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Melt electrospinning has attracted a lot of interest due to its advantages such as being solvent-free, low-
cost and so on. However, previously reported melt electrospinning devices were usually complicated
due to their necessary heating system. Moreover, the electrical heating system may cause electrostatic
interference during the melt electrospinning process. For simplification, we designed a portable melt
electrospinning setup based on an alcohol lamp (or a candle/lighter) as a heat source, which could make
the setup work well without an extra power supply and electrostatic interference. Polymers such as
polycaprolactone (PCL), poly(lactic acid) (PLA) and polyurethane (PU) were electrospun successfully into

fibers with diameters of 13-60 um using this apparatus. We also study the influence of various
Received 2nd May 2017 imental t h as the t ture of the charging barrel (120-255 °C, which can b
Accepted 26th June 2017 experimental parameters, such as the temperature of the charging barre - , which can be
adjusted by changing the heating distance), electrospinning distance (6-14 cm) and the inner diameter

DOI: 10.1035/c7ra04937d of the spinneret (0.26-1.2 mm), on the PCL fibers. This simple and safe device can be used as
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Introduction

Recently, electrospinning and electrospun fibers have gained
a lot of interest due to their potential applications in various
fields such as medical care,*? air filtration,® sensors* and so on.
Generally, the electrospinning process is a fiber forming
process from a polymer solution or melt under a high-voltage
electrostatic field.>® Consequently, electrospinning includes
both solution and melt electrospinning processes.*® Compared
with solution electrospinning, melt electrospinning shows
some advantages such as environmental friendliness without
solvent evaporation, low costs and suitability for various poly-
mers especially for polymers without a suitable solvent at room
temperature.®® However, melt electrospinning is also limited
due to its complex apparatus with a necessary extra heating
system, especially for the electrical heating system which may
involve electrostatic interference during the melt electro-
spinning process.”®

Great efforts have been made to modify the melt electro-
spinning apparatus.”"” For the heating system, besides the
electrical heating method,>* heated air,"*** circulating liquid
(water/oil),">*® laser heating'” and microwave heating systems*®
have been proposed and developed to improve the melt elec-
trospinning process and avoid the possible electrostatic
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a demonstrator for the melt electrospinning process.

interference between the heating system and electrospinning
high voltage. However, the above mentioned heating devices
were still relative complex and actually relying on electricity
supply. This may limit the application of melt electrospinning
especially in the case of outdoors or without power supply.

Moreover, to minimize the whole melt electrospinning
device, the high-voltage power supply could be replaced by
a Wimshurst generator'>** or a portable high-voltage converter
associated with batteries™ which enhanced the transportability
and flexibility of these melt electrospinning apparatuses.
While, the heating systems of these portable melt electro-
spinning devices were based on electrically-driven heating gun,
which is used to heat the air through the electric heating
wire.*»

For further simplification, we propose a portable melt elec-
trospinning setup based on an alcohol lamp or a candle/lighter
as heating system (which can generate a temperature of more
than four hundred degrees celsius) and a hand generator
associated with high-voltage converter as high voltage system in
this article. The performance on melt electrospinning process
of this device has been examined, which shows good practicality
and portability than a conventional melt electrospinning setup
especially in the case of without electric supply.

Experimental
Portable melt electrospinning apparatus design

Fig. 1 shows the schematic diagram and actual object of the
portable melt electrospinning apparatus. The high voltage is

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Schematic diagram of the portable melt electrospinning
apparatus based on a portable hand generator as high-voltage power
supply (PHVPS) and an alcohol lamp as heat source. (b) Actual picture
of the prototype device in lab.

supplied by a home-made portable hand-generator-based high-
voltage power supply (PHVPS) assembled by ourselves. The
PHVPS includes a hand generator (5 V/200 mA), a set of
rechargeable batteries (12 V, NIMH AA) and a high voltage
converter (F101, EMCO High Voltage Corporation),**** by which
the electricity can be generated by the hand generator according
to electromagnetic induction and could be stored in the
rechargeable batteries. Through the high voltage converter,
a high voltage about 15 kV can be obtained. The heating device
is an alcohol lamp and the heating temperature of the charging
barrel can be detected by a portable infrared thermometer (HT-
8863, HCJYET) and controlled by changing the heating
distance. Metal needle is selected as spinneret with different
inner diameter purchased from Longye Hardware Company.
The collecting system was an aluminum foil.

