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ABSTRACT: In the electrospinning of polymer nanofib-
ers, an electrically driven jet of polymer solution travels to
a grounded target to be collected. The morphology of the
resulting nanofibers can be manipulated through process
parameters, though little work has been done to correlate
electrospinning parameters with those of the free-jet flow
of pure liquids. This is essential when the nanofibers hold
entrained beaded structures indicative of jet breakup. The
effects of applied voltage and solution concentration on
the fiber morphology of electrospun aqueous solutions of
poly(ethylene oxide) were investigated. Solution concen-

trations of 4-8 wt % were used along with voltages of
45-11 kV to produce nanofibers with and without
entrained beads. It was determined that the calculated
Weber number for each condition correlated well with the
resulting morphology. These results may suggest that
Weber number may also be used to predict nanofibers
morphology in the electrospinning of other polymer sys-
tems. © 2010 Wiley Periodicals, Inc. ] Appl Polym Sci 120: 880-
885, 2011
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INTRODUCTION

Electrospinning is one of a few processes that have
the capability to produce nanofibers. Electrospinnin%
has potential in biomedical applications,1 fuel cells,
filtration,®> and composites.* In biomedical applica-
tions, electrospinning can be used to control drug
delivery rates that control therapeutic effects, con-
venience, and ’coxici’fy.1 In filtration, electrospun
mats can filter particles in the submicron range.’
Both polymer and ceramic nanofibers can be electro-
spun to create fibers with diameters ranging from
tens of nanometers to several microns.
Electrospinning is the electrically driven drawing
of a polymer solution into a viscoelastic polymer jet
that ultimately produces a mat of solid polymer
fibers. In practical terms, the basic components of an
electrospinning system include a high-voltage power
supply, a polymer dissolved in solution, a chamber
with a conductive nozzle to hold the solution, and a
grounded collection plate that is separated from the
nozzle by a chosen distance. By applying sufficient
electric potential between the nozzle and the collec-
tion plate, a polymer jet is developed.” As the
charged solution is pulled electrically to the collector
plate, the diameter of the jet becomes smaller
because of extensional flow and evaporation until a
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solidified polymer fiber is deposited on the plate.
Depending on the chosen electrospinning parame-
ters and the composition of the polymer solution,
the morphology of the spun polymer can result in
smooth or beaded fibers.®

Many investigators have tried to explain the pro-
cess through which fibers are created and determine
the effect of electrospinning parameters on fiber
morphology. Some parameters studied have been
voltage, solution viscosity, solution surface tension,
solution concentration, the distance between syringe
needle and collection plate, temperature, solvents,
and ambient humidity."* A number of tests have
been done with voltages ranging from 5 to 30 kV
and have been performed in atmospheric conditions.
One characteristic behavior in fiber electrospinning
is the production of a Taylor cone of solution at the
tip of the nozzle. This was first described by Lord
Taylor in 1969.°

A challenge to investigators has been to fully
understand the mechanics of the electrospinning
process. Some have developed analytical models to
aid in this pursuit. Yarin et al.” proposed a mathe-
matical model to predict how the polymer solution
is pulled into a liquid jet and how the jet diameter
decreases as the solution begins to spin. This model
also predicts where the fiber will be placed on the
collection plate by considering the forces created by
the electric field and by gravitational forces. This
group was also able to model the characteristic
whipping of the solution jet in a circular motion as
it travels to the collector plate. Tripatanasuwan
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Figure 1 Illustration of fiber jet with entrained beads
indicating various metrics used for characteristic
dimensions.

et al.'”> went a step further in demonstrating and
describing mechanistically what is happening to the
jet as it travels to the plate. They showed that hu-
midity affects the evaporation rate of the solution,
leading to beads entrained in the fibers and a
smaller fiber diameter between the beads. This is
referred to as the capillary effect,'> which occurs
when the wavelengths of disturbances are greater
than the diameter of the jet. These disturbances may
be wind induced or electrical signals in the case of
electrospinning polymer fibers."! In reaction to
becoming unstable because of these disturbances,
surface energy effects drive portions of the liquid jet
to spherical shapes. During electrospinning, the sol-
idification of the polymer takes place before separate
spherical droplets can detach, thus resulting in a
string of fibers with beaded “pearls” along the line.
This is illustrated in Figure 1. Although many elec-
trospinning parameters (voltage, weight percent, sol-
vent, and distance traveled) have been shown to
affect the fiber morphology of the electrospun poly-
mer, there has been little substantive work to relate
electrospinning to larger-scale liquid jet phenomena,
specifically those that involve fluid mechanics.

In this article, the authors have focused on relating
the mechanisms of fluid jet breakup to the morphol-
ogy of electrospun nanofibers. Outside of the realm
of electrospinning research, Lin and Reitz'' studied
the types of jet breakup that can occur when a pure
fluid (water) is propelled out of a nozzle, using ma-
terial properties such as viscosity, surface tension,
characteristic diameter, and velocity. Lin and Reitz
were able to predict the distance that a fluid jet will
travel before it begins to break up into a series of
droplets by calculating the Weber number of the lig-
uid jet. The formula for determining this dimension-
less quantity is as follows:

_ pUd
o
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where U is the velocity of the jet, d is the characteris-
tic diameter of the jet, p is the density of the solu-
tion, and o is the surface tension of the solution.
Essentially, Weber number indicates the ratio of in-
ertial energy to surface energy in a free jet flow. It is

believed to be applicable to the electrospinning pro-
cess because the solution travels as a free jet to the
collection plate. Many of the parameters or process-
ing variables important in electrospinning fibers can
be accounted for by the use of Weber number. The
surface tension and density of a polymer solution
are determined by the weight percent of dissolved
polymer. The voltage and distance between nozzle
and collection plate affects the diameter of the fibers
created. The velocity of the jet can be controlled by
the force exerted to pull the jet to the plate, which is
produced by the applied voltage. In Lin and Reitz’s
study, Weber number was used to indicate the type
of jet breakup that would occur in larger jets as the
Weber number crossed threshold values. In this
study, the authors characterized the velocity and di-
ameter of the electrospun fibers under varying pa-
rameters to determine whether Weber number
maintained relevance at the jet sizes produced by
electrospinning. The fundamental goal of the work
was to determine whether Weber number could be
used to predict fiber morphology and flow
characteristics.

