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Abstract

We demonstrate that melt electrospinning can be a feasible way to produce sub-micron scale polylactic acid (PLA) fibers in this paper. This
solvent-free approach to produce sub-micron scale fibers is more environmentally benign than common solution electrospinning processes, and
has a potential to increase the production rate significantly. Our experimental results show that temperatures at the spinneret and in the spinning
region are critical to produce sub-micron sized fibers: a high-speed photographic investigation reveals that when spinning temperature is below
glass transition temperature, whipping of the jet is suppressed by fast solidification in the spinning region, leading to a larger jet diameter. Both
thermal and mechanical degradations of PLA in melt electrospinning can be significant but no change in chemical composition is found. Due to
rapid solidification, melt electrospun PLA fibers are mostly amorphous, and the small presence of B crystals is noted in the sub-micron scale
PLA fibers by XRD studies. The highly oriented structure of PLA fibers gives rise to cold crystallization at around 95 °C, and the degree of
crystallinity of fibers increases with increasing the degree of annealing. Finally, PLA nanofibers have directly been electrospun onto cellulose
filter media, and a drastic enhancement in collection efficiency of sub-micron sized dust particles is presented. Melt electrospun PLA nanofiber
mats with no residual solvent may serve as better filter media and tissue scaffolds than those obtained from solution electrospinning processes.

© 2006 Published by Elsevier Ltd.
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1. Introduction

Electrostatic fiber spinning or ‘electrospinning’ is a process
for forming fibers with sub-micron scale diameters through the
action of electrostatic forces. More than 50 polymers have
been successfully spun into fibers through this technique [1].
The collected fibers as non-woven mats have some useful
properties such as high surface area to mass ratio, and thus
have great potentials in filtration, biomedical, and sensing
applications [1—4].

While most previous work on electrospinning has involved
polymer solutions [3—7], electrospinning directly from poly-
mer melts can offer several advantages over electrospinning
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from polymer solution. First of all, dissolution of polymers
in organic solvents and their removal/recycling are no longer
required. Secondly, a higher throughput can be achieved due
to no loss in mass by solvent evaporation. Thirdly, sub-micron
scale fibers of polymers which do not have appropriate
solvents at room temperature such as polyethylene and poly-
propylene can be obtained. Multi-component systems such as
blends and composites are another example that favors melt
electrospinning, because in many cases no common solvent
for all of the components may be found. Besides the above
advantages, this solvent-free approach also opens the door to
theoretical routes to model electrospinning without the com-
plications associated with solvent evaporation.

However, relatively few studies on electrospinning from
polymer melts have been reported [§—13]. Some underlying
difficulties in melt electrospinning include a high temperature
setup, high viscosity and low conductivity of polymer melts.
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In addition, a major drawback of melt electrospinning is that
the resulting fibers tend to be relatively thicker than those
from solution electrospinning. In the 1980s Larrondo and
Manley devised the first melt electrospinning setup [10—12],
but the instabilities to cause thinning of the jet via the whip-
ping motion had not been explored. The most recent contribu-
tion was made by Lyons and co-workers [8]. They studied the
effect of processing parameters on the fiber size of poly-
propylene and found that the molecular weight is crucial to
the final fiber diameter, but key processing parameters such
as nozzle size, nozzle temperature and spinning temperature
have not been explored.

In our previous structural study on electrospun fibers of
PLA from solutions [14], we have reported that molecular
structures of electrospun nanofibers are significantly influ-
enced by electrospinning conditions and post-spinning pro-
cesses, mostly annealing. Highly oriented structures of PLA,
which give rise to the formation of a fibrillar 8 crystal, are
observed in solution electrospun fibers. In the current study,
we present the effects of processing parameters such as tem-
perature at the nozzle and in the spinning region on melt
electrospinning and demonstrate that sub-micron fibers of
PLA can also be obtained directly from melt. Thermal proper-
ties and structural changes of fibers upon annealing are care-
fully investigated. In the end, PLA nanofibers are directly
electrospun onto filter media, and a drastic enhancement in
collection efficiency of sub-micron sized dust particles is
presented.

