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ABSTRACT: Polylactic acid (PLA) composite fibers were obtained using melt electrospinning, in which a high voltage was applied
to the nozzle of the 3D printer. Filaments for melt electrospinning were prepared by using an extruder operated at 155 °C. PLA was
mixed with polycaprolactone (PCL; 95:5, 90:10, and 85:1S by wt %), zinc oxide (ZnO; 0.1 phr), and poly(ethylene glycol) (PEG; 1
phr). The prepared filaments and fibers were characterized by Fourier-transform infrared spectroscopy (FTIR), contact angle
measurements, thermal gravimetry (TGA), differential scanning calorimetry (DSC), and dynamic mechanical analysis (DMA). The
measured contact angles of the filaments were in the range of 60.33° (+4.04) to 78° (2.65), while the melt-electrospun fibers were
in the range of 110.17° (£0.29) to 128.5° (+1.32). Melt electrospinning significantly increased the contact angle. According to the
DSC analysis, the addition of 0.1% ZnO and 1% PEG increased the degree of crystallinity of PLA from 19.63 to 27.48% in the
filaments and 11.54 to 20.79% in the fibers. The Avrami constant (1) values of the filaments and fibers were found in the range
between 2.62—3.97 and 2.75—3.95, respectively. It was shown that the crystallization was controlled by nucleation. DMA analysis
indicated that melt electrospinning and the addition of PCL decreased the storage modulus of the filaments, thereby increasing their

plasticity.

1. INTRODUCTION properties, while below T, it behaves as a brittle polymer.” The
brittleness of PLA is a disadvantage in practical applications. In
general, the most effective method for improving the toughness
of a brittle polymer is to blend it with soft, ductile polymers.*”
Polycaprolactone (PCL) is a soft, biocompatible, and
biodegradable semicrystalline polyester.'”~"* The T, of PCL
is around —60 °C and its melting temperature is in the range of
55=70 °C. PCL degrades at a slower rate than polyglycolide,
poly(p,L-lactide), or copolymers.”” PLA and PCL blends are
suitable for use in a variety of applications such as packaging,

Recently, studies on the development of environment-friendly
materials that can replace traditional plastic materials to
prevent environmental pollution have increased. Biodegradable
polymers are evaluated as a solution to the waste problem.
Due to its production from natural resources and biodegrad-
ability, studies are carried out to use polylactic acid (PLA)
instead of some petroleum plastics. PLA has a higher modulus
and strength than many petroleum-based aliphatic polyest-
ers.”” It has good optical, physical, mechanical, and barrier
properties.” Carbon dioxide (CO,), oxygen (O,), nitrogen
(N,), and water vapor permeability coefficients of PLA are Received:  October 8, 2024
lower than those of polystyrene (PS) but higher than those of Revised:  December 25, 2024
poly(ethylene terephthalate) (PET).”® Semicrystalline PLA Accepted: December 26, 2024
exhibits a glass transition temperature (Tg) and melting Published: January 3, 2025
temperature (T,,) similar to those of many thermoplastic

polymers. Above T, approximately 58 °C, PLA shows elastic
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cardiovascular, wound dressings, and tissue engineering.

Melt blending of PCL with brittle PLA has been reported to
provide flexibility in the polymer blend and improve barrier
properties. 18

The effect of various nanoparticles (NPs) in PLA/PCL
blends on their microstructure has been widely investi-
gated.'"'”* Some NPs used with PLA include layered
silicates, organoclays, carbon nanotubes, hydroxyapatite
(HA), layered titanate, and aluminum hydroxide.” Among
potential NPs, ZnO is preferred due to its excellent
antibacterial, UV protective, and photocatalytic proper-
ties.” ~>* ZnO NPs may play a fundamental role in the
degradation, crystallization, UV absorption, and mechanical
properties of polymers.”>~>” It has been reported that ZnO
improves the barrier properties of polymer composites,”* >
while its mechanical properties generally reduce the elongation
at break’®?'™*" and increase the tensile strength/yield
stress.”?

The thermal stability of PLA is related to the amount and
volatility of the plasticizer used.*® As a hydrophilic polymer,
poly(ethylene glycol) (PEG) is an effective plasticizer for PLA,
which modifies the toughness, hydrophobicity, cell affinity, and
degradation rate;>’ 7 therefore, it is also used as a
crystallization additive.