Materials and melt electrospinning process

Polycaprolactone (PCL, average molecular weight of 80 000,
purchased from SOLVAY), poly(lactic acid) (PLA, average
molecular weight of 200 000, purchased from Nature Works)
and polyurethane (PU, average molecular weight of 60 000,
purchased from SOLVAY) were selected as the melt electro-
spinning materials. By using the designed handy electro-
spinning apparatus, the polymer granules were put into the
charging barrel firstly and then adjust the distance between
charging barrel and alcohol lamp to control the heating
temperature to reach the melting point of these polymers, the
melt electrospinning process can be achieved.

Characterization

The morphology of electrospun fibers can be examined by
scanning electron microscope (SEM; Hitachi S4700, 20 kv
accelerating voltage). PCL fibers were also examined by the
Fourier transform infrared spectroscopy (FTIR; Thermo
Scientific Nicolet iN10). The pictures of the actual designed
apparatus were recorded by a digital video camera (EX-ZR400,
Canon).
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Results and discussion

Performance of the designed handy melt electrospinning
device

To examine the practicability of the designed melt electro-
spinning apparatus, we electrospun PCL, PLA and PU melt into
fibers by using the designed device, and the SEM images of as-
spun fibers were shown in Fig. 2. During melt electrospinning,
the temperature was controlled by adjusting the distance from
the flame to the charging barrel and measured by a portable
infrared thermometer. It is found that PCL, PLA and PU melt
electrospun fibers can be fabricated successfully within a spin-
ning distance of 10 cm under heating temperature of 150 °C,
225 °C and 255 °C, respectively. The average diameters of as-
spun fiber are about 37.25 um (PCL), 32.19 pm (PLA) and
40.35 pm (PU). These results demonstrate the feasibility and
stability of the simple device.

Influence of the heating temperature

Heating temperature plays a key role in melt electrospinning.®®
For the designed handy melt electrospinning device, the heat-
ing system is an alcohol lamp, which can provide a temperature
of more than 500 °C. Moreover, the heating temperature can be
adjusted by changing the distance from the flame to the
charging barrel. To clarify the tunable heating temperatures of
the designed device, we examined the influence of temperature
on melt-spun fibers morphology. PCL was selected as the melt
materials for its lower melting point about 59-64 °C, and the
SEM images of electrospun PCL fibers under different heating
temperatures in the range of 120-180 °C were shown in Fig. 3(a-
e). It is found that in all the temperature region of 120-180 °C,
PCL melt can be electrospun into fibers, and the average
diameter of as-spun fibers is obviously decreased from 43.05 pm
to 21.16 pm, as displayed in Fig. 3f. The reduced fiber diameter
may due to the viscosity of polymer melt decreased with
increasing temperature.”**** Furthermore, it is found that when
heating temperature was higher than 165 °C, the fibers had
begun to adhere to each other as shown in Fig. 3d and e.
Moreover, the color of the PCL melt turned to yellow after
heating for ten minutes at 165 °C and 180 °C, which may due to
the decomposition of polymer. Therefore, heating temperatures
of 150 °C were employed for PCL in the following experiments.

Fig. 4 shows the FTIR spectra of the melt electrospun PCL
fibers fabricated by the designed apparatus under a heating
temperature of 150 °C, spinning distance of 10 cm and with
spinneret of 22G. From the FTIR spectra, the chemical structure

500um

S00pm .

Fig. 2 SEM images of electrospun PCL (a), PLA (b) and PU (c) fibers
with the designed handy melt electrospinning apparatus.
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of PCL can be obviously found, such as the characteristic peak
at 2946 cm ™' and 2865 cm ™' corresponding to the asymmetric
and symmetric CH, stretching, the characteristic peak at 1720
em ™' corresponding to the carbonyl stretching, and the char-
acteristic peaks at 1293 ecm™ %, 1240 cm ™', 1190 cm ' corre-
sponding to C-C, asymmetric C-O-C, OC-O stretching,
respectively."**** The infrared spectroscopy obtained from the
as-spun fibers indicated that the designed melt device can

fabricated fibers without chemical property changing.

