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Abstract

As a contribution to the feasibility of high-throughput electrospinning, here we report on the investigation into the production of
polymer nanofiber mats through needleless electrospinning. For this study, we used poly(caprolactone) (PCL), poly(lactic acid)
(PLA) and poly(vinyl alcohol) (PVA), widely used polymers in the field of electrospinning. Optimization studies were carried out
to devise the characteristics of the rotating-disk electrospinning system in order to assess the processing window for each
polymer. Other factors were also considered, where the production rate, fiber size distribution, and morphology of the specimens
acquired by rotating-disk electrospinning and conventional electrospinning techniques were compared. Our studies also illustrate
the similarities of this novel “bottom-up” process compared to the conventional one, where a high resolution image confirmed the

formation of a cone-jet structure and a Taylor Cone.
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Introduction

Polymeric nanofibers can be processed by phase separation
[1], template synthesis [2, 3], filament drawing, self-assembly
[4], fibrillation [5], island-in-sea [6], nano-lithography [7], and
electrospinning. Out of the mentioned methods,
electrospinning has the highest potential for industrial appli-
cation due to its high repeatability and good control on fiber
dimensions. Electrospinning is an exceptionally simple meth-
od to produce non-woven nanofibers from both synthetic and
natural polymers, and the vast range of applications of
electrospun nanofiber mats include the biomedical fields [8]
such as drug delivery [9, 10], tissue engineering [10], and
wound dressing [11] and there is also an important role to play
in the filtration industry [12, 13], sensors, electronics [3] and
so forth [14].
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The conventional electrospinning process, sometimes
called single nozzle electrospinning, consists of a high voltage
power supply, rotating drum, syringe, needle, and a syringe
pump. Although it is a simple technique, the low productivity
of conventional single nozzle electrospinning is limiting the
industrialization of this method [15, 16]. Recent works have
been published that propose feasible up-scaling of
electrospinning for industrial application and could be gener-
alized into multi-needle electrospinning and needleless
electrospinning [16, 17]. Multi-needle/nozzle arrangements
[18-24] are considered to be the most practical and feasible
but are more complicated than the conventional single-needle
set-up. Studies have gone into investigating the effect of nee-
dle number, needle configuration, and needle spacing on the
productivity of each set-up. Due to the complexity [25] of up-
scaling the multi-needle electrospinning set-up, efforts have
been made to develop needleless electrospinning processes
that simultaneously eject multiple polymeric jets from the sur-
faces of polymer solutions. Nonetheless, no matter what meth-
od each design uses, electrostatic forces have to overcome any
opposing forces acting on the polymer in order to produce
polymer jets. Simply put, the system has to reach a threshold
voltage [26] for it to create an electric field strength that
favors cone-jet formation.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10965-018-1540-4&domain=pdf
mailto:pitt.s@chula.ac.th

155 Page 2 of 9

J Polym Res (2018) 25: 155

Past studies had explored applications of magnetic fluid
[27], ball [28], rotating drum (Nanospider) [29], disk [28,
30], beaded chain [31], spiral coil [31, 32], wire [33, 34], cleft,
porous materials [35-37], and bubbles [38-40] as
electrospinning nozzles with the objective to improve on the
productivity of electrospinning. All of the works mentioned
above had a similar concept where the main purpose was to
create a surface of the polymeric solution that is thin enough
for electrostatic repulsion to occur. Nonetheless, the electric
field strength needs to be strong enough to generate polymer
jetting and that is why we normally observe polymer jetting at
the edges of any large-surfaced electrodes such as a drum or a
cleft, where the electric field strength is strongest. Finite ele-
ment analysis also shows that the electric field strengths on a
rotating drum or a disk are the highest at the edges, therefore
polymer jets are only observed at these points [30]. Therefore,
using a thin disk as an electrode seems to be a promising
direction to go as there will be no energy wasted for a large-
surfaced electrode like a drum or cleft. In the results reported
by Xungai Wang et al. [30], they used a single disk of 2 mm
thickness as the nozzle and they successfully produced PVA
nanofibers which they explored in terms of the effect of elec-
tric field strength on the fiber diameter distribution. However,
the threshold voltage of their electrospinning system started at
42 kV which is almost twice the value of the spinning voltage
of PVA solution using conventional single nozzle
electrospinning.