Many studies have been performed on the electrospinning
method for preparing nanostructured materials or for
functionalizing the material surface with functional electrospun
nanofibers.”” Electrospinning is a technique that produces
nonwoven fibers by depositing a single jet of electrical charge
onto a negatively charged, grounded collector. Electrospun
materials can be produced with desired structural properties
using the parameters and solution properties used in the
electrospinning process. In addition, a higher surface-to-
volume ratio can be adjusted structurally.”'~* It has been
reported that more than 100 different types of organic
polymers directly produce nanofibers by the solution electro-
spinning method.”* Most studies have used zein*** or a
combination of zein—polyhydroxyalkanoate (PHA).*” Sim-
ilarly, cellulose,*® chitosan,”® PLA,* poly(vinyl alcohol)
(PVA),” and PCL’" have been widely used in the production
of many biobased electrospun materials. However, there are
many problems associated with the use of solvents in the
solution electrospinning method. It has been reported that
some conductive polymers are not suitable for solution
electrospinning because of their poor solubility in common
solvents, and their high solution conductivity makes it difficult
to create a stable jet. In addition, it is difficult to dissolve
polyethylene and polypropylene in suitable solvents for
electrospinning.”* Besides, the solvents used in the solution
electrospinning method are very expensive, and toxic waste
must be recovered; however, the recovery of the solvent in an
electrospinning process is difficult. Since no solvent is used in
the melt electrospinning method, there is no need to consider
solvent recovery and toxicity of the solvent.’> Rivera and
Hudson™ produced PLA electrospun using the melt electro-
spinning method on a 3D printer. They tried to highlight melt
electrospinning, as well as rigid plastic 3D printing using a
single FFF (fused filament fabrication) extruder. They
performed a series of tests by changing the extrusion speed,
nozzle temperature, and fill % print density to determine the
melt-electrospinning process parameters. The optimum
process parameters were determined to be an extrusion
speed of 10 mm min~', nozzle temperature of 290 °C, and
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fill % print density of 10%. They showed that by combining the
flexibility of the produced electrospun fibers with the structure
of hard plastic, objects, and sensors that provide actuation,
sensing, and tactile experiences can be produced. Shahverdi et
al.>* used the melt electrowriting (MEW) process to fabricate
PLA, PCL, and PLA/PCL scaffolds. MEW combines the two
well-established techniques of fused deposition modeling
(FDM) and electrospinning. They used a commercial FDM
3D printer with modifications for electrospinning. PCL and
PLA filaments were purchased. The fabricated scaffolds were
characterized and compared in terms of their fiber morphol-
ogy, pore structure, mechanical properties, and interactions
with water. The MEW process parameters used in this study
were a feed rate of 10 L min~’, collector temperature of 60
°C, printing speed of 65 mm s™', and a distance of S mm
between the nozzle head and collector. The extruder
temperature of the 3D printer was 230 °C for PLA and 100
°C for PCL, and the applied high voltage was 4.5—5 kV for
PCL and 6—6.5 kV for PLA. It has been reported that fibers
had a uniform cylindrical shape with a nearly constant diameter
(for PCL: from 5 to 15 um; for PLA: from 15 to 25 ym) and a
measured contact angle of 90 + 10° for PLA and 100 + 5° for
PCL. Li et al.”>® prepared oil/water separation PLA membranes
by melt electrospinning of PLA powder. Experiments were
conducted at a temperature of 25 + 5 °C and humidity of 50 +
5% using a self-assembled melt electrospinning apparatus
consisting of a high-voltage electrostatic generator, a temper-
ature-controlled heater, a barrel, a customized umbrella-like
spray head, and a flat collecting plate. According to the
orthogonal experimental design results, they reported that the
optimal conditions for melt electrospinning were a temperature
of 220 °C, a collector distance of 8 cm, and a voltage of 45 kV.
The diameter and the contact angle of the melt-electrospun
PLA fiber were found to be 6.47 um and 122°, respectively.
Curcumin-loaded PCL fibers were grepared by both melt and
solution electrospinning methods.”® Melt electrospinning was
carried out at 180 °C. The distance from the tip to the
collector was 15 cm, +20 kV was applied to the melt, and —10
kV was applied to the flat collector. In solution electrospinning,
the injection rate was 0.5 mL h™', the distance from the tip to
the collector was 10 cm, and +10 kV voltage was applied to the
needle tip. The samples obtained by both methods were
characterized by scanning electron microscopy (SEM),
fluorescence microscopy, differential scanning calorimetry
(DSC), X-ray diffraction (XRD), and atomic force microscopy
(AFM). The diameters of the melt and solution electrospun
fibers were found to be 4.25 + 1.17 and 4.27 + 149 um,
respectively. The morphology of the electrospun fibers was
found to be significantly dependent on the production method.
It was reported that melt-electrospun fibers exhibited a smooth
surface and high crystallinity, while solution electrospun fibers
exhibited more amorphous regions and a porous structure.
Melt-electrospun fibers have been found to be more suitable
for drug delivery applications than solution electrospun fibers,
as they can slowly release drugs owing to their high
crystallinity. Polyether-block-amide (PEBA) fibers were pre-
pared using both melt and solution electrospinning methods.>”
The effects of the process parameters of both methods on fiber
diameters and morphology were investigated. PEBA pellets
were produced in a 1.5 mm-diameter filament form for melt
electrospinning using a filament extruder that included
grinding, melting, extrusion, cooling in a cold water bath,
and stretching in a roll system. The PEBA filament was fed at a
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Front view of die

Figure 1. (a) Single-screw mini-extruder: 1— power supply, 2 — motor switch, 3 — temperature controller, 4 — extruder, S — jacket-type heater, 6 —
die, and 7 — polymer feed. (b) Sample of filament obtained by a mini-extruder.

