CHAPTER VI
ELECTROSPINNING OF HEXANOYL CHITOSAN/POLYLACTIDE
BLENDS

6.1 ABSTRACT

The electrospinning of hexanoyl chitosan (H-chitosan), polylactide (PLA),
and their Dblends was performed wusing chloroform, dichloromethane, or
tetrahydrofuran as a spinning solvent. The as-spun PLA fibers appeared to be round
in their cross-section, with rough surface morphology, while the as-spun H-chitosan
fibers were flat, with smooth surface morphology. The as-spun fibers from
H-chitosan/PLA blend solutions in chloroform with the H-chitosan solution content
of less than or equal to 50% / were continuous without the presence of heads,
while those from the blend solutions in dichloromethane were beaded fibers or even
just beads at high H-chitosan solution content. The diameters of the as-spun fibers
from blend solutions with H-chitosan solution content of less than or equal to 50%

| decreased with increasing amount of H-chitosan solution.  Thermal
characteristics and crystalline structure of selected as-spun fibers from pure and
blend solutions in chloroform were characterized by thermo-gravimetric analysis
(TGA), differential scanning calorimetry (DSC), and wide-angle X-ray diffraction
(WAXD) techniques.

(Key-words: chitosan;  hexanoyl chitosan; polylactide; polymer  blend;
electrospinning)
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8.2 INTRODUCTION

Among the various aliphatic degradable polyesters, polylactide (PLA) has
been considered as one of the most interesting and promising biodegradable
materials and has been a material of choice to be used in various medical
applications, such as surgical sutures [L1], drug delivery vehicles [2], and bone
fixtures [3], The use of these products in vivo has a tremendous advantage over
traditional ones due to the fact that PLA can be metabolized completely inside the
body [4], The increasing use of biodegradable polymers in medicine has attracted
polymer scientists and the likes in pursuit of new materials that exhibit unique
properties for specific uses in the field.

Chitosan or (I->4)-linked 2-amino-2-deoxy-P-Z7-glucan is a partially
N-deacetylated derivative of chitin or poly(jY-acetyl-Z)-glucosamine), one of the most
abundant polysaccharides commonly found in shells of various insects and
crustaceans as well as cell walls of various fungi. Chitosan has been explored as a
suitable functional material for biomedical utilization, due mainly to its
biocompatibility, biodegradability, and non-toxicity. Acylated chitosans, a series of
chitosan derivatives, are soluble in various organic solvents, such as chloroform,
benzene, pyridine, and tetrahydrofuran (THF). 7V-acylated chitosans have been
fabricated as membranes [5], fibers [6], and films [7]. Among the various N-acylated
chitosans, N-hexrnoyl chitosan exhibited the best blood compatibility [8].
Furthermore, A-hexanoyl and .Y-octanoyl chitosans were found to be anti-
thrombogenic and resistant to hydrolysis by lysozyme [9]. As a result, acylated
chitosans are very attractive chitosan derivatives to be used ir. biomedical
applications.

Polymer fibers are used in awide variety of applications ranging from textiles
to composite reinforcements. Traditional methods for obtaining polymer fibers
include melt spinning [10], wet spinning, and gel spinning [11], Recently, there has
been increasing interest in another method of fiber production, i.e. electrostatic
spinning or electrospinning, which can produce fibers that are sub-micrometers down
to nanometers in diameter. The electrospinning process, first patented by Formhals



in 1934 [12], has heen studied extensively particularly by Reneker and coworkers
[13] and Vancso and coworkers [14] during the early re-visits o f the technology. Via
careful selections of the solution and the process parameters (e.g. solution
concentration, applied electrostatic field strength, etc.), ultrafine fibers with
diameters down to a few tens of nanometers could be fabricated.