The main purpose of this study is to investigate whether
reducing the thickness of the disk to 1 mm will have an effect
on the electric field strength of the system, thus lowering the
threshold voltage of electrospinning PVA fibers. Nonetheless,
the production rate would also decrease with increasing the
nozzle-to-collector gap, and therefore an optimal condition
should be identified. As this work aims to promote the mass
production of electrospinning, conditions that promote the
highest production rate or productivity are further investigated
by comparing to samples obtained by conventional
electrospinning methods. To further understand the system,
organic solvent system polymeric solutions were also investi-
gated to see how the system would behave with different
solvent systems.

Experiment
Materials

The series of materials used to fabricate the electrospun nano-
fiber mats in this study were poly(lactic acid) (PLA; Mn=
200,000 gemol-1), poly(caprolactone) (PCL; Mn=
80,000 gemol-1; Aldrich, Madison, WI), poly(vinyl alcohol)
(PVA; Mn =150,000 gemol-1; Carlo Erba, Rodano, Italy),
N,N-dimethylformamide (DMF; LAB-scan Asia, Bangkok,
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Thailand), dichloromethane (DCM; Carlo Erba, Rodano,
Italy). All materials were of analytical reagent grade and used
as received without further purification.

Preparation of polymeric solution

PLA solution was prepared by stirring 10% w/v of PLA in
3:7 v/v DMF/DCM mixed solvent with a magnetic stirrer for
4 h at room temperature. The PCL solution was prepared in a
1:1 v/v mixed solvent of DMF/DCM. The PCL mixture was
stirred with a magnetic stirrer for 4 h and the concentration of
the PCL solution was 12% w/v. PVA aqueous solution was
prepared by stirring 12% w/v PVA powder in distilled water at
90 °C for 5 h, using a silicon oil bath for heating and magnetic
stirrer for stirring.

Fabrication of electrospun nanofiber mats
Rotating-disk electrospinning

The prepared polymeric solutions were introduced to the ex-
perimental set-up illustrated in Fig. 1 which consists of a
120 mm diameter rotating disk 1 mm thick connected to a
motor stand, connected to a DC motor controlling unit, a so-
lution reservoir, an adjustable raiser, a high voltage DC power
supply, and three independent collectors. The solution reser-
voir was placed on the adjustable raiser and filled with poly-
meric solution. The height of the reservoir was set by
adjusting the raiser until the disk was just touching the surface
of the solution. The DC motor control unit was turned on and
the rotating speed of the disk was set to 30 rpm so that a thin
layer of polymer solution was picked up on the edge face of
the disk. The high voltage supply was connected directly to
the rotating disk by a thin wire electrode briefly touching the
side face of the disk. Depending on the polymer solution, the

Movable
collector

Movable
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Fig. 1 Schematic illustrating the Rotating-disk electrospinning setup
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supplied high DC voltage was set to 24 kV, 25 kV and 28 kV
for PLA, PCL and PVA solutions respectively. In this work,
the collector-to-disk distance of rotating-disk electrospinning
was varied between 8 to 14 cm for all polymer solutions. The
collectors were made from acrylic resin, measuring 20 cm
wide by 28 cm long, and were placed perpendicular above
and both sides to the disk. Aluminum foil was wrapped on
the collecting sides of the collectors. When electrical potential
was applied, small droplets of polymer solution were formed
on the thin layer of polymer solution, forming a cone-jet, and
polymeric jets could be observed at the tip of each droplet
when the applied voltage exceeded the threshold voltage.
Polymer jets were deposited on the earthed collectors where
nanofiber mats were formed. The average temperature was
22 °C and relative humidity was 79%.

Conventional electrospinning method

The experimental set-up consisted of an 18-gauge needle at-
tached to the tip of a syringe, a syringe pump, a rotating drum
collector, and a high voltage DC power supply. The syringe
was held at a 45° angle above the collector as shown in
Fig. 2(a). Polymer solution was poured into the syringe and
connected to the syringe pump through a tube and rubber
bung. High voltage was supplied by attaching a crocodile clip
to the needle tip. The collector was wrapped with a layer of
aluminum foil and earthed, so that a potential difference that
drives the electrospinning process could be created between
the needle tip and the collector. The syringe pump was set at
3 ml/h, where it was sufficient to maintain a droplet at the
needle tip. The collector-to-needle distance was varied be-
tween 10 to 18 cm and the electrospinning voltage was varied
between 15 to 21 kV depending on the polymer. The average
temperature was 22 °C and relative humidity was 79%.