flow rate of 5 mm min~' to the extruder with a 0.4 mm-

diameter nozzle. A homogeneous solution was prepared by
dissolving the PEBA pellets in either glacial acetic acid or
butanol at 60 °C with magnetic stirring at 250 rpm for 5 h. A
full factorial experimental design was performed by varying the
process parameters for both methods. The electrospun samples
were characterized using SEM, thermal gravimetric analysis
(TGA), Fourier-transform infrared spectroscopy (FTIR),
XRD, and optical tensiometry. The minimum average fiber
diameter of the melt and solution electrospun fibers was found
to be 1.92 + 3.31 and 0.37 + 0.34 pm, respectively. It was
reported that electrospinning of PEBA did not change its
thermal and chemical properties while decreasing the fiber
diameter increased its hydrophobicity. Although larger fibers
were produced using melt electrospinning, it was found that
not using a solvent in the process was advantageous. Therefore,
it has been reported that it is more suitable for higher-
efficiency production, especially in cases in which super-
micrometer fibers are required.

Studies have shown that melt electrospinning increases the
crystallinity, hydrophobicity, and mechanical properties of
polymers. In this study, melt electrospinning was used for
preparing the PLA/PCL/ZnO/PEG composite fibers. Melt
electrospinning equipment was built by other inspiring works
in the literature.”> The filaments used in melt electrospinning
were produced using an extruder. The preparation of the
composite PLA/PCL/ZnO/PEG fibers using melt electro-
spinning is a novelty of this study. PLA was mixed with PCL to
improve its brittleness. ZnO nanoparticles were selected to
improve the crystalline and mechanical properties of the
polymer mixture. PEG was used as a crystallization modifier to
ensure the distribution of the ZnO NPs in the polymer matrix.
The prepared filaments and fibers were characterized using
FTIR spectroscopy, contact angle measurements, TGA, DSC,
and dynamic mechanical analysis (DMA) to examine the
effects of organic additives (PCL and PEG), inorganic
additives (ZnO), and melt electrospinning on PLA properties.

2. EXPERIMENTAL SECTION

2.1. Materials. PLA (Indigo biopolymer 2003D, Nature-
works), PCL (Sigma-Aldrich; MW: 80,000), PEG 400
(LabShop41), and ZnO (Ege Nanotek, dp: 40 nm) were
used to prepare the filaments.

2.2. Hansen Solubility Parameters. The compatibility of
the surfaces of the polymers used (PLA/PCL), the organic
additive used as a crystallization regulator (PEG 400), and the
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inorganic additive (ZnO NP) used to improve the barrier
properties was checked using solubility parameter criteria.>®
The Hansen solubility parameters of the polymers were
calculated using the group contribution method as in the
previous study,” and the gpartial solubility parameters of ZnO
were taken from Hansen.™®

2.3. Preparation of Filaments by Extrusion. Filaments
were prepared using a handmade mini-extruder with a length
of 14 cm, a diameter of 2.4 cm, a nozzle head diameter of 2
mm, and a rotation speed of 50 rpm at 155 °C, as shown in
Figure la. A temperature-controlled jacket-type heater was
used for heating. The PLA and PCL mixture was prepared by
dry mixing in the ratios of 95:5, 90:10, and 85:15, by weight %.
ZnO was dispersed in PEG by vortexing and then added to the
PLA/PCL mixtures. Extruded filament samples were obtained
in the diameter range of approximately 1.5—2.0 mm, as shown
in Figure 1b. The prepared filaments and their contents are
presented in Table 1.

Table 1. Sample Codes and Compositions of the Prepared
Filaments

sample PLA PCL ZnO PEG
no. sample code (wt %) (wt%) (phr) (phr)
1 PLA 100
2 PLA- ZnO-PEG 100 0.1 1
3 PLA9S5-PCLS 95 S
4 PLA95-PCL5-ZnO-PEG 95 S 0.1 1
S PLA90-PCL10 90 10
6 PLA90-PCL10-ZnO-PEG 90 10 0.1 1
7 PLA8S5-PCL1S 85 15
8 PLA8S-PCL15-ZnO-PEG 85 15 0.1 1

2.4. Melt Electrospinning. Melt electrospinning was
performed using a handmade 3D printer, as shown in Figure
2. The printer’s extruder is an FFF model with a nozzle
diameter of 0.4 mm and was heated up to 300 °C. A high
voltage was applied using a high-voltage supplier.

The printer was designed to be controlled by both the
computer and LCD screen. The X, Y, and Z axes are provided
with motion-drive motors. Arduino MEGA 2560 and RepRap
Ramps version 1.4 control cards were used for 3D automation.
The desired distance (distance from the nozzle to the
collector) and extrusion temperature were set, and the printer
extruder was heated. Then, the filament pusher (in Figure 2,
number 4), which provides the movement of the filament in

https://doi.org/10.1021/acsomega.4c09181
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magnified view of number 3
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Figure 2. 3D printer: 1 — LCD screen, 2 — collector table, 3 — melt extruder, 4 — filament pusher, S — high voltage (+kV), 6 — high-voltage

supplier, and 7 — ground line.

the Teflon tube, was set at the desired extrusion speed and
operated. The electrospinning process was performed by
applying a high voltage to the melt coming from the nozzle tip
(magnified view of number 3 in Figure 2). A high voltage was
applied to the nozzle tip at —kV and to the collector table at
+kV with a high-voltage supplier (Figure 2, number S). The
obtained melt-electrospun fibers are shown in Figure 3.