In electrospinning a polymer solution, solvent is one of the main factor
determining the spinnability of the solution. Water, a good solvent for polyethylene
oxide) (PEO), was used in successful electrospinning of PEO [15-17], When ethanol
was added to water, the diameters of the resulting PEO fibers appeared to be larger
and the beaded fibers earlier observed disappeared [15], The reason was attributed to
the reduction in the charge density carried by a charged jet and the increase in
viscosity and evaporation rate of the resulting PEO solutions. Dimethylformamide
(DMF) was used in successful electrospinning of polyacrylonitrile [18] and
polyurethaneurea copolymer [19]; whereas, a mixed solvent of dichloromethane and
DMF was required for successful electrospinning of poly(p-dioxanone-co-L-lactide)-
b-poly(ethylene glycol) [20], Solvents with high vapor pressures, e.g.
carbondisulfide (CS2), was thought to be the reason for the observed nanoporous
morphology of electrospun polystyrene (PS) fibers and trichloromethane or
chloromethane was found to be the best solvent for producing highly textured
poly(methyl methacrylate) (PMMA) fibers [21].

Electrospun PLA fibers have heen shown to have several applications for
medical uses, such as wound dressing and tissue scaffolding [22-24], Despite its
potential applications in the medical area [8,9], successful electrospinning of
hexanoyl chitosan (H-Ghitosan) has not yet been reported in the open literature.
Previously, we reported the characterization of H-chitosan/PLA blend films prepared
by the solution-casting technique [25]. It was found that addition of H-chitosan
helped improved the physical and mechanical of the normally brittle PLA film [25].
In the present contribution, electrospinning was applied to fabricate ultrafine fibers
from pure H-chitosan, PLA, and their blends using chloroform, dichloromethane or
tetrahydrofuran as the spinning solvent. Morphology and sizes of the as-spun fibers
were investigated using scanning electron microscopy (SEM) and thermal behavior
and crystalline structure of the as-spun fibers were investigated using thermo-



gravimetry analysis (TGA), differential scanning calorimetry (DSC), and wide-angle
X-ray diffraction (WAXD).

8.3 EXPERIMENTAL

Materials

Chitosan having the degree of deacetylation of ca. 91% was prepared from
Penaeus merguiensis shrimp shells by acid and alkali treatments. Chitosan was
pulverized into powder, the size of which ranged from 71 to 75 pm, prior to further
use. Hexanoyl chitosan (H-chitosan) was synthesized by reacting chitosan powder
with hexanoyl chloride (Fluka, Switzerland) in a mixture of anhydrous pyridine
(Sigma-Aldrich, USA) and chloroform (Sigma-Aldrich, USA) [26], PLA was
supplied as a courtesy from Daiseru Chemicals (Japan). The viscosity-average

molecular weight {MQ@) of PLA was determined (based on viscosity measurements at
25°C in chloroform following the Mark-Houwink equation of the form [27]:
[]1= 74 xi0"5/ ,087) to be ca. 70,000 g-mol"1 Chloroform, dichloromethane, or

tetrahydrofuran, used as the spinning solvent, was purchased from Labscan (Asia)
(Thailand).

Preparation of Electrospun Fibers

To prepare as-spun H-chitosan/PLA blends fibers, stock solutions of
H-chitosan and PLA were first prepared separately wusing chloroform,
dichloromethane, or tetrahydrofuran as the solvent. The concentration of H-chitosan
stock solution was 10% w/v, while the concentration of PLA stock solutions was
either 20 or 24% w/v. Slight stirring was used to expedite the dissolution and to
homogenize the solutions. It should be noted that the 20% w/v PLA solution was
prepared in order to illustrate the effect of the solution concentration on the resulting
as-spun fibers. The stock solutions of H-chitosan/PLA blends were conveniently
prepared by mixing the stock solutions of the pure material in the following weight
ratios (H-chitosan/PLA): 80/20, 60/40, 50/50, 40/60, and 20/80, respectively).



To electrospin each of the stock solutions prepared, about 3 ml of the solution
was filled in a 5-ml syringe, with a blunt-end, stainless steel needle (inner diameter =
0.9 mm) being attached at the opening end. Both the syringe and the needle was
tilted 45° from a vertical line. The needle was connected to the emitting electrode of
a Gamma High Voltage Research ES30P-5W high-voltage supply capable of
generating a DC voltage in the range of 0 to 30 kv. An Al sheet, used as the
collective screen, was connected to the ground electrode of the power supply and
was placed perpendicular to the needle. The distance between the needle tip and the
collective screen defines a collection distance. The applied electrostatic field
strength was fixed at 16 kV/15 ¢cm and the electrospinning process was carried out at
room temperature (i.e. about 25°C) within a fixed collection time of 5 minutes.