2. Experiments

The experimental setup (Fig. 1) for the current study, as
described in detail in our previous work [14], includes basic
components such as a digitally controlled syringe pump
(PHD2000, Harvard Apparatus), a high voltage supplier
(ES30P, Gamma High Voltage Research, Inc.) and a collector
as well as some critical components for melt electrospinning
such as a heating oven for polymer melt reservoir (7), a nozzle
heater (75), a heated guiding chamber (73) and a temperature
controllable collector (7). Semi-crystalline PLA resins were
obtained from Cargill-Dow which have a molecular weight
at around 186,000 and polydispersity of 1.76 with major
L configuration. The glass transition temperature (T,) of the
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Fig. 1. Schematic diagram of the melt electrospinning setup used in the current
study.

raw PLA is approximately 55 °C and melting temperature
(T,,) is about 165 °C.

In the electrospinning experiments, PLA resins were put
in a 5 mL syringe and heated for half an hour in the shielded
heating unit at 200 °C. The syringe pump then pushed the
PLA melt through a nozzle. The charged melt jet was spun
either with or without the heated guiding chamber before
being collected on an air-cooled copper collector. Collected
non-woven PLA fiber mats were then subjected to
characterizations.

Rheological tests were done on a Rheometrics Dynamic
Analyzer (RDA II). Processing parameters, such as nozzle
temperature, nozzle size, spinning temperature, electrical field
and flow rate, were then studied in separate electrospinning
experiments. First nozzle temperature (7,) was varied from
185 °C to 255 °C, while other processing parameters were
kept as T} =200 °C, T35 =T, =25 °C, Q@ =0.01 mL/min, V=
20kV, d=10cm and D,,,;. = 0.16 mm. Second, the effects
of nozzle size were studied using four different inner diame-
ters: 0.84 mm, 0.31 mm, 0.16 mm and 0.13 mm. Other param-
eters remained the same throughout this study: 7, =200 °C,
T,=220°C, Q=0.01 mL/min, V=11kV, d=10cm and
T;=T,=25°C. Experiments on the effects of spinning
temperature were designed by varying T5 at four different
temperatures: 25 °C, 50°C, 60°C and 80°C, keeping
T,=200°C, T,=255°C, T,=25°C, Q=0.005mL/min,
V=30kV, d=10cm and D,,,,;c =0.16 mm. Finally, spin-
ning distance and flow rate were adjusted to study the effect
of electrical field and flow rate separately by keeping
T;=T,=25°C.

To probe the motion of the PLA melt jet during electro-
spinning, a high-speed camera (MotionPro HS-3, Redlake)
was utilized. A close-up high-speed (1000—5000 fps) movie
of the PLA melt jet near the collector was taken at various
spinning temperatures, and selected digitized images were
taken to demonstrate the effect of spinning temperature on
the whipping motion of the melt electrospun jet.

To study the degradation of PLA molecules during electro-
spinning, the molecular weight of PLA before and after spin-
ning was measured from the intrinsic viscosity with dilute
PLA in chloroform solutions at 25 °C. Morphologies of elec-
trospun fibers were examined by scanning electron microscopy
(Leica 440). The thermal properties of melt electrospun fibers
were analyzed by differential scanning calorimetry (Seiko,
DSC 220C) with a heating rate of 10 °C/min in a nitrogen at-
mosphere until the temperature reached 200 °C. The structural
study was performed through XRD (Scintag, Inc., Theta—
Theta Diffractometer). XRD data were collected in the 24
range of 5—35°, in steps of 0.02° and at a scanning rate of
3 °/min.