Characterization
Productivity

To better understand the feasibility of this design, the produc-
tion rates or the productivity of both electrospinning systems
were compared. Nonetheless, the total mass transfer within a
given time frame can be calculated as production rate or pro-
ductivity. The initial weight of the collector was determined
and noted along with the final weight of the collector, and the
collected fibers were also weighed as a unit and noted after
electrospinning. The initial weight was deducted from the fi-
nal weight to yield the actual spun weight of the collected
fiber. This value was then divided by the amount of time used
to spin the fibers that was timed using a stopwatch. All results
were triplicated.

SEM

Scanning Electron Microscopy (SEM) images were captured
by JEOL JSM-5200 scanning electron microscope with a
magnification of 5000 times for PLA and PCL and 15,000
times for PVA. Prior to SEM observation, the samples were
coated with gold using a JEOL JFC-1100E sputtering device.

Fiber size distribution

Multiple measurements of fiber diameters were made using
Semafore software. Pictures taken from SEM were used for
sampling. For each condition, three pictures were chosen from
a series of SEM images. Since all conditions were triplicated,
one picture from each repetition was chosen and measure-
ments were made on fibers at the foreground. A tally was
made for different diameter ranges with 100 nm increments
for each range. Two hundred measurement points were made
for each condition.

Taylor cone analysis

Photographs of the electrospinning process were taken by
a high resolution digital single reflex camera (DSLR cam-
era) and later cropped to show only a single droplet of
polymeric solution. The image was then adjusted in
Adobe Photoshop CS3 to monochrome in order to show
the details of the Taylor Cone and the spinning jet clearer.
The image was then used to measure the Taylor Cone
angle using Semafore software.

Results and discussion
Rotating-disk electrospinning

An initial study was carried out to identify the favorable
electrospinning window for each polymer. It was clearly ob-
vious at the initial stage of the experiment that the critical or
threshold voltages of the conventional single nozzle
electrospinning for all three polymers were not enough, as
hypothesized, as we were now working against gravity; there
were more forces to overcome. Even at the shortest distance of
8 cm, where the electric field strength is strongest, no
jetting was observed at the same electrospinning voltage
(20 kV, 21 kV, and 15 kV for 10% PLA, 12% PCL, and
12% PVA respectively) matching the conventional
electrospinning method. However, jetting of the polymer
solution started at slightly higher voltages of 24 kV,
25 kV, and 28 kV for 10% PLA, 12% PCL, and 12%
PVA respectively, and jetting continuously occurred for
the entire range of disk to collector distances starting from
8 cm up to 14 cm. On the other hand, the cone-jet did not
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Fig.2 Comparison between (a) Conventional electrospinning technique at time = t,, (b) Conventional electrospinning technique at any time of time = t;,
(c) Rotating-disk electrospinning technique at time = t,, (d) Rotating-disk electrospinning technique at any time of time =t;

occur at the edge of the disk instantaneously after the disk
had left the solution bath at the reservoir due to surface
tension of the polymer layer.

As the disk rotated further, the solution layer flowed back-
wards due to gravitational pull, thus causing a thinner layer.
As the layer got thinner, the surface tension created on the
polymer surface reduced to a point where electrostatic forces
exceeded all opposing forces and a cone-jet structure was
formed [26, 41], as shown in Fig. 3 and Fig. 4. To further
establish an understanding of its effects on the electrospinning
of polymers, the rotational speed of the rotating disk was
varied. At a lower rotational speed, the polymer layer that
was formed on the edge face of the disk developed into a
thinner, more spin-able thickness (as described above) much
sooner. As a result, we could observe that the cone-jet was
seen forming sooner (closer to the reservoir). However, if the
rotational speed is too slow, the polymer layer will dry up as it
has more time to interact with the air. On the other hand, if we
increase the rotational speed, the cone-jet can be seen forming
“late”, which means the polymer layer did not have enough
time to flow and reach a favorable condition (in this case, the
thickness of the polymer layer) but the polymer layer managed
to maintain its viscosity as there was not enough time for
the solvent to evaporate. By observing these positive and
negative effects, the best condition would be at a rotation-
al speed of 30 rpm, where uniform formations of multiple
cone-jets were observed.