Characterization

Shear viscosity of the H-chitosan/PLA blend solutions was measured using a
Brookfield DV-111 programmable viscometer at 25°C. Morphological appearance of
the as-spun products was examined by a JEOL JSM-5200 scanning electron
microscope (SEM). The specimens for SEM observation were prepared by cutting
an Al sheet covered with the as-spun webs and the cut section was carefully affixed
on acopper stub. Each sample was coated with thin layer of gold using a JEOL JFC-
1100E ion sputtering device prior to observation under SEM. For each spinning
condition, at least 80 measurements for the fiber diameters were recorded. Statistical
analysis of the data obtained was carried out, from which an arithmetic mean and a
standard deviation were reported.

Thermal properties of the as-spun products were analyzed by thermo-
gravimetric analysis (TGA) and differential scanning calorimetry (DSC),
respectively. TGA patterns were measured on a Perkin-Elmer Diamond TG/DTA
analyzer at a heating rate of I0”-min’Lunder nitrogen atmosphere over a scanning
range of 50 to 500°C. Samples of about 5 to 10 mg were used. The melting
characteristic and the crystalline structure of the as-spun products were analyzed by
DSC and wide-angle X-ray diffraction (WAXD), respectively. DSC thermograms

were recorded on a Mettler DSC 822e/400 analyzer at a heating rate of 10°Cmin
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under nitrogen atmosphere, using the standard 40 pi pans (containing about 3 to 4
mg of samples). WAXD patterns were recorded on a Rigaku Rint2000 X-ray
diffractometer. The X-ray source was Cu Ka. The scanning range and the scanning

speed were 5to 40° and 5 deg-s'L respectively.

84 RESULTS AND DISCUSSION

Morphology of As-spun Fibers

Chloroform, dichloromethane, or tetrahydrofuran was chosen as the solvent
in this work because they were able to dissolve both H-chitosan and PLA into clear
solutions. Some important properties of these solvents are summarized in Table 8.1.
H-chitosan, PLA, and H-chitosan/PLA blend solutions were then prepared by
physically mixing the stock solutions of H-chitosan and PLA in various weight
ratios.

As-spun PLA Fibers

Chloroform and dichloromethane were able to dissolve PLA pellets to form a
clear solution within 6 hours at room temperature, while tetrahydrofuran was able to
do so within 1 hour at an elevated temperature (about 100°C). When the PLA
solution in tetrahydrofuran was cooled down to room temperature, the formerly clear
solution hecame increasingly viscous and cloudy. The viscosity and surface tension
of the as-prepared PLA solutions in chloroform, dichloromethane and
tetrahydrofuran were summarized in Table 8.2. Interestingly, the viscosity of the
PLA solution in dichloromethane was the lowest (i.e. 178 cP), while that of the PLA
solution in tetrahydrofuran was the highest (i.e. 778 cP). On the other hand, the
surface tension of the PLA solution in tetrahydrofuran was the lowest (i.e. 28.5
mN-m'l), while that of the PLA solution in dichloromethane was the highest (i.e.
445 mN-m'l).

The morphological appearance of the as-spun fibers from 24% w/v PLA
solutions in chloroform, dichloromethane, and tetrahydrofuran are shown in
Figure 8.2. Obviously, the as-spun PLA fibers appeared to be circular in their cross-
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section and the surface of the fibers appeared to be rough with pore-like structure
being present. The fibers obtained from 24% w/v PLA solutions in chloroform and
dichloromethane exhibited a bimodal diametric distribution (i.e. with the average
diameters being 0.97 + 0.33 and 4.63 £ 0.89 pm for fibers from 24% w/v PLA
solution in chloroform and 0.86 £ 0.33 and 5.01 £ 1.30 pm for fibers from 24% w/v
PLA solution in dichloromethane, respectively; see Table 8.3), while those obtained
from 24% w/v PLA solution in tetrahydrofuran exhibited an average diameter of 2.17
£ 0.83 pm (see Table 8.3).