The collection efficiency of dust particles in air was mea-
sured on a custom-built filtration efficiency tester used offi-
cially by United Air Specialists, Inc. Dust particles were
counted before and after passing air through the filter media.
Air was fed at a rate of 6.9 cfm through each flat-sheet filter
and the collection efficiency of dust particles in the size
ranging from 0.03 to 5 um was measured.
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3. Results and discussion
3.1. Processing conditions and fiber morphologies

It has been demonstrated that many parameters such as flow
rate, voltage, collecting distance, solution viscosity and sur-
face tension have effects on the fiber morphology in solution
electrospinning [5—7]. Lyons and co-workers [8] found that
in melt electrospinning of polypropylene, the molecular
weight and thus the shear and extensional viscosities of the
melt play a significant role in obtaining smaller sized fibers.
In the present study, we focus on the non-isothermal effects
on the fiber morphology by changing the temperature at the
nozzle and in the spinning region.

3.1.1. Rheological properties of PLA melt

The melt electrospinning process is strongly influenced by
the viscosity of the polymer melt which is typically higher
than that of solutions. Therefore, it is important to investigate
the rheological behavior of the polymer melt at various
temperatures in order to select an appropriate processing tem-
perature. The results of our rheological studies show that the
average viscosity of PLA melt is 1 to 2 orders of magnitude
higher than that of typical PLA/chloroform solution, and
PLA does not exhibit a strong shear thinning over a wide range
of shear rates (Fig. 2) [15,16]. The temperature dependence of
the shear viscosity for the PLA melt is determined by plotting
the logarithm of the zero shear viscosity versus 1/T (inset in
Fig. 2). The zero shear viscosity is sensitive to temperatures
[17] and follows the Arrhenius equation in which activation
energy is 83.8 kJ. At the temperature around 240 °C, the
zero shear viscosity of the PLA melt is 120 Pas which is
closer to that of some spinnable polymer solutions (117 Pas
for 7.77 wt% poly(p-phenylene biphenyl tetracarboxamide
acid) in dimethyl acetamide [18]). A wide range of melt tem-
perature (180—255°C) below the thermal decomposition
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Fig. 2. Shear viscosity and its temperature dependence of neat PLA melt.

temperature (330 °C) was applied to investigate its effect on
electrospinning. It should be noted that only the nozzle tem-
perature was kept at higher temperature up to 255 °C, while
the melt reservoir temperature was always kept at 200 °C since
PLA is prone to degradation at a temperature 10 °C above its
melting temperature without stabilizers [19—21]. Through this
approach, we can minimize the possibility of chemical decom-
position during melt electrospinning, while achieving low vis-
cosity at the nozzle. The resident time of the melt in the nozzle
is estimated to be less than 0.1 s for a nozzle with ID of
0.16 mm at the typical flow rate of 0.005 mL/min.

3.1.2. Whipping motion of the melt jet

Numerous studies and models [22—25] have confirmed that
the whipping motion of the jet in solution electrospinning
causes drastic stretching and consequently thins the fiber.
However, the presence and characteristics of the whipping
motion in melt electrospinning have not been explored. In
this section, we report the effect of the spinning temperature
on the jet motion and provide an insightful view of the motion
of the polymer melt jet during electrospinning. To this end,
a high-speed camera was utilized to closely probe the motion
of the PLA melt jet in the spinning region. A series of snap-
shots were taken and (a) the emergence of a limited jet vibra-
tion at low spinning temperature (753 = 25 °C), as we increase
the spinning voltage, and (b) the vigorous whipping motion at
high spinning temperature (75 = 80 °C) are shown in Fig. 3.
Other experimental conditions including 77 =200 °C, T, =
255 °C, Q=0.05 mL/min, d=10cm, T4=25°C, Dyozse =
0.84 mm are kept constant for both cases.