Figure 3. Sample of melt-electrospun fibers.

The melt electrospinning parameters such as the distance
from the nozzle to the collector (15/30/45 mm), voltage (s5/
10/15 kV), extrusion temperature (230/240/250 °C), and
extrusion speed (5/10/15 mm min~") were changed to obtain
the minimum fiber diameter using a neat PLA filament. The
diameters of the fibers were determined using optical
microscopy (Olympus BXS1) and SEM (Fei Quanta Feg
250). The PLA/PCL/PEG/ZnO composite filaments were
melt-electrospun under the obtained minimum fiber diameter
conditions.

2.5. Structural Characterization of the Prepared
Filaments and Fibers. The functional groups of the samples
were determined via FTIR spectroscopy using an ATR kit
(Jasco FTIR-4700 Spectrometer). Measurements were per-
formed in the range of 400—4000 cm™'. For samples
containing ZnO, measurements were performed in the range
of 350—4000 cm™".

The ZnO contents of the filaments and fibers prepared using
inorganic additives were investigated using SEM (Fei Quanta
Feg 250). Energy-dispersive X-ray spectroscopy (EDX)
analyses of the filaments were performed on the cross-section,
whereas the fibers were on the surface by selecting at least 2
different areas, and the average values were obtained.
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Contact angle measurements of the samples were performed
using a goniometer (Rame-Hart 100-00-230 model). The
measurements were made at 3 different points, and the average
was recorded. Images of the measurements were obtained by
taking photographs through the lenses. Wide angles were
determined by subtracting the measured angle from 180°.

2.6. Thermal Characterization of the Prepared
Filaments and Fibers. The thermal stabilities of the
filaments and fibers were investigated by TGA (Shimadzu
TGA-S1). For the TGA analysis, 10 mg samples were loaded
into an alumina pan and heated at a rate of 10 °C min~" under
a N, atmosphere (40 mL min~') from room temperature to
600 °C.

The melting points and the degree of crystallinity (X.) of the
samples were determined by DSC (Shimadzu DSC-60). For
the DSC analysis, samples (3 mg) were placed in a covered
aluminum pan under a nitrogen atmosphere (40 mL min™")
and heated at a rate of 10 °C min™" from room temperature to
600 °C. The degree of crystallinity of the samples from the
DSC melting peaks was determined using eq 1

< wAH;

X 100
(1)

where AH,, is the melting enthalpy of the samples (J g7'),
AHY is the heat of fusion of PLA (93.6 ] g_l)59 at 100%
crystallinity, and w is the weight fraction of PLA in the samples.

The crystallization behavior of the samples was also
investigated based on the nonisothermal crystallization peak

area using the Avrami model. The Avrami model is given in eq
60

X, = 1 — exp(—kt") @)
where X, n, t, and k are the relative crystallinity, Avrami
constant, crystallization time, and crystallization rate constant,
which include both nucleation and growth rate parameters,
respectively. The Avrami model can be linearized as in eq 3

In(—In(1 — X,)) =Ink + nint 3)
where n and In k are obtained from the slope and intersection
of the Avrami plot, respectively. Relative crystallinity (X,) can
be defined as a function of time using eq 4
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t (dH
Jo ()
®© (dH
Jy (5 )
where H is the crystallization enthalpy during the infinitesimal
time interval df, and oo is the time at the end of crystallization.
Dynamic mechanical analysis (DMA) was performed using a
PerkinElmer DMA 8000 instrument. Analyses were carried out
using the single cantilever bending method at a heating rate of

S °C min~' from room temperature to 240 °C in an N,
environment with a frequency of 1 Hz.

X, =
(4)

3. RESULTS AND DISCUSSION

3.1. Thermodynamic Compatibility Analysis with
Hansen Solubility Parameter. The calculated solubility
parameters are listed in Table S1. The R, and RED values
calculated from partial solubility parameters are provided in
Table S2. Since the RED number values found were less than
1, it indicates that the materials used in the filament
preparation are thermodynamically compatible.’®

3.2. Minimum Fiber Diameter Optimization in Melt
Electrospinning. PLA was melt-electrospun at different
temperatures, voltages, speeds (extrusion speed), and heights
(distance from the tip to the collector). The diameters of the
obtained fibers determined by optical microscopy and SEM are
listed in Table S3. The minimum fiber diameter was 37.80 ym
obtained at 230 °C, 15 mm height, 10 kV voltage, and 0.167
mm s~ extrusion speed. These conditions were considered
optimum, and the composite PLA filaments were melt-
electrospun under optimum conditions. It was observed that
distances > 30 cm have less effect on the instability of the fibers
and the electrical field on the molten jet and distances between
1S5 and 25 cm are considered appropriate, and it is possible to
adjust and reduce the diameter (higher stretching and
orientation of the fibers) by increasing the distance.®’