The pore-like structure on the surface of the fibers is postulated to be a result
of the use of highly volatile solvents (see the boiling points listed in Table 8.1) and
the microscopic phase separation of the solutions at the surface of the ejected,
charged jet that occurred very rapidly during electrospinning. With the latter notion
in mind, the solvent-rich phase readily transformed into the pore-like structure. With
regards to the bimodal distribution of the fiber diameters, it could be explained that,
during the flight of the ejected, charged jet from the needle to the collector plate, the
primary jet could split apart into multiple, secondary jets, resulting in the formation
of fibers of different diameters [28],

To investigate the effect of PLA concentration on diameters of the resulting
PLA fibers, the as-spun fibers from 20% w/v PLA solution in dichloromethane were
compared with those from the 24% w/v PLA solution. The diameters of the fibers
obtained from the solution of greater concentration exhibited a much wider
distribution, while the average values appeared to be quite comparable (see Table
8.3). Normally, the solution viscosity increased with increasing the solution
concentration acchrding to a power-law relationship [29] and an increase in the
solution viscosity should result in the formation of fibers of larger diameters [30].

As-spun H-chitosan Fibers

Chloroform, dichloromethane, and tetrahydrofuran were able to dissolve
H-chitosan to form a clear solution within 1 day. The viscosity and surface tension
of the as-prepared H-chitosan solutions in chloroform, dichloromethane, and
tetrahydrofuran were reported in Table 8.2. Interestingly, the viscosity values of the
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H-chitosan solutions in chloroform and dichloromethane were much greater than
those of the corresponding PLA solutions, while the surface tension values of the
H-chitosan solutions in chloroform and dichloromethane were much lower than those
of the corresponding PLA solutions. The viscosity of the H-chitosan solution in
dichloromethane was the greatest (i.e. 2561 cP), while that of the H-chitosan solution
in tetrahydrofuran was the lowest (i.e. 730 cP). On the other hand, the surface
tension of the H-chitosan solution in dichloromethane was the greatest (ie. 36.7
mN-m'), while that of the H-chitosan solution in tetrahydrofuran was the lowest (i.e.
29.2 mN-m'D).

The morphological appearance of the as-spun fibers from 10% wlv
H-chitosan solutions in chloroform, dichloromethane, and tetrahydrofuran are shown
in Figure 8.3. Qbviously, the as-spun H-chitosan fibers appeared to be ribbon-like,
with smooth surface. Due to the fast evaporation of the solvents, the skin of the
ejected, charged jet would “dry” first and once the skin dried out, further evaporation
of the solvent from the core region caused the jet to collapse. During the process, the
circular cross-section of the fibers became elliptical and finally flat. Even though
such an explanation seemed reasonable to explain for formation of the flat fibers
observed, but it was not able to explain why the cross-section of the as-spun PLA
fibers appeared to be round, instead of being flat, since the solvents used were the
same.

The average diameter of the as-spun fibers from 10% w/v H-chitosan solution
in chloroform was 0.91 £ 0.40 pm, while that from 10% w/v H-chitosan solution in
dichloromethane was 0.50 £ 0.19 pm (see Table 8.3). The greater dielectric constant
of dichloromethane in comparison to that chloroform (see Table 8.1) could be one of
the reasons for the observed smaller diameters of the obtained fibers, since greater
dielectric constant leads to greater Coulombic repulsion force (responsible for the
stretching of the charged jet and electrostatic force (responsible for the transport of
the charged jet to the collective target) [31]. Another possible reason is the
difference in the mass throughput of the solution from the needle. Due to the very
low boiling point of dichloromethane, partial clogging of the needle could be the
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reason for the much decrease in the mass throughput of the resulting solution from
the needle, hence the much lower diameters of the fibers observed.