Poly(ethylene oxide) (PEO) dissolved in water has
been extensively studied for electrospinning applica-
tions because of its solubility and its various uses; how-
ever, researchers have observed that beaded morpholo-
gies commonly occur when the fraction of polymer in
the solution is lowered to amounts nearing 4 wt %. In
many cases, well-formed fibers are produced at higher
PEO concentrations. Little explanation has been given
for the sudden appearance of the entrained-bead mor-
phology at low polymer concentrations. This article
details the experimental work involved in determining
the flow parameters during electrospinning as they
relate to Weber number and fiber morphology to deter-
mine whether this approach can explain the appear-
ance of the beaded morphology at low concentrations.
The goal was to determine whether a threshold Weber
number exists to allow fiber morphology to be pre-
dicted and controlled not only in PEO solutions, but
also in other polymer systems.

EXPERIMENTAL PROCEDURE
Surface tension measurement

PEO (Sigma Aldrich, St. Louis, MO) with a molecu-
lar weight of 400,000 g/mol (M,) was used in this
study. Solutions of distilled water with between 4
and 8 wt % of PEO were prepared in the laboratory
by adding PEO powder to the water and using a
magnetic stir bar to completely dissolve the polymer.
The solutions were then taken to a contact angle an-
alyzer (Edmund Optics FTA188 Video Tensiometer)
to measure their surface tensions.
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Electrospinning

Electrospinning was performed in atmospheric con-
ditions, and a digital thermometer was used to mon-
itor the temperature and humidity of the ambient
environment. PEO solutions were held in either a 1-
or a 10-mL syringe, based on spinning rate, and
placed on a syringe pump (KD Scientific 780100).
The syringe was fitted with a 23-gauge needle with
an outside diameter of 0.62-0.64 mm and an inner
diameter of 0.32-0.34 mm. A high-voltage power
supply (Glassman High Voltage, Inc., High Bridge,
NJ) with a range of 0-30 kV was used to apply a
potential between the syringe needle and the collec-
tor plate. A digital microscope (DinoCapture) was
used to observe the electrospun jet and other phe-
nomena during the electrospinning process. A flat
copper collector plate was placed 125 mm from the
needle tip and was attached to the ground source.
Voltages ranging from 3.5 to 11 kV were applied to
the syringe via an alligator electronic connector
clamped onto the needle. A LabView program was
written to control the high-voltage power supply
remotely. The testing at voltages of 5 kV and below
required a 5-s pulse of 11 kV to produce a Taylor
cone. The voltage was then reduced to the target
value for the remainder of the test. This startup
procedure was needed to overcome the surface ten-
sion of the solution, which would have kept elec-
trospinning from occurring at lower voltages. Dur-
ing testing at lower voltages, the rate at which the
PEO solution was ejected from the syringe was set
at 0.02 mL/h to ensure that Taylor cone stayed in
the same conical shape throughout the test. Higher
voltages, ranging from 6 to 11 kV, did not require
an initial pulse; they were able to be spun immedi-
ately after the voltage was introduced. The rate at
which the syringe pump was operated, for these
voltages, varied between 0.2 and 1.5 mL/h to
ensure the stability of the Taylor cone. All tests
were run for 10-20 min. During testing, it was im-
portant to maintain steady flow conditions; this
was done by making sure that none of the solution
built up into large droplets on the needle and fall
from the tip. This entailed several preliminary test
runs of the electrospinning setup to determine the
proper dispensing rate of the syringe pump. Each
concentration-voltage combination for electrospin-
ning was tested five times in a randomized
sequence, and mean values were calculated for the
measured parameters.

An ultrahigh-molecular-weight polyethylene film
was placed in front of the copper plate to collect the
fibers produced during testing. To determine the flow
parameters such as flow rate and velocity, it was nec-
essary to determine the mass of PEO deposited at the
collector plate. The target polymer mass delivery rate
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Figure 2 Plot of surface tension of various concentrations
of PEO in water, showing that surface tension decreases
with increasing concentration.

was set using the syringe pump, and this value was
corroborated by measurement of the change in sy-
ringe weight before and after the test. The PEO con-
centration of the solution was used to convert the sy-
ringe weight change to the mass of PEO dispensed.
Measurements showed that the syringe measurement
of PEO mass flow rate agreed well with the pump set-
ting. To determine the mass of PEO reaching the tar-
get, subject to the deposition of fibers outside of the
target area, the mass difference of the polyethylene
film from before and after the test was measured. At
various settings of voltage and solution concentration,
the PEO mass measured at the target was consistently
within 10% of the mass dispensed by the syringe
pump. Therefore, it was decided that the change in
mass of a thoroughly dried target film would be used
for mass flow rate calculations. Immediately after elec-
trospinning, the polyethylene sheet was placed on a
shelf to dry for 24 h. After drying, the sheets were