The fiber diameters of melt-electrospun composite fiber
measurement photographs taken using the optical microscope
lens and the measured fiber diameters are provided in Tables
S8 and S9, respectively. The changes in the fiber diameters of
the melt-electrospun composite fibers under optimum
conditions are shown in Figure 4. The average fiber diameters
were observed in the range of 37.83 + 1.89 to 341.66 + 2.89
pum. It is thought that the wide range of fiber diameters is due
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Figure 4. Diameters of the electrospun fibers.
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to the process parameters and flow properties of the polymer
mixture melt obtained in the presence of additives. Similarly, it
has been reported that the increased interfacial tension
between the phases of PLA/PCL blend fibers exhibits a higher
average electrospun fiber diameter compared to PLA fibers.
Since the amount of polymer was quite low in the solution
electrospinning method, the diameters of the fibers obtained
were much lower than those obtained by melt electrospinning.
Yu et al.®* observed that melt electrospinning leads to higher
fiber diameters and higher volume scaffolds (3D textures) than
solution electrospinning. It was observed that the fiber
diameter increased with the addition of ZnO and PEG. Nazari
and Garmabi®® stated that in the melt-electrospinning process
of PLA/PEG mixtures, the fibers become thinner as the
temperature, applied voltage, and PEG content increased, and
the most effective factor on the fiber diameter was the PEG
concentration. Increasing the PEG content to 20—30 wt %, a
temperature of 220 °C, and a voltage of 40 kV reduced the
fiber diameter. In this study, 1 phr PEG was added. With the
addition of ZnO, the thinning of the fibers was prevented by
affecting the flow properties (increasing the melt viscosity).
According to the results, a decrease in the fiber diameter was
observed with the addition of PCL, increasing from S to 15%
by weight. It was observed that the fibers became thinner due
to the plasticizing effect of PCL. Among the composite fibers,
the lowest fiber diameter was observed for the PLA-ZnO-PEG
composite fiber.

3.3. Structural Characterization. The FTIR spectra for
PLA, PCL, PEG, and ZnO used in filament preparation are
shown in Figure 5, and those of the prepared filaments are
shown in Figure 6. It was previously reported in the literature
that characteristic infrared bands of PLA located at 1746 cm™"
were due to C=0 stretching, at 2995 cm™" was due to —CH,
asymmetric stretching, at 2946 cm™' was due to —CH,
symmetric stretching, and at 1200 cm™' was due to C—O
stretching.64 The bands at 3278 and 3221 cm™ were due to
the OH—COOH functional groups of lactic acid.”® The bands
at 1395—1440 cm™! were due to the bending of C—O—H, at
1163—1210 cm™"' were due to the stretching of the C—O
saturated ester, and at 2840—3000 cm™' were due to the
stretching of C—H.°° The C=0 stretching was observed at
1748 cm™!, the —CHj asymmetric stretching was observed at
2996 cm™!, the C—H stretching was observed at 2917 cm™,
the bending of C—O—H was observed at 1453 and 1364 cm ™/,
and the stretching of the C—O saturated ester was observed at
1185 and 1084 cm™ in PLA. The characteristic infrared bands
of PCL at 2949 and 2865 cm™' were CH, stretching, at 1727
cm™! were carbonyl stretching, at 1293 cm™" were C—O and
C—C stretching in the crystalline phase, at 1240 cm™" was
asymmetric COC stretching, at 1190 cm™' was OC-O
stretching, at 1170 cm™ was symmetric COC stretching, and
at 1157 cm™" was C—O and C—C stretching in the amorphous
phase. The band at 1292 cm™" was due to the backbone C—C
and C—O stretching modes in the crystalline PCL.°” CH,
stretching was observed at 2941 cm™), and strong bands, such
as carbonyl stretching, were observed at 1719 cm™, and a
symmetric COC stretching was observed at 1168 cm™" in PCL.

The characteristic bands of PEG 400 at around 3400 cm™!
were ascribed to O—H stretching, at 2862 cm™! was attributed
to the C—H stretching vibrations of the —CH, group, at 1245
cm ™" was attributed to the C—O stretching vibration, at 1452
cm™ was attributed to the C—H bending vibrations of the
—CH, group, and at 937 cm™" was assigned to the C—O—C
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Figure 6. FTIR spectra of the prepared filaments.

symmetrical stretching.”® O—H stretching was observed at
3456 cm™', C—H stretching vibrations of the —CH, group
were observed at 2865 cm™!, C—H bending vibrations of the
—CH, group were observed at 1454 cm™', and C—O-C
symmetrical stretching was observed at 1094 cm™.

The peak at 423 cm™' belongs to the zinc—oxygen
coordination in the FTIR spectrum of ZnO.*” Zinc—oxygen
coordination was observed at 385 cm™" in the ZnO sample. In
addition, a small broad peak at 3300—3500 cm™" indicates the
presence of OH groups or water molecules in the powder
product.