It should be noted that in Fig. 3(a) the image for V=5kV
was taken at a frame rate of 100 fps, while all others were
taken at the frame rate of 1000 fps since the melt jet at
V =5 kV moves relatively slow compared to other cases. All
the pictures in Fig. 3(b) were taken at the frame rate of
2000 fps due to the strong and fast whipping motion. The
dark area on the right-hand side in each image is the collector.
The PLA melt jet at V=5 kV has a smooth contour and when
the critical voltage 10 kV is reached, the jet starts to vibrate
locally near the collector. As a higher voltage is applied, the
vibration strengthens and at 20kV it evolves into a fast
spiral movement (whipping). However, the whipping is
much weaker and localized compared to that in solution elec-
trospinning [24]. In the case of low spinning temperature, fast
solidification of the jet is believed to suppress the whipping
motion. When spinning temperature (73) is raised to 80 °C,
a much stronger whipping motion appears (Fig. 3(b)), which
may result in the reduction in fiber diameter, as discussed in
the following section. A high spinning temperature above
the glass transition temperature can prevent the melt jet
from solidifying before reaching the collector. In addition,
the strong whipping motion extends the residence time of the
jet in the spinning region, enabling the melt jet to go through
thinning for a longer period of time. A higher voltage results
in even stronger but a more irregular whipping motion as in
solution electrospinning. It is also observed that at a low
flow rate the whipping motion becomes more vigorous.
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20kV 0. 05m] /min

Fig. 3. Effect of voltage on (a) the jet motion at 75 =25 °C and Q = 0.05 mL/min (the limited whipping is pointed out in the oval), and (b) the whipping motion at
high spinning temperature (73 = 80 °C and Q = 0.05 mL/min). The last image (in second column) is for small flow rate (73 = 80 °C and Q = 0.02 mL/min).

3.1.3. Effect of processing parameters on fiber diameter

One of the most imperative issues in melt electrospinning is
how to obtain sub-micron scale fibers. Hence, we have inves-
tigated the effects of various processing parameters on the
average fiber diameter. Fig. 4 shows the effects of nozzle
temperature on the fiber diameter of melt electrospun PLA
fibers. As nozzle temperature increases, both average fiber
diameter and standard deviation decrease, and the curve even-
tually levels out at higher nozzle temperature. According to
a recent study on electrically driven viscoelastic fluid flow
by Carroll and Joo [26], increasing the fluid viscoelasticity

Average Fiber Diameter (lLm)

180 190 200 210 220 230 240 250 260
Nozzle Temperature (°C)

Fig. 4. Effect of nozzle temperature on average fiber diameter (75 and T, were
kept at 25 °C).

causes a more rapid initial jet thinning. However, farther
away from the spinneret, viscoelastic jets are thicker than their
Newtonian counterparts due to the higher elongational viscos-
ity. On the other hand, the viscosity of the polymeric liquid
mainly influences the initial jet thinning. When spinning and
collector temperatures were kept low (753 =T, =25 °C) such
that the whipping motion was substantially suppressed, their
results in the stable jet region during electrospinning can be
utilized to explain the decrease in fiber diameter with increas-
ing nozzle temperature observed in the current study: the in-
crease in melt temperature decreases the viscoelasticity and
thus the final jet gets thinner with increasing nozzle tempera-
ture. Nozzle temperatures above 255 °C are not applicable
mainly because the elongational viscosity is not high enough
to maintain a continuous jet, and as a result droplets of the
polymer melt were obtained. A comprehensive modeling of
the electrically driven polymer melt jet which incorporates the
non-isothermal aspects in melt electrospinning is underway.

Another interesting phenomenon is that a smaller nozzle
diameter gives rise to a smaller average fiber diameter, as shown
in Fig. 5. Both average fiber diameter and standard deviation
linearly decrease as the nozzle size decreases. When the nozzle
size becomes smaller than 0.16 mm, the micro-flow controller
cannot precisely control the flow rate due to a steep increase
in pressure drop. The nozzle size is not discussed often during
solution electrospinning but it is a critical parameter to obtain
sub-micron sized fibers by melt electrospinning.