Contrarily to the electrospinning of the H-chitosan solutions in both
chloroform and dichloromethane, the electrospinning of 10% w/v H-chitosan
solution in tetrahydrofuran resulted in the much lower productivity (since the
collection time was fixed at 5 minutes). Consequently, only chloroform and
dichloromethane were chosen as the spinning solvent for further investigation.

As-spun H-chitosan/PLA Fibers

The viscosity of the as-prepared H-chitosan (10% w/v)/PLA (either 20 or
24% w/v) blend solutions in different blend compositions (in /) in chloroform and
dichloromethane is listed in Table 8.4. Interestingly, the viscosity values of the
blend solutions were found to decrease hypothetically with increasing amount of
H-chitosan solution. The observed decrease in the viscosity with increasing amount
of H-chitosan solution could be a result of the microscopic phase-separation.

Figures 8.4, 8.5 and 8.6 show SEM images of as-spun products from blend
solutions of H-chitosan (10% wi/v) and PLA (either 20 or 24% w/v) of varying
weight ratio in chloroform and dichloromethane, respectively. Again, the applied
electrostatic field strength was fixed at 16 kV/15 ¢cm. Amaong the blend solutions in
chloroform investigated, only the blend solutions containing 10% w/v H-chitosan
solution not exceeding 50% / produced fibers with rough surface without the
presence of beads (see Figure 8.4), while the blend solutions having greater amount
of H-chitosan solution produced beaded fibers and bheads with slight trace of
ultrathin, smooth fibers, respectively. Interestingly, for as-spun fibers obtained from
the blend solutions with H-chitosan solution content of less than or equal to 50%

|, their diameters appeared 10 he a decreasing function of the amount of the
H-chitosan solution added (see Table 8.3). This could be related to the observed
decrease in the viscosity of the blend solutions (see Table 8.4), hence a decrease in
the viscoelastic force in comparison with the Coulombic repulsion force [31].
Further decrease in the viscosity of the blend solutions (as the amount of H-chitosan
increased further above 50% / ) resulted in the formation of headed fibers orjust
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beads, because the viscoelastic force in comparison with the Coulombic repulsion
force was too low [31].

With regards to the blend solutions in dichloromethane investigated, the
addition of H-chitosan solution into either 20 or 24% w/v PLA solutions decreased
the viscosity of the blend solutions appreciably (see Table 8.4). Since the viscosity
of these blend solutions even at the lowest H-chitosan solution content investigated
(le. 20% /) was lower than that of the blend solution between 10% wlv
H-chitosan and 24% w/v PLA solutions in chloroform that has the highest amount of
H-chitosan investigated (i.e. 80% /[ ), it is expected that the blend solutions in
dichloromethane should only produce beaded fibers or just beads. Indeed, beaded
fibers were observed even at the lowest H-chitosan solution content investigated (i.e.
20% | ) (see Figures 8.5a and 8.6a). Apparently, the diameters of the headed
fibers decreased with further increase in the H-chitosan solution content (see Table
8.3), while the number of beads per unit area increased with increasing amount of
H-chitosan solution in the blend solutions (see Figures 8.5 and 8.6). As expected, the
observed decrease in the diameters of the beaded fibers with increasing H-chitosan
solution content was a result of the decrease in the viscosity, hence the decrease in
the viscoelastic force in comparison with the Coulombic repulsion force [31], of the
resulting blend solutions.

Characterization of As-spun H-chitosan/PLA Fibers

Since only H-chitosan/PLA blend solutions containing H-chitosan solution
content of up to 40% / in chloroform could be electrospun into continuous fibers
without the presence of beads, only the fibers obtained from these hlend solutions
were further characterized in comparison with the fibers obtained from pure solutions
of H-chitosan and PLA.