In the FTIR spectra of the prepared filaments (Figure 6), the
CH; asymmetric stretching peak of PLA at 2996 cm™ was
observed in the filaments in the range of 2992—2996 cm ™', and

the CO stretching peak of PLA at 1748 cm ™! was observed in

1462

the filaments in the range of 1740—1749 cm™'. The C—H
stretching vibration peak at 2862 cm™"' of PEG was observed at
2856 cm™! in filament 2. Filament samples 3, S, and 7 were of
PLA—PCL mixtures. The peaks corresponding to both PLA
and PCL were observed in these samples. The peaks
corresponding to ZnO in samples 2, 4, 6, and 8 were observed
at 396, 385, 378, and 397 cm™!, respectively. The functional
groups of the filaments indicate a combination of these
components.

EDX analysis of ZnO-containing filaments at the cross-
section and fibers on the surface was performed, as shown in
Tables S4 and SS. The investigation of a full screen for ZnO
detection showed that both filaments and fibers have zinc
oxide in their structures. The limitation of EDX analysis in
scanning electron microscopy is that data is collected from the
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surface of the sample, which can sometimes be misleading.
Thus, the good dispersion of ZnO particles in the whole
polymer matrix could not be proven with this analysis. For
sample 4, the ZnO contents of the filament and fiber were
determined as 0.22 and 0.26%, respectively, which are greater
than the initial amount. This may be due to the agglomeration
of ZnO in the analysis area. Finally, it can be concluded that
the ZnO nanoparticles are not dispersed evenly in the polymer
matrix.

It is known that the contact angle is a common way to
measure the wettability of a material surface.”’ The contact
angle depends on the relative magnitude of the attractive forces
between the molecules of the liquid and the attractive forces
between the liquid and solid. If the attractive forces between
the liquid molecules (cohesion forces) are greater than the
attractive forces between the liquid and the solid (adhesion
forces), the liquid drop attracts itself and takes a spherical
shape instead of spreading on the surface. In this case, the
contact angle becomes large, and there is little contact between
the liquid and solid surface (hydrophobic property). Contact
angle measurement photographs taken through the lens are
presented in Tables S6 and S7. The measured contact angles of
the filaments and fibers are provided in Table 2 and Figure 7.

Table 2. Measured Contact Angles of the Filaments and
Fibers

contact angle (deg)

sample no. filament fiber
1 60.33 + 4.04 114.00 + 1.73
2 61.33 + 1.53 113.00 + 0.00
3 70.50 + 4.77 111.00 + 1.73
4 67.67 + 0.58 117.67 + 0.58
S 70.00 + 5.20 125.50 + 0.00
6 76.33 + 3.79 128.50 + 1.32
7 78.00 + 2.65 121.00 + 1.00
8 71.67 + 2.52 110.17 + 0.29

The contact angle of the neat PLA filament was 60.33°. The
addition of ZnO and PEG to PLA (sample 2) had no effect on
the contact angles, considering measurement errors. The

contact angle increased with increasing PCL content. It was
observed that the contact angles were in the range of 67—78°
with the addition of PCL. The contact angles of the fibers
obtained by melt electrospinning were in the range of 111—
128°. This confirmed that melt electrospinning provides
hydrophobic properties. Sharma and Satapathy’" demonstrated
the hydrophobic properties of electrospun fibers and stated
that they induce the self-cleaning properties of the fibers;
therefore, they are potential candidates for numerous
biomedical applications, especially in drug delivery systems.

3.4. Thermal Characterization. Thermal characterization
of the filaments and fibers was performed by TGA, DSC, and
DMA. Figure 8 shows a thermogram of the prepared PLA
composite filaments and fibers. The degradation start temper-
atures (Tg,) of the samples were determined from the
thermograms and are listed in Table 3. All samples were
thermally stable up to 240 °C. The T, values of the samples
were in the range of 314—242 °C. Degradation of the neat PLA
filament started at 294 °C. The addition of PCL to the PLA
filament increased Ty, while the addition of ZnO and PEG
decreased it. The Ty, of the melt-electrospun neat PLA fiber
was 285 °C. The addition of PCL resulted in the opposite
behavior of increasing Ty, observed in the filaments. All
additives reduced the Ty, of the spun PLA fibers.

