibrous Cellulose Membranes from
Electrospinning Of Cellulose Acetate, J. Polym. Sci. Pol. Phys. 40, 2119-2129.

[56] Mo, X. M., Xu, C. Y., Kotaki, M., and Ramakrishna, S. 2004. Electrospun P(LLA-CL)
Nanofiber: A Biomimetic Extracellular Matrix For Smooth Muscle Cell And Endothelial

Cell Proliferation. Biomaterials. 25,1883-1890.

[57] Bognitzki, M., Czado, W., Frese, T., Schaper, A., Hellwig, M., Steinhart, M., Greiner, A.,
and Wendorff, J. H. 2001. Nanostructured Fibers Via Electrospinning. Adv. Mater. 13,
70-72.

[58] Seeram Ramakrishna, Kazutoshi Fujihara, Wee-Eong Teo.Teik-Cheng Lim., and Zuwei
Ma.2005. An Introduction To Electrospinning And Nanofibers. 276,135-136.

[59] Boland, E. D., Wnek, G. E., Simpson, D. G., Palowski, K. J,, And Bowlin, G. L.
Tailoring.2001. Tissue Engineering Scaffolds Using Electrostatic Processing Techniques:
A Study Of Poly(Glycolic Acid) Electrospinning. J. Macromol. Sci. Pur Appl. Chem.
12,1231-1243.

[60] Matthews, J.A., Wnek, G.E., Simpson, D.G., And Bowlin, G.L. 2002. Electrospinning Of

Collagen Nanofibers. Biomacromolecules. 3, 232-238.

[61] David E. Henton, Patrick Gruber, Jim Lunt, And Jed Randall.2005. Natural Fibers,

Biopolymers, and Biocomposites.528-577

[62] Kim, K., Luuc, Y.K., Chang, C, Fang, D., Hsiao, B.S., Chua, B., And Hadjiargyrou, M.2004.
Incorporation And Controlled Release Of A Hydrophilic Antibiotic Using Poly(Lactide-

Co-Glycolide>Based Electrospun Nanofibrous Scaffolds, J. Control. Release. 98,47-56.

[63] Benicewicz, B.C., And Hopper, P.K.1991. Polymers For Absorbable Surgical Sutures, J.
Bioact. Compat. Polym. 6, 64-94.



[64] Holland, S., Tighe, BJ., And Gould, P.L; Polymers For Biodegradable Medical Devices.
1.1986. The Potential Of Polyesters As Controlled Macromolecular Release Systems, J.
Control. Release. 4,155-180.

[65] Ishaug, S.L., Bizios, R., And Mikos, A.G.1994. Osteoblast Function On Synthetic
Biodegradable Polymers, J. Biomed. Mater. Res. 28,1445-1453.

[66] Bini, T.B., Gao, S.J.,, Tan, T.C., Wang, S., Lim, A., Hai, L.B., And Ramakrishna, S.2004.
Electrospun Poly(L-Lactide-Co-Glycolide) Biodegradable Polymer NanofibreTubes For

Peripheral Nerve Regeneration, Nanotechnology. 15, 1459-1464.

[67] Nicotera, 1., Coppola, L., Oliviero, C, Russo, A. And Ranieri, G.A.2004. Some
Physicochemical Properties Of PAN-Based Electrolytes: Solution And Gel

Microstructures, Solid State Ionics.167, 213-220.

[68] Kim, Y.W., Gong, M.S., And Choi, B.K. 2001. Ionic Conduction And Electrochemical
Properties Of New Poly(Acrylonitrile-Itaconate)-Based Gel Polymer Electrolytes, J.
Power Sources.654, 97-98.

[69] Sekhon, S.S., Arora, N., And Agnihotry, S.A.2000. PAN-Based Gel Electrolyte With

Lithium Salts, Solid State Ionics. 1204, 136-137.

{70] Su, L., Xiao, Z., And Lu, Z. 1998. All Solid-State Electrochromic Window Of
Electrodeposited WO3 And Prussian Blue Film With PVC Gel Electrolyte, Thin Solid
Films. 320,285-289.

[71] Kim, C.S.,And Oh, S.M. 2002. Spectroscopic And Electrochemical Studies Of PMMA
Based Gel Polymer Electrolytes Modified With Interpenetrating Networks, J. Power

Sources. 109, 98-104,

[72] Hashmi, S.A., Kumar, A., And Tripathi, S.K. 2005. Investigations On Electrochemical
Supercapacitors Using Polypyrrole Redox Electrodes And PMMA Based Gel

Electrolytes, Euro. Polym J. (In Press).

69



[73] Ding, B., Kim, J., Miyazaki, Y., And Shiratori, S.2004. Electrospun Nanofibrous Membranes
Coated Quartz Crystal Microbalance As Gas Sensor For NH3 Detection. Sensor Actuat

B-Chem. 101,373-380.