Thermal Properties

Thermal stability of the as-spun H-chitosan, PLA, and corresponding
H-chitosan/PLA fibers (from blend solutions containing H-chitosan solution of 20
and 40% /) was evaluated by TGA technique. Figure 8.7 shows TGA
thermograms of these as-spun fibers. According to the derivative TGA curves, pure



as-spun PLA fibers were found to degrade at ca. 340°C, while pure as-spun
H-chitosan fibers exhibited two degradation peaks at ca. 253 and 322°C,
respectively. Previously, we reported that pure PLA film degraded at ca. 327°C,
while pure H-chitosan film showed two degradation peaks at ca. 257 and 327°C,
respectively [25] Evidently, thermal stability of the as-spun fibers and the as-cast
films of pure H-chitosan and PLA were very close. As for H-chitosan/PLA fibers,
the fibers from blend solutions containing 20 or 40% / H-chitosan solution
exhibited only one degradation peak at ca. 326 and 336°C, respectively.

Figure 8.8 illustrates the 2nd heating thermograms of the as-spun H-chitosan,
PLA, and corresponding H-chitosan/PLA fibers. Evidently, no thermal transition of
any kind was discernable in the heating thermogram of pure as-spun H-chitosan
fibers. For both pure as-spun PLA and corresponding H-chitosan/PLA fibers, two
melting endotherms were visualized. Based on related studies on the multiple-
melting behavior of some semi-crystalline polymers [32,33], the occurrence of the
low-temperature melting endotherm (Tni) was usually attributed to the melting of the
primary crystals formed during the primary cooling, while that of the high-
temperature melting endotherm (Tmh) was to the melting of the re-crystallized
crystals formed during the subsequent heating scan.

Apparently, the Tmi and the T values for all of the pure as-spun PLA and
corresponding H-chitosan/PLA fibers investigated are located at ca. 162 and 170°cC,
respectively. These values are comparable to the values reported in an earlier report
[25]. Qualitatively, the area under the melting endotherm related directly to the
amount of the crystals present within the samples. Since the high-temperature
melting endotherm related to the melting of the re-crystallized crystals, only the low-
temperature melting one should only be accounted for the amount of the crystals
present within each sample. According to Figure 8.8, the fractional area of the low-
temperature melting endotherm for samples electrospun from solutions of each
respective blend ratio decreased monotonically with increasing H-chitosan solution
content. Specifically, the AHf value decreased monotonically from ca. 27.4 Jg'1for
pure as-spun PLA fibers to ca. 21.4 and to 18.7 J g'L for as-spun H-chitosan/PLA
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fibers from blend solution containing 20 and 40% / H-chitosan solutions,
respectively.

Crystalline Structure

WAXD patterns of the as-spun H-chitosan, PLA, and corresponding
H-chitosan/PLA fibers are illustrated in Figure 8.9. Obviously, the WAXD pattern
of pure as-spun H-chitosan fibers exhibited a sharp diffraction peak at the scattering
angle 20 of ca. 5.8° along with a broad diffraction peak centering at the 20 of ca.
20.0°, which are in excellent agreement with the values obtained previously for as-
cast H-chitosan film [25], The sharp diffraction peak at about 5.8° was reported to
be a result of the interdegitation of the hexanoyl side-chains with the extended main
chains forming a layer structure, while the broad diffraction peak at about 20.0° was
a result of the loss of crystallinity due to the loss of hydrogen bonding [26].
Interestingly, the interdegitation of the hexanoyl side-chains was not lost when
H-chitosan was fabricated into ultrafme fibers using the electrospinning technique,

For pure as-spun PLA fibers, the obtained WAXD pattern showed only one
broad diffraction peak centering at the 20 of ca. 17.5°, which is in good agreement
with the value earlier reported for as-cast PLA film [25]. When crystallizing in a
pseudo-orthorhombic unit cell (with axes a - 1.07 nm, b = 0.595 nm, and ¢ = 2.78
nm), PLA should show main diffraction peaks at the 20°s of 15, 17, and 19° [34],
For as-Spun H-chitosan/PLA fibers, the obtained diffraction patterns apparently
exhibited only one broad diffraction peak centering at about the same 20 value as
that of pure as-spun PLA fibers. No indication of the characteristic peak at low
diffraction angles was observed, suggesting that the actual content of H-chitosan in
the as-spun H-chitosan/PLA fibers was very low, since it was reported earlier that as-
cast H-chitosan/PLA film having H-chitosan content of as low as 20% / exhibited
the characteristic peak at low diffraction angles (due to the layer structure of the
main chains of H-chitosan upon the interdegitation of the hexanoyl side-chains [26]).