The nonisothermal DSC heating profiles of the samples are
shown in Figure 9. The T, values for filament samples 1 and 2
(neat PLA and PLA Zn0O0.1_PEGI1) were observed at 63.9
and 61.66 °C, respectively, which are close to those obtained
from the DMA analysis of the loss modulus curve (Figure
11¢,d). When PCL was added to PLA, the T,, of PCL was
observed in DSC analyses because the T, of PCL was close to
the T, of PLA (Samples 3—8). The T, values obtained from
DMA analysis are listed in Table 3. The addition of PCL
slightly reduced the T, of PLA, while melt electrospinning
increased it. The T,, values of the filaments were between
148.9 and 155.51 °C and those of the fibers were between
149.81 and 156.66 °C. The T,, decreased with the addition of
PCL or ZnO-PEG to PLA, whereas when PCL and ZnO-PEG
were added together, the Tincreased. Melt electrospinning
did not significantly affect the T,. The crystallization
temperatures (T.) of the filaments were between 103.17 and
117.04 °C and those of the fibers were between 106.74 and
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Figure 7. Plot of measured contact angles of the filaments and fibers.
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Table 3. Comparison of Ty Toy To and Ty of the Filaments and Fibers
T, [°C] T, [°C] T, [°C] Tyeg [°C]
sample no. filament fiber filament fiber filament fiber filament fiber
1 64.1 66.05 151.13 150.08 117.04 115.63 294 28S
2 62.52 64.47 149.57 149.81 109.89 116.08 273 269
3 63.39 63.70 149.56 151.29 112.85 115.86 296 259
4 63.33 65.69 154.4 155.94 103.17 108.71 281 246
S 60.79 64.78 149.77 151.94 114.98 117.82 314 262
6 61.39 65.83 149.71 151.8 112.92 117.76 299 259
7 61.33 63.7 148.9 155.38 109.9 107.77 300 251
8 64.08 64.94 1558.51 156.66 105.28 106.74 264 242

Endo
—

Heat Flow, mW (a.u)

Endo

Heat Flow, mW (a.u)

120 140 180
Temperature, °C

20 40 60 80 100

a
Figure 9. DSC curves of (a) filaments and (b) fibers.
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117.82 °C. It was observed that all additives used in the PLA
filament reduced the T.. The X, values of the samples were
calculated from the DSC melting peaks using eq 1 and are
shown in Table 4. It was inferred that the additives increased
the X, value of PLA. Melt electrospinning, on the other hand,
reduced the X_.

The relative crystallinity percentage versus time plots of the
samples are shown in Figure 10. The curves had the same
characteristic sigmoidal shape over time during the non-
isothermal crystallization. The crystallization half-times corre-
sponding to the 50% relative crystallinity values of the samples
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are listed in Table 4. The additives increased the crystallization
half-times of both the filament and neat PLA fiber.

Avrami plots of the filaments and fibers are shown in Figure
S1. The values of n and k are reported in Table 4. Nucleation
can be classified into two types: athermal and thermal.
Athermal nucleation occurs when all nuclei begin to form at
approximately the same time, obtaining the same spherical
(crystal) dimensions. Thermal nucleation is the nucleation
through crystallization at a certain temperature, and different
spherical (crystal) sizes are obtained. The Avrami constant (1)
values of the filaments and fibers vary between 2.62—3.97 and
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Table 4. Degree of Crystallinity (X.) and Kinetic Parameters of the Filaments and Fibers Based on Nonisothermal

Crystallization

X. [%] n t1/, [s] k x 10°
sample no. filament fiber filament fiber filament fiber filament fiber

1 19.63 11.54 2.62 2.75 45 35 38.11 44.15
2 27.48 20.79 3.07 295 44 44 5.71 9.84
3 19.81 16.02 3.97 3.09 62 72 0.03 2.04
4 24.28 17.19 3.53 3.70 60 64 0.29 0.18
N 24.58 16.67 3.19 3.95 80 117 0.17 0.02
6 25.89 16.75 2.85 3.17 62 54 9.21 1.57
7 20.43 16.24 3.71 3.52 48 81 0.06 0.88
8 30.85 20.10 3.79 3.55 49 75 0.05 0.76
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Figure 10. Relative crystallinity percentage versus time of (a) filaments and (b) fibers.

2.75—3.95, respectively. It can be said that crystallization is
controlled by thermal and athermal nucleation, and the crystals
have a spherical structure.”” The crystallization rate constant k
decreases with all additives, especially when the concentration
of PCL is increased. The addition of 15% PCL blocked the
diffusion of the PLA chains into the growing crystallites and
decreased the overall crystallization rate with an increase in the
nucleation rate.

The storage modulus (E’), loss modulus (E”), and loss
factor (tan &) of the filament and fiber variations with respect
to temperature are shown in Figure 11. A comparison of E’, E”,
and tan 6 values of the filaments and fibers at 25, 60, 100, and
200 °C are listed in Table S. The storage modulus (E')
decreased with the addition of different amounts of PCL, PEG,
and ZnO to PLA. This indicates that the additives decreased
the hardness (increased plasticity) of PLA due to the
reinforcement effect supplied by PCL, ZnO, and PEG. It has
been reported that a higher storage modulus in composites
indicates better adhesion between the PLA matrix and
additives.”> The E’ values of the neat PLA filament and fiber
at 25 °C were found to be 17.97 and 7.21 MPa, respectively.
Sample 8 has a higher E’ value than the other composite
filaments at 25 and 60 °C, while Sample 6 has a higher E’ value
than the other composite filaments at 100 and 200 °C. Among
the fibers, Sample 3 had the highest E’ value. It can be
concluded that 15% PCL, 0.1 phr ZnO, and 1 phr PEG
additive provided better PCL matrix and additive adhesion in
filaments and 5% PCL additive in fibers.