Influence of electrospinning distance

Besides the performance of the designed apparatus under
different heating temperature, we also investigated the influ-
ence of spinning distance on as-spun fibers diameter by using
the designed melt electrospinning device. In the melt electro-
spinning process, we selected PCL as the melt material and the
heating temperature was set at 150 °C. The SEM images of the
melt electrospun PCL fibers prepared within different spinning
distances in the range of 6-14 cm were shown in Fig. 5a-e. It is
found that the average diameter of electrospun PCL fiber

fiber diameter/um

S00LM  pmea——
heating

Fig. 3 SEM images of melt electrospun PCL fibers under heating
temperatures of (a) 120 °C, (b) 135 °C, (c) 150 °C, (d) 165 °C, (e) 180 °C
within spinning distance of 10 cm, and the relationship between
average fiber diameter and heating temperature (f).
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Fig. 4 FTIR spectra of the melt electrospun PCL fibers.
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Fig. 5 SEM images of melt electrospun PCL fibers under heating
temperatures of 150 °C within different spinning distance of (a) 6 cm,
(b) 8 cm, (c) 10 cm, (d) 12 cm, (e) 14 cm, and (f) statistical histogram of
the average fiber diameter via spinning distance.

reduced from 46.82 pm to 22.63 um when the electrospinning
distance increased from 6 to 10 cm as suggested in Fig. 5f,
which can be attributed to a longer (lengthened) fiber tensile
curing time for a longer spinning distance in the electric
field.'***** However, the average diameter of as-spun PCL fiber
increased from 22.63 pm to 34.18 um when the spinning
distance further increased to 14 cm, since the electric field
intensity became weaker with the increase of spinning
distance.”®*** It is suggested that the optimized spinning
distance of the designed apparatus is about 10 cm in order to
obtain fibers with smaller diameter. The relationship between
the as-spun fiber diameter and spinning distance consists with
the traditional melt e-spinning setup.

The influence of spinneret inner diameter on fibers

Fig. 6 showed the SEM images of melt electrospun PCL fibers
fabricated with different inner diameter spinneret under
a heating temperature of 150 °C and spinning distance of 10 cm
by using the designed apparatus. The inner diameter of the
metal spinneret is decreased from 1.2 mm to 0.26 mm with the
increase of type label from 16G to 24G. As can be found in

3 8§ & § 8
fiber diameter/um

" » 2
spinneret model/G

Fig. 6 SEM images of PCL melt electrospun fibers produced under
a heating temperature of 150 °C, a spinning distance of 10 cm,
a spinneret model of (a) 16G (1.2 mm), (b) 18G (0.9 mm), (c) 20G (0.62
mm), (d) 22G (0.41 mm), (e) 24G (0.26 mm), (f) statistical histogram of
average fiber diameter.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 The heating system of the designed apparatus can be changed
into a candle (a) or a lighter (b).

Fig. 6a-e, the as-spun PCL fibers are relatively uniform and the
diameter shows obviously decrease as the spinneret more fine.
The relationship between the electrospun fibers diameter and
spinneret diameter is shown in Fig. 6f, which is linear attenu-
ation and agrees with the former study.>**” Since the designed
apparatus aims for simplicity, the syringe pump unit is deleted.
The melt in charging barrel is flowed from the spinneret relying
on gravitation, which may suggest that there would be some
trouble for melt flow out from finer spinneret. Consequently,
the optimum spinneret inner diameter is about 0.41 mm (22G)
is more suit for the designed apparatus.

Other heating system for the designed apparatus

As mentioned above, the heating system of the designed
apparatus is an alcohol lamp, which was designed to reduce the
possible electrostatic interference and can satisfy PCL, PLA and
PU melts electrospinning. For further simplification, the heat-
ing system can be replaced by a candle or a lighter, as shown in
Fig. 7. It is examined that a candle and lighter can provide
a temperature of about 280 °C and 400 °C, which can satisfy
kinds of polymers melts electrospinning including but not
limited to PCL, PLA and PU.*®?%2° Moreover, both of the candle
and lighter heating systems show good convenience and easy to
established. However, the burning candle is more stable than
lighter. The replaceable heating system of the designed appa-
ratus without electrostatic interference ensures the device may
be easily constructed and suitable for outdoors applications and
teaching demonstration.

Conclusions

In summary, a portable melt electrospinning apparatus based
on an alcohol lamp and a portable hand-generator-based power
supply has been proposed, which can work without extra elec-
tricity supply and avoid electrostatic interference in melt elec-
trospinning process. The heating system of this device even can
be replaced by a candle or lighter. The performance of this
device for melt electrospinning was examined by electro-
spinning PCL, PLA and PU melt into fibers. Moreover, the

This journal is © The Royal Society of Chemistry 2017
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electrospinning parameters of the designed apparatus such as
heating temperature, electrospinning distance and spinneret
diameter on electrospun fibers morphology were investigated. It
is suggested that the designed apparatus is suitable for melt
electrospinning in accordance with the common melt electro-
spinning device. Moreover, the designed device showed
advantages for easily setting up and without extra power supply,
which may guarantee the designed apparatus potential appli-
cations in teaching demonstration and outdoor applications.
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