[74] Kwoun, S.J., Lee, R.M., Han, B., And Ko, F.K.2000. A Novel Polymer Nanofiber Interface

for Chemical Sensor Applications, Int. Frequency Control Symp. Exh. 52-57.

[75] Sawicka, K., Gouma, P., And Simon, S. 2005. Electrospun Biocomposite Nanofibers For

Urea Biosensing, Sensor Actuat B-Chem (In Press).

[76] Gilbert W, Magnete De, Magneticisque Corporibus., and Et De Magno Magnete Tellur.1987.
The Magnet And Magnetic Bodies, And On That Great Magnet The Earth, Peter Short

London, UK, 1628.

[77] Cooley J.F., Inventor., and No Assignee. 1902. Apparatus For Electrically Dispersing Fluids.
US 692631,

[781 Bhuvanesh.,G., Nilesh.,R., and Jons.,H.2007.Poly(lactic acid) fiber; An overview.455-482.

[79]Huajun.,Z.; Thomas B.,G., and Yong Lak.,Joo. 2006. The thermal effects on electrospinning
of polylactic acid melts.7497-7505.

[80] Yong L., Ji-Huan H., and Jian-Yong Y. 2005. Preparation and Morphology of Poly(butylene

succinate) Nanofibers via Electrospinning.

[81] Sangmook L., and Jac Wook L.2005. Characterization and processing of Biodegradable

polymer blends of poly(lactic acid) with poly(butylene succinate adipate). pp. 71-77.

[82] Vincenzo G.., Filippo C. .,Paola T.., Michele di F., Gabriela C ., Desire'e M., Concezio F.,
and Nicola B., Luigi A. 2008. Polylactic acid fibre-reinforced polycaprolactone scaffolds

for bone tissue engineering. 3662-3670.

[83] Atsuhiro.,I., Masaya., N., and Hiroyuki.,Y.2008. Cellulose nanofiber-reinforced polylactic

acid. 2103-2106.

70



[84] Antonio, N., Nakagaito, A., Fujimura, T., Sakai , Y., Hama, H., and Y.2009. Production of
microfibrillated cellulose (MFC)-reinforced polylactic acid (PLA) nanocomposites from

sheets obtained by a papermaking-like process. 1293-1297.

[85] Lisman.,S, Antonio N., and Nakagaito, Y. 2009. The effect of crystallization of PLA on the

thermal and mechanical properties of microfibrillated cellulose-reinforced PLA

composites.1187-1192.

[86] Eun Hwan J., Seung Soon I, and Ji Ho Y. 200S. Electrospinning and structural

characterization of ultrafine poly(butylene succinate) fibers. 9538-9543.

[87] Amita B., Rahul K. G., Sati. N. B., and Choi., H. J.2007. Compatibility of biodegradable poly
(lactic acid) (PLA) and poly (butylene succinate) (PBS) blends for packaging application.

pp. 125-131.

71



Appendix A

The Tables of Electrospun

PLA, PBS and Multilayered PLA/PBS fibrous mats Data

Table A-1 Mechanical properties of PLA, PBS and Multilayered PLA/PBS fibers Data
(formula 1)
Tensile Strength of PLA, PBS and Multilayered PLA/PBS (1) (MPa)
PLA (1) PLA (1) PBS (1) PBS (1) Mixed (1) | Mixed(1)T
MD TD MD TD MD D
Average 3.45 2.17 0.82 0.23 4.35 1.38
SD 0.81 0.100 0.280 0.050 0.03 0.19
3.45 2.17 0.82 0.23 4.35 1.38
SD error +0.36 +0.04 +0.13 +0.02 +0.01 +0.09
Modulus of PLA, PBS and
Multilayered PLA/PBS (1) (MPa)
PLA (1) PLA (1) PBS (1) PBS (1) Mixed (1) Mixed(1)
MD D MD TD MD TD
Average 136.91 48.87 2.06 0.43 134.49 29.95
SD 0.70 0.440 0.300 0.280 0.23 0.56
136.91 48.87 2.06 0.43 134.49 29.95
SD error +0.31 +0.20 +0.13 +0.13 +0.10 +0.25
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Tensile Stress at yield of PLA, PBS and

Multilayered PLA/PBS (1) (MPa)