@ Springer

All three polymers gave the same outcome where only
vigorous jetting and spurting occurred at distances between
8 cm to 10 cm as a result of the strong electric field. This
resulted in a layer of wet polymer solution laid over the col-
lectors due to insufficient time for the solvent to evaporate.
This resulted in a polymer film when left to dry, and these
conditions would be more suitable to be called “mass
transfer” rather than electrospinning. However, as the distance
was increased further than 10 cm, the electric field became
more favorable towards electrospinning.

.

Fig. 3 Image of multiple cone-jets forming on the edge face of the disk
nozzle
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Fig. 4 Close up image on a cone-jet forming on a single polymer droplet
that was formed on the edge face of the spinning disk. A layer of polymer
solution and a cone-jet is shown in this image

In conventional single nozzle electrospinning, it could be
described as a single-point-to-single-point system where a
single cone-jet is formed and collected at a single “random”
point on the collector. Since the polymer jet is whipping at the
end of the straight polymer jet, which is called bending insta-
bility, a network of nanofiber mats is formed on both a sta-
tionary or rotating collector. In the rotating-disk
electrospinning system, the disk is rotating continuously and
the starting point of the polymer jet remains the same, but the
reference deposition point is relocated at a new point.

As seen in the schematic in Fig. 2(a) and (b), the nozzle
initially spins from the needle tip to point X. As the rotating
drum is rotated to a new position, the original point X is in
another position while the polymer jet still retains its original
geometry (starting at the needle tip and ending at the drum at
position B-3 on the grid). The polymer jet will always start at
the same point and ends up at the same point hypothetically

®  Disk-spun PLA
A Disk-spun PCL
\ <& Disk-spun PVA

30 4 %

N
o

10 4

Productivity (g/h)

8 10 i2 14
Disk-to-collector distance (cm)
Fig.5 Productivity (g/h) in relation to disk-to-collector distances for 10%
w/v PLA in 3:7 v/v DMF/DCM, 12% w/v PCL in 1:1 v/v DMF/DCM
and 12% w/v PVA aqueous solution

(although there is a whipping action), and a mat is formed as
the collecting drum rotates. As for the rotating-disk
electrospinning shown in Fig. 2(c), the first jet can be seen
forming at around 20° starting at the polymer solution layer at
point X’ situated at position D-5 and ending on the collector at
position A-4. As the disk rotates further (as shown in Fig.
2(d)), the exact cone-jet originally at X’ has repositioned at
point X at position E-4 on the disk, ending up at position E-1
on the top collector. We have called this a multiple-point-to-
multiple-point system.

Productivity

All polymer solutions showed similar trends in productivity
figures. The production rate would be the highest at greater
distance and decreases as the disk-to-collector distance in-
creases; but will reach the lowest value at around 10 cm.
From observation, there were only instances of vigorous jet-
ting and spurting of polymer solutions from the disk to col-
lector as the distance of less than 10 cm created a strong
electric field that promotes only jetting and spurting.
Moreover, there was not enough time for the solvents to evap-
orate at disk-to-collector distances of less than 10 cm so only
polymer films were deposited at the collector. In the study, the
system was most stable for all polymeric systems between
11 cm and 12 cm where the productivity is highest and uni-
form jetting of polymer solutions was observed. This leads to
a uniform deposition of polymeric nanofibers at the collector
where SEM images showed that all individual fibers are uni-
form and well distributed. Therefore, we can say that there are
two regions: the unstable region and the stable region.
Conditions with disk-to-collector distance of 11 cm were
chosen and studied further because all polymers spun stably
and yielded the highest productivity as presented in Fig. 5. At
11 cm, it is the beginning of the stable region and the produc-
tivity was highest but then declined as the disk-to-collector
distance was increased. This is expected as the electric field
strength would decrease with increasing distance. The produc-
tion rate for 10% w/v PLA, 12% w/v PCL, and 12% w/v PVA
was 4.254+0.150 g/h, 10.611£0.233 g/h and 1.721 +
0.116 g/h respectively. The production rates for conventional
single nozzle setup were also investigated and were 0.312 +
0.150 g/h, 0.128 £0.233 g/h, and 0.027£0.116 g/h respec-
tively. The initial purpose of disk electrospinning was to in-
troduce multiple droplets on the spinneret (disk) so that it
could mimic multi-nozzle systems proposed by researchers
such as Ying Yang et al. and the authors of similar studies.