8.0 CONCLUSIONS

Electrospun hexanoyl chitosan (H-chitosan), polylactide (PLA), and
H-chitosan/PLA  fibers were prepared from solutions of H-chitosan/PLA in
chloroform, dichloromethane, and tetrahydrofuran. The as-spun fibers from PLA
solutions in all of the three solvents appeared to be round in their cross-section, with
rough surface morphology, while the as-spun fibers from H-chitosan solutions in all
of the three solvents were flat, with smooth surface morphology.  The
electrospinning of H-chitosan solution in tetrahydrofuran did not produce the as-spun
fibers with high enough productivity. ~The as-spun fibers from H-chitosan/PLA
blend solutions in chloroform with the H-chitosan solution content of less than or
equal to 50% / were continuous without the presence of beads, while those from
the blend solutions in dichloromethane were beaded fibers or even just beads at high
H-chitosan solution content. Interestingly, the diameters of the as-spun fibers from
blend solutions with H-chitosan solution content of less than or equal to 50% /
were found to decrease with increasing amount of H-chitosan solution. The most
likely explanation was due to the observed decrease in the solution viscosity with
increasing amount of H-chitosan solution. With regards to thermal stability of the
as-spun fibers, both as-spun PLA and H-chitosan/PLA fibers exhibited one
degradation peak, while as-spun fi-chitosan fibers exhibited two degradation peaks.
The second heating thermogram of as-spun PLA and H-chitosan/PLA fibers
exhibited multiple melting phenon enon, while that of as-spun H-chitosan fibers did
not show any sign of the thermal transition. Lastly, wide-angle X-ray diffraction
showed that as.spun H-chitosan fibers exhibited a sharp diffraction peak at ca. 5.8°
and a broad diffraction peak centering at ca. 20°, while both as-spun PLA and
H-chitosan/PLA fibers showed a broad diffraction peak centering at ca. 17.5°.
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8.8 CAPTION OF FIGURES

Figure 8.1
Figure 8.2

Figure 8.3

Figure 8.4

Figure 8.5

Figure 8.6

Figure 8.7

Chemical structure of perfectly substituted H-chitosan.

SEM images (magnification = 2000x and scale bar = 10 pm) of as-spun
fibers from 24% w/v  PLA solutions in (a) chloroform,
(b) dichloromethane, and (c) tetrahydrofuran. The applied electrostatic
field strength was 16 kV/15 cm.

SEM images (magnification = 2000x and scale bar = 10 pm) of as-spun
fibers from 10% w/v H-chitosan solutions in (a) chloroform,
(b) dichloromethane, and (c) tetrahydrofuran. The applied electrostatic
field strength was 16 kV/15 cm.

SEM images (magnification = 500x and scale bar = 50 pm) of as-spun
products from blend solutions of H-chitosan (10% w/v in chloroform)
and PLA (24% w/v in chloroform) in various blend compositions ( / ):
(a) 20/80, (b) 40/60, (c) 50/50, (d) 60/40, and (e) 80/20, respectively.
The applied electrostatic field strength was 16 kV/15 cm.

SEM images (magnification = 500x and scale bar = 50 pm) of as-spun
products from blend solutions of H-chitosan (10% w/v in
dichloromethane) and PLA (20% w/v in dichloromethane) in various
blend compositions ( / ): (a) 20/80, (b) 40/60, (c) 50/50, (d) 60/40, and
(e) 80/20, respectively. The applied electrostatic field strength was 16
kV/15 cm.

SEM images (magnification = 500x and scale bar = 50 pm) of as-spun
products from blend solutions of H-chitosan (10% wiv in
dichloromethane) and PLA (24% w/v in dichloromethane) in various
blend compositions ( / ): (a) 20/80, (b) 40/60, (c) 50/50, (d) 60/40, and
(e) 80/20, respectively. The applied electrostatic field strength was 16
kV/15 cm.