The resulting fiber diameter spun at different spinning tem-
peratures is shown in Fig. 6. When spinning temperature is
above the glass transition temperature of PLA (T3 > 55°C),
the average fiber size continues to decrease as T3 increases.
It suggests that more deformation is undertaken by the melt
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Fig. 5. Effect of nozzle size on average fiber diameter.
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Fig. 6. Effect of spinning temperature (73) on average diameter of melt electro-
spun fibers.

jet at higher spinning temperature, which is clearly caused by
the strong whipping motion, as shown in high-speed images.
On the other hand, the stronger but more irregular whipping
motion at higher temperature presumably results in the greater
standard deviation of fiber size distribution.

Other parameters such as flow rate and electrical field were
also studied. As electrical field strength increases, the average
fiber diameter decreases steadily (Fig. 7). The average diame-
ter of fibers collected at £ =4 kV/cm is around 800 nm with
a considerable deviation. As for the effect of flow rate, smaller
fibers were achieved with decreasing flow rate. The average
fiber diameter is 1.7 um at Q =0.01 mL/min but only
1.2 um at Q =0.005 mL/min. We note that even at such
a small flow rate of Q = 0.005 mL/min in melt electrospinning

25

Average Fiber Diameter (1Lm)

0.5

Electric Field Strength (kV/cm)

Fig. 7. Effect of electrical field on average diameter of melt electrospun fibers.

the final throughput is 50% higher than that of Q =0.02 mL/
min in electrospinning of 12.5 wt% PLA in solution.

The electrospinning parameters that were altered and the
results of these experiments are summarized in Table 1.

After combining all the factors considered, PLA melt
electrospun fibers with average diameter of 800 nm have
successfully been obtained (Fig. 8) under the following condi-
tions: 71 =200 °C, T, =255°C, T3 =80°C, T, =25°C, 0 =
0.01 mL/min, V=20kV, d=10cm and D,,,. = 0.16 mm.

3.2. Degradation in melt electrospinning

Although the thermal decomposition temperature of PLA is
around 330 °C, extended exposure of PLA melt to the rela-
tively high temperature in the melt reservoir may still cause
thermal degradation. To quantify the degree of degradation be-
fore and after melt electrospinning, the intrinsic viscosity [7]
was measured, and the molecular weight, M, is calculated
by using the following equation [27]:

[1] =5.45 x 107M°7 (1)

It is found that the molecular weight of PLA has changed
from the original 186,000 to around 40,000 in the first hour
of collection, and after 1h the rate of degradation slows
down for the fibers (Fig. 9). Compared to bulk PLA resins at
200 °C, fibers undergo additional degradation during the spin-
ning process. Two mechanisms of degradation are considered
in this process: thermal degradation and mechanical scission.
Thermal degradation happens in the melt reservoir and
throughout the nozzle. Intramolecular transesterification reac-
tion during heating is the major cause of thermal degradation
for PLA below 250°C [19]. Mechanical scission may take
place when the melt is forced through the thin nozzle, and
this effect is more prominent when a nozzle with smaller inner
diameter (0.16 mm) is used. We also used a nozzle with ID of
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Table 1

The summary of electrospinning parameters that were altered and the results of these experiments

Parameter varied Parameters kept constant

Key observations

Nozzle temperature (75)
185°C — 255°C

Nozzle diameter (Dyoyz10)
0.84 mm — 0.13 mm

Spinning temperature (73)
25°C — 80°C

Electric field strength (E)
2.4kV/cm — 4.0 kV/cm

Flow rate (Q)
0.02 mL/min — 0.005 mL/min

T1=200°C, T3=T4=25°C, Q =0.01 mL/min,
E=2.0kV/cm, and D, = 0.16 mm

T, =200°C, T, =220"°C, Q =0.01 mL/min,

E=1.1kV/cm, and T;=T,=25°C

T,=200°C, T,=255°C, T,=25°C,

Q =0.005 mL/min, £ =3.0kV/10 cm, and D, =0.16 mm
T,=200°C, T,=220°C, T3 =T4=25°C,