SEM images
Continuous formation of polymer nanofiber could be ob-

served and no beaded-fibers were present, which meant that
favorable conditions were achieved. The morphologies of the
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Table 1 SEM images of (a) PLA nanofibers from conventional
electrospinning, (b) from Rotating-disk electrospinning, (¢) PCL nanofi-
bers from conventional electrospinning, (d) from Rotating-disk

electrospinning, (e¢) PVA nanofibers from conventional electrospinning
and (f) from Rotating-disk electrospinning. The magnification for the
PLA and PCL images is 5000 times and 15,000 times for PVA images.
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electrospun nanofiber mats collected from both systems were
similar and almost identical. As shown in Table 1, disk-spun
PCL nanofibers in this study showed moderate fusing of the
fibers, similar to the PCL nanofibers spun by the conventional
single nozzle electrospinning method. On the other hand,
disk-spun PLA and PVA nanofibers also demonstrated similar
morphology as their conventionally spun counterparts but the
disk-spun PLA fibers were slightly rougher on the surface.

Fiber size distribution

Disk-spun PLA nanofiber mats demonstrated a fiber size dis-
tribution curve similar to conventionally spun PLA nanofiber

@ Springer

mats. As shown in Fig. 6, nanofibers obtained from rotating-
disk electrospinning and the conventional single nozzle pro-
cess fit between 500 nm to 1600 nm and 200 nm to 1400 nm
respectively. Although rotating-disk electrospinning could
achieve similar distribution to that of conventionally spun
samples, there is a positive gain in distribution which means
the average fiber diameter is slightly larger than convention-
ally spun PLA nanofibers at 935 nm compared to 741 nm.
Looking at Fig. 6, we can see that the distribution curve is
shifted to the right but with similar curve geometry as the
conventional single nozzle electrospinning.

On the other hand, the fiber size distribution of disk-
spun PCL nanofibers is narrower compared to the samples
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Fig. 6 Fiber size distribution of fiber diameter of 10% w/v PLA in DMF/
DCM mixed solvent (ratio: 3:7)

obtained by the conventional single nozzle
electrospinning method, where the fiber diameters of
disk-spun samples fit between 200 nm to 1200 nm but
conventionally spun nanofibers start at 100 nm and go
up to 1300 nm. From Fig. 7, we can clearly see that the
fiber size distribution from the disk-spun samples is
narrower and yielded nanofiber mats with average fiber
diameters of 536 nm which is marginally smaller than
547 nm for conventionally spun nanofiber mats.

The fiber size distribution of disk-spun PVA nanofibers is
broader than conventionally spun nanofibers but both fall into
the range of less than 400 nm. As shown in Fig. 8, conven-
tional single nozzle electrospinning is able to produce smaller
fibers ranging between 63 nm to 300 nm with an average
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Fig. 7 Fiber size distribution of fiber diameter of 12% w/v PCL in DMF/
DCM mixed solvent (ratio: 1:1)
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Fig. 8 Fiber size distribution of fiber diameter of 12% w/v PVA aqueous

solution

diameter of 129 nm where the distribution for disk-spun fibers
is broader with fiber diameters going up to 400 nm with an
average diameter of 216 nm.

Taylor cone analysis

The main aim of this study is to develop an electrospinning
system that could match or improve on the conventional sin-
gle nozzle electrospinning technique. The fundamental basis
of the electrospinning process is the formation of the Taylor
Cone and jetting of polymer solution once the threshold volt-
age isreached [41], while Yarin et al. reported that a polymeric
Taylor Cone has a half angle (x) ranging between 32° to 46°.
Measurements done by imaging software have confirmed that
the Taylor Cone in this system had a half angle of 38.7° and it
is illustrated in Fig. 9.

Fig. 9 Half angle («) measurement of Taylor cone from disk
electrospinning system
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Conclusion

Rotating-disk electrospinning has demonstrated a much
higher productivity level compared to its predecessor.
Moreover, nanofiber mats produced by this process are com-
parable to those from the conventional single nozzle
electrospinning technique in terms of morphology and fiber
size distribution. This new process can be easily operated and
there is no clogging compared to the conventional set-up.
Nonetheless, rotating-disk electrospinning can be used with
different polymers of different solvent systems. In this work,
we have also demonstrated that polymeric nanofibers could be
electrospun at relatively low voltages compared to conven-
tional electrospinning in spite of the extra forces that have to
be overcome.
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