TGA thermograms of as-spun H-chitosan, PLA, and H-chitosan/PLA
fibers. The fibers were spun from pure or blend solutions in chloroform
and the heating rate used was 10°C-min",
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Figure 8.8 Second heating thermograms of as-spun H-chitosan, PLA, and
H-chitosan/PLA fibers. The fibers were spun from pure or blend
solutions in chloroform and the heating rate used was 10°C min",

Figure 8.9 WAXD patterns of as-spun H-chitosan, PLA, and H-chitosan/PLA
fibers. The fibers were spun from pure or blend solutions in chloroform.



Table 8.1 Some important properties of solvents used

Solvent

Chloroform
Dichloromethane
Tetrahydrofuran

61.2
40.0
66.0

o SFes<

>'>9

9.34
9.70
9.10

11

1.470
1.327
0.875

0.

1.15
1.55
1.75

oo =

481
9.10
1.60

144

0.58
0.44
0.55



Table 8.2 Viscosity and surface tension of 10% w/v H-chitosan and 24% w/v PLA
solutions in chloroform, dichloromethane, and tetrahydrofuran

Solvent Viscosity (cP) Surface tension (mN-nTJ)
H-chitosan PLA H-chitosan PLA
Chloroform 1067 418 34.9 40.3
Dichloromethane 2561 178 36.7 445

Tetrahydrofuran 730 778 29.2 28.5
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Table 8.3 Observed average diameter of as-spun fibers from pure and blend
solutions of H-chitosan (10% w/v in chloroform and dichloromethane) and PLA
(24% w/v in chloroform and 20 or 24% w/v in dichloromethane). The applied
electrostatic field strength was 16kv/l5 cm

H-chitosan/PLA
Kj

composition

(1)

100/0
80/20

60/40

50/50

40/60

20/80

0/100

Ave{age fiber diameter (urn)

T0% W/v H-chitosan  10% wIv H-chifosan — 10% w/v H-chitosan
and 24% w/v PLA and 20% w/v PLA and 24% w/v PLA

solutions in solutions in solutions in
chloroform dichloromethane dichloromethane
091 toe= > 0.50 £0.19

0.20 £ - nfa* - fra*

0.08

0.28 ¢ - 0.70 £ - 0.74 £

0.21 0.24 0.28

0.48 ¢ 3.17 ¢ 0.98 + 2.65 ¢ 0.92 ¢ 2.30 +
0.37 0.99 0.35 031 0.37 0.83
0.80 ¢ 3:25.& 119 £ 3.57 ¢ 121 ¢ 238 ¢
0.55 11 0.37 1.23 0.35 0.24
1.26 ¢ 3.7 % 1.26 £ 3.60 ¢ 1.26 ¢ 407 ¢
0.46 1.20 0.46 119 0.42 1.67
0.97 ¢ 4.63 t 130 £ 4.59 + 0.86 # 501 ¢
0.33 0.89 0.45 2.24 0.34 1.30

*Only beads were observed
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Table 8.4 Apparent shear viscosity of pure and blend solutions of H-chitosan (10%
w/v in chloroform and dichloromethane) and PLA (24% w/v in chloroform and 20 or
24% w/v in dichloromethane)

Viscosity (cP)

H-chitosan/PLA 10% w/v 10% w/v 10% w/v

blend H-chitosan and H-chitosan and H-chitosan and
composition 24% w/v PLA 20% w/v PLA 24% w/v PLA
(1) solutions in solutions in solutions in
chloroform dichloromethane dichloromethane

100/0 1067.0 2561.0 2561.0
80/20 156.0 44.0 345
60/40 138.0 31.0 68.5
50/50 151.0 41.0 63.0
40/60 220.0 714 75.0
20/80 770.0 96.6 121.0

0/100 418.0 154.0 178.0
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Figure 8.2
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Figure 8.3



151

Figure 8.4
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Figure 8.6
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Figure 8.8
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