Q0 =0.01 mL/min and D,,,,. =0.16 mm

T,=200°C, T, =220°C, T;=80°C, T4, =25°C,
E=2.0kV/cm, and D, = 0.16 mm

Decrease in fiber diameter

Decrease in fiber diameter

Decrease in fiber diameter

Decrease in fiber diameter

Decrease in fiber diameter

10 1.11'1;1;‘ 7
_aT— 7 -

Fig. 8. SEM image of PLA fibers with average fiber diameter of 800 nm
directly from its melt.
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Fig. 9. Thermal degradation of PLA bulk resins and melt electrospun fibers.

0.84 mm to collect fibers and find that fibers collected in the
first hour have a molecular weight around 58,000 compared
to 40,000 using the 0.16 mm nozzle. The difference is primar-
ily caused by the different extent of mechanical scission. For

comparison, the possible degradation during solution electro-
spinning was also investigated and it was found that no signif-
icant degradation occurred.

Although thermal degradation can be minimized by adding
a thermal stabilizer [15,20], it can be a useful means to obtain
thinner fibers. However, the molecular weight has a close con-
nection with the thermal, structural and mechanical properties.
Therefore the discussion that follows is based on the fibers col-
lected during the first 30 min of collecting (and thus with a
similar molecular weight).

3.3. Thermal properties of melt electrospun fibers

The jet deformation with fast solidification during electro-
spinning often results in a meta-stable phase. Since PLA is
a slowly crystallizing polymer and its glass transition temper-
ature is above room temperature, fibers were collected at room
temperature to study the effect of processing. This is an issue
for polypropylene [8,9] since melt electrospun polypropylene
fibers cannot maintain the oriented structures at room temper-
ature, and thus a collector cooled below its glass transition
temperature by liquid nitrogen was used to keep the aligned
structures.

As mentioned in literature [14,28,29], PLA fibers electro-
spun from solutions usually exhibit a cold crystallization
peak through DSC analysis as well as a separation of two
peaks near the melting point which gives rise to different crys-
tal structures: o structure with lamellar folded-chain morphol-
ogy and meta-stable B structure with fibrillar morphology [30].
The presence of cold crystallization in solution electrospun
PLA fibers has also been confirmed by the temperature depen-
dent XRD studies in our previous work [14]. Fig. 10 shows the
DSC thermograms for two melt electrospun PLA fibers with
different average diameters, and they are compared with
PLA bulk resin and solution electrospun PLA fibers. Melt
electrospun PLA fibers with an average fiber size below
1 um are produced through the 0.16 mm nozzle, whereas
10 um-sized fibers are produced through the 0.84 mm nozzle.
For all the electrospun fibers from both solutions and melts,
a cold crystallization peak at around 95 °C is observed
(Fig. 10). Other noticeable characteristics for electrospun
fibers are a small melting peak at around 150 °C and a major
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Fig. 10. DSC thermograms for PLA bulk resin and its electrospun fibers.

melting peak at around 165 °C (o crystal). The degree of
crystallinity before and after cold crystallization, xp. (%)
and x,. (%), and temperatures of major peaks from DSC ther-
mograms of various PLA fibers are summarized in Table 2.
Crystallinity was calculated based on the following equation:

AH; — AH,

where AH; is the heat of fusion, AH. is the heat of cold crys-
tallization and AH? is the heat of fusion for 100% crystalline
PLA, 93 J/g [31]. According to Table 2, as-spun sub-micron
sized PLA fibers exhibit a small degree of crystallinity which
will be verified by XRD studies in the next section, and fibers
with different average diameters exhibit different thermal
properties. Thick PLA fibers (10 pm) are mostly amorphous,
while sub-micron sized PLA fibers exhibit 5.1% crystallinity.
After cold crystallization, the total crystallinity of both fibers
rises to that of the resin. The lowering of melting temperature
of thin fibers is caused possibly by additional mechanical deg-
radation. As we have learned from the degradation study,
sub-micron fibers were produced through a smaller 0.16 mm
nozzle which can lead to more severe chain scission and
thus a lower molecular weight.