PLA (1) PLA (1) PBS (1) PBS (1) Mixed (1) Mixed(1)
MD TD MD TD MD TD
Average 0.69 0.43 0.16 0.12 0.84 0.28
SD 0.16 0.020 0.060 0.010 0.05 0.04
0.69 0.43 0.16 0.12 0.84 0.28
SD error +0.07 +0.01 +0.03 +0.00 +0.02 +0.02
Tear Strength of PLA, PBS and
Multilayered PLA/PBS (1) (kN/m)
PLA (1) PLA (1) PBS (1) PBS (1) Mixed (1) Mixed(1)
MD TD MD TD MD TD
Average 327 27.00 21.3 15.60 9.9 25
SD 0.39 0.06 0.35 0.05 0.67 0.13
32.70 27.00 34.00 12.00 41.00 25.00
SD error +0.17 +0.03 +0.16 +0.02 +0.30 +0.06
%Elongation at Maximum load of PLA, PBS and
Multilayered PLA/PBS (1) (%)
PLA (1) PLA (1) PBS (1) PBS (1) Mixed (1) Mixed(1)
MD TD MD TD MD TD
Average 68.52 68.39 205.7 133.95 79.81 114.65
SD 0.84 0.88 0.27 0.21 0.74 0.65
68.52 68.39 105.70 133.95 79.81 114.65
SD error +0.38 +0.39 +0.12 +0.09 +0.33 +0.29
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%Elongation at yield of PLA, PBS and

Multilayered PLA/PBS (1) (%)

PLA (1) PLA (1) PBS (1) PBS (1) Mixed (1) Mixed(1)
MD TD MD TD MD TD
Average 3.79 2,12 6.37 6.8 3.84 3.18
SD 0.50 0.410 0.960 0.650 0.51 0.62
2.79 2.12 6.37 6.80 3.84 3.18
SD error +0.22 +0.18 +0.43 +0.29 +0.23 +0.28
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Table A-2 Mechanical properties of PLA, PBS and Multilayered PLA/PBS fibers Data
(formula 2)
Tensile Strength of PLA, PBS and Multilayered PLA/PBS (2) (MPa)
PLA (2) PLA (2) PBS (2) PBS (2) Mixed (2) | Mixed(2)T
MD TD MD TD MD D
Average 5.93 4.96 2.04 1.08 4,13 1.47
SD 0.61 0.86 0.33 0.11 0.09 0.09
4.96 5.93 3.04 1.08 4.13 1.47
SD error +0.27 +0.39 +0.15 +0.05 +0.04 +0.04
Modulus of PLA, PBS and
Multilayered PLA/PBS (2) (MPa)
PLA (2) PLA (2) PBS (2) PBS (2) Mixed (2) Mixed(2)
MD D MD TD MD D
Average 256.46 234.79 12.5 6.1 67.08 53.16
SD 0.65 0.510 0.412 0.040 0.94 0.27
256.46 234.79 102.08 35.19 67.08 53.16
SD error +0.29 +0.23 +0.18 +0.02 +0.42 +0.12
Tensile Stress at yield of PLA, PBS and
Multilayered PLA/PBS (2) (MPa)
PLA (2) PLA (2) PBS (2) PBS (2) Mixed (2) Mixed(2)
MD TD MD D MD TD
Average 1.66 1.39 0.85 0.3 1.16 0.41
SD 0.45 0.240 0.010 0.030 0.03 0.03
1.39 1.66 0.85 0.30 1.16 0.41
SD error +0.20 +0.11 +0.00 +0.01 +0.01 +0.01
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Tear Strength of PLA, PBS and

Multilayered PLA/PBS (2) (kN/m)

PLA (2) PLA (2) PBS (2) PBS (2) Mixed (2) Mixed(2)
MD TD MD TD MD TD
Average 75.05 48.06 34.53 22.56 41.83 26.04
SD 0.18 0.74 0.26 0.51 0.06 0.66
75.05 48.06 22.56 34.53 41.82 26.04
SD error +0.08 +0.33 +0.12 +0.23 +0.03 +0.30
%Elongation at Maximum load of PLA, PBS and
Multilayered PLA/PBS (2) (%)
PLA (2) PLA (2) PBS (2) PBS (2) Mixed (2) Mixed(2)
MD TD MD TD MD TD
Average 74.92 121.3 113.83 177.55 101.26 128.3
SD 0.55 0.55 0.99 0.91 1.53 1.77
74.92 68.39 105.70 133.95 79.81 114.65
SD error +0.25 +0.25 +0.44 +0.41 +0.69 +0.79
%Elongation at yield of PLA, PBS and
Multilayered PLA/PBS (2) (%)
PLA (2) PLA (2) PBS (2) PBS (2) Mixed (2) Mixed(2)
MD D MD D MD TD
Average 3.02 2.57 7.34 9.86 7.24 4.58
SD 0.36 0.500 0.520 0.62 0.200 0.970
2.79 2.12 7.34 9.86 7.24 4.58
SD error +0.16 +0.22 +0.23 +0.28 +0.09 +0.43
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