The loss modulus (E”) represents the viscosity of the
sample. The E” value decreased as the temperature increased.

1465

o C,
the

The E” value increased with segmental mobility at ~60
which is the glass transition temperature of PLA and
melting temperature of PCL.”*

A material with a loss factor (tand) < 1 exhibits less
damping because its storage modulus is larger than its loss
modulus. The loss factor (tan &) of all samples was less than 1.
The loss factor (tan §) increased with increasing temperature.
It has been reported that higher damping (tan &) will lead to
higher internal friction and greater mechanical losses due to
the movement of molecular chains.”?

4. CONCLUSIONS

In this study, fibers were produced by using extruded filaments
and optimized melt-electrospinning process parameters. The
addition of PCL, ZnO, and PEG to the neat PLA increased the
fiber diameter. The minimum fiber diameter was obtained in
the PLA-ZnO-PEG composite fiber (sample 2), and contact
angle measurements showed that the addition of increasing
PCL content (in parallel with the hydrophobic structure of
PCL) and melt electrospinning improved the hydrophobic
properties.

According to the TGA analysis, the addition of PCL to the
PLA filament increased the degradation temperature, while the
addition of ZnO and PEG decreased it. All additives reduced
the degradation temperature of the spun PLA fibers. DSC
analyses showed that the two polymer phases were
thermodynamically immiscible, that additives increased the
degree of crystallinity while decreasing the crystallization
temperature, and that melt electrospinning decreased the
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Figure 11. Storage moduli of (a) filaments and (b) fibers; loss moduli of (c) filaments and (d) fibers; and the loss factor (tan &) of (e) filaments

and (f) fibers with respect to temperature.

degree of crystallinity. Nonisothermal Avrami analysis
indicated that the additives increased the crystallization half-
times, crystallization took place under nucleation control, and
the crystals could have a spherical structure. It was also
concluded that PCL increased the nucleation rate by blocking
the diffusion of PLA chains into the growing crystallites,
thereby reducing the overall crystallization rate. DMA
confirmed that increasing the amount of PCL increased the

1466

plasticity of the materials. The melt electrospinning method
significantly improved the thermal, hydrophobic, and mechan-
ical properties of PLA; thus, it can be programmed, aligned
with the xyz axes, and controlled with designed shapes. The
3D structures can be created and used in packaging, drug
delivery applications, wound dressings, surgical sutures, and

scaffold production.
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Table S. Comparison of E’, E”, and tan § Values of the Filaments and Fibers at 25, 60, 100, and 200 °C

temperature (°C)

25 60 100 200

sample no. modulus filament fiber filament fiber filament fiber filament fiber
1 E' (MPa) 17.97 7.21 15.44 6.88 4.88 3.62 3.88 2.82
E" (MPa) 0.41 0.18 0.81 022 0.36 0.07 031 0.08

tan & 0.02 0.02 0.05 0.03 0.07 0.02 0.08 0.03

2 E' (MPa) 15.35 5.28 13.89 5.07 3.09 3.72 2.52 2.97
E” (MPa) 0.36 0.11 097 0.15 026 0.08 039 0.08

tan & 0.02 0.02 0.07 0.03 0.08 0.02 0.16 0.03

3 E’ (MPa) 13.55 8.22 12.30 7.59 5.98 4.65 4.98 4.24
E” (MPa) 0.39 0.25 0.80 0.33 0.16 0.13 0.10 0.11

tan & 0.03 0.03 0.06 0.04 0.03 0.03 0.02 0.03

4 E' (MPa) 14.44 7.43 13.03 6.79 416 345 3.09 2.89
E” (MPa) 0.29 0.12 0.75 0.25 0.34 0.10 0.30 0.12

tan & 0.02 0.02 0.06 0.04 0.08 0.03 0.10 0.04

S E’' (MPa) 8.90 7.20 6.94 6.39 0.89 4.38 0.46 3.66
E” (MPa) 0.48 0.13 0.92 0.31 0.14 0.11 0.04 0.07

tan & 0.05 0.02 0.13 0.05 0.16 0.02 0.10 0.02

6 E' (MPa) 13.32 7.03 12.43 6.43 6.72 3.29 5.57 2.81
E" (MPa) 093 0.18 119 024 025 0.08 0.19 0.06

tan & 0.07 0.03 0.10 0.04 0.04 0.02 0.03 0.02

7 E’' (MPa) 16.02 6.02 13.53 5.67 3.65 423 3.05 324
E” (MPa) 0.74 0.07 L1s 0.15 021 0.09 0.16 0.05

tan & 0.05 0.01 0.09 0.03 0.06 0.02 0.05 0.02

8 E' (MPa) 16.32 6.82 14.80 6.51 3.90 3.89 2.69 3.19
E” (MPa) 0.40 0.20 0.86 0.25 0.21 0.11 0.17 0.07

tan & 0.02 0.03 0.06 0.04 0.05 0.03 0.07 0.02
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