To identify the small peak around 150 °C, DSC studies of
sub-micron PLA fibers annealed for various durations were
carried out (Fig. 11). It is observed that the peak strength
around 150 °C gradually increases as the degree of annealing
increases, while there is no indication in XRD studies that
any [ crystals form except o crystals. However, the melting

Table 2

Summary of DSC curves for different PLA fibers

Resin/fibers T O Th O Xbe (%) Xac (%)
Bulk PLA N/A 167.5 46.2 46.2
PLA-SE neat PLA fibers 100.0 167.1 4.8 39.6
PLA-ME-1 micron fibers 88.9 163.9 5.1 49.4
PLA-ME-10 micron fibers 99.8 166.1 0.0 52.6
PLA-ME-1 micron annealed 87.9 163.4 42.6 47.0

annealed for 1 min

------ annealed for 10 min

--------- annealed for 1 hr
Increase

Exothermic (—>)

T T T T T
60 80 100 120 140 160 180 200
Temperature (°C)

Fig. 11. DSC curves of PLA-ME-1 micron fibers after annealed at 100 °C for
various durations.

temperature is lower than that of normal a crystals, which is
usually identified as imperfect o crystals in PLA [32]. Besides
the increase in peak size, we note that the peak shifts toward
higher temperature because imperfect o crystals start to
convert into perfect o crystals as annealing time increases.
Comparing the DSC thermograms of as-spun PLA-ME-1
micron fibers to those of the annealed ones, we also find
that upon annealing, the cold crystallization peak almost dis-
appears. In other words, upon annealing, most of the aligned
structures have been converted into the o crystal structure.
Fibers now exhibit a higher degree of crystallinity compared
to its relatively low value before annealing. The XRD study
of annealed fibers will also confirm the conversion of aligned
structures into the o crystal structure in the next section.

3.4. XRD studies and crystal structures

To determine the crystal structures in as-melt spun PLA
fibers, X-ray diffraction studies were carried out and the dif-
fraction patterns are shown in Fig. 12. It is observed that

PLA-ME-1 micron
PLA-ME-10 micron

=
=

T PLA-SE Fibers

ABS

v

!

T T T T T
10 20 30
20

Fig. 12. X-ray diffraction patterns for melt electrospun PLA fibers.
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Fig. 13. X-ray diffraction patterns of a series of annealed PLA-ME fibers at
different conditions.

melt electrospun PLA fibers of 10 um scale show a strong
amorphous halo, and no distinct crystal peaks are found in
the diffraction patterns. On the other hand, sub-micron scale,
melt electrospun PLA fibers clearly exhibit two small reflec-
tion peaks (near 26° and 31°) ascribed to the B crystals [27].
The formation of B crystals is caused by the different extent
of deformation of the polymer molecular chains during the
melt electrospinning process [14,30]. The critical factor for
the formation of the B crystals is a high degree of deforma-
tion (a.k.a. draw ratio in literature [33]). We note that the
B crystal peaks of micron sized fibers from PLA melt shift
toward higher 26 values and are also weaker in intensity
compared with those of fibers from solution electrospinning
probably due to a less degree of whipping (and thus different
degree of stretching and deformation of crystal cell con-
stants) in melt electrospinning. Besides these two peaks,
we also note that there is a broad shoulder bulging out
near 22.8° which can be assigned to the o crystal structure.

It has been reported that the [ crystal structure can be con-
verted into the a crystal structure upon annealing. Two anneal-
ing tests were carried out: one at 50 °C for 48 h and the other at
100 °C for various annealing durations (Fig. 13). After anneal-
ing at 50 °C for 48 h, sub-micron PLA fibers exhibit strong
a crystal peaks at 16.7° and 19°, while the B crystal peaks at
26° and 31° almost diminishes. When fibers are annealed at
100 °C even for 1 min, the B crystal structure completely disap-
pears, and strong o crystal peaks form. As the annealing time
increases, the strength of all o crystal peaks increases. Hence,
we conclude that the small amount of f crystals converts into
o crystals upon annealing and after cold crystallization, only
o crystals are observed possibly due to this conversion.

3.5. Effect of nanofibers on dust collection efficiency

To study the effect of nanofibers on dust collection effi-
ciency, the PLA melt has been directly electrospun onto the

Fig. 14. SEM images of melt electrospun PLA fibers collected on filter media.

cellulose filter media. The SEM images of melt electrospun
PLA nanofibers on the filter media are shown in Fig. 14.
The average fiber diameter is about 800 nm. It should be noted
that a good adhesion between the melt electrospun PLA fibers
and the filter media is observed. In fact, some of the electro-
spun fibers are partially merged to the large cellulose fibers
composing the filter media, possibly due to high spinning
temperature in the melt electrospinning process.

Finally, the collection efficiency of dust particles in air
which was measured using a custom-built filtration efficiency
tester is shown in Fig. 15. Four filters were tested, one contain-
ing the standard filter media (12" x 12”), two containing filter
media with sub-micron fibers (0.1 g/ft* and 0.25 g/ft*) and an
additional filter media covered with 10 um sized PLA fibers
(0.1 g/ft?) for comparison. It is observed that all the filter
media with PLA fibers display a significantly higher collection
efficiency of sub-micron sized dust particles with diameters in
the range of 0.03—1 pm. However, the gain in the dust collec-
tion efficiency for filter media with 10 um PLA fibers is
coupled with an increase in pressure drop (7.5%) compared
to the bare filter media; for the same coverage (0.1 g/ft®) of
sub-micron fibers, the increase in the pressure drop due to
additional electrospun fibers is below 3.0%. Hence, obtaining
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Fig. 15. Dust collection efficiency of flat-sheet filters with and without PLA
nanofibers.

the sub-micron scale fibers is crucial to achieve enhanced filtra-
tion efficiency without a significant increase in pressure drop.
The effect of sub-micron sized fibers on dust collection can be
easily illustrated by the higher collection efficiency of dust
particles that are smaller than 0.7 pm (refer to the circled region
in Fig. 15). Increasing the coverage of sub-micron sized fibers
from 0.1 g/ft> to 0.25 g/ft* drastically increases the collection
efficiency, but the percentage increase of pressure drop due to
additional coverage of electrospun fibers also rises to 11.1%.

4. Conclusion

PLA is a biodegradable and biocompatible polymer which
is being used in many applications including packaging and
biomedical fields. It has an ecological significance since it is
synthesized from renewable resources. We have demonstrated
that sub-micron sized PLA fibers can be directly obtained
from melt electrospinning. Compared to solution electrospin-
ning, melt electrospinning has advantages such as a higher
throughput and fewer environmental issues. To obtain sub-
micron sized fibers, the relationship between processing con-
ditions and fiber morphologies has been investigated and it
is found that the temperature at the nozzle and in the spinning
region strongly influences the average fiber diameter partially
through the thermal and mechanical degradations of PLA.
A strong jet whipping motion contributing to reduction in fiber
size is observed at high spinning temperature. However, fast
solidification caused by low spinning temperature suppresses
this whipping motion, and thus results in thicker fibers. The re-
sults of our structural studies suggest that melt electrospun
PLA fibers can undergo strong deformation during electro-
spinning and a meta-stable B crystal phase can be formed dur-
ing the process. The aligned structures in as-spun fibers can be
easily transformed into crystal structures by annealing. Finally,
PLA sub-micron fibers have been directly electrospun onto
filter media, and a drastic enhancement in the collection

efficiency of sub-micron sized dust particles has been pre-
sented. Melt electrospun PLA sub-micron fiber mats with no
residual solvent may serve as better filter media and tissue
scaffolds than those from solution electrospinning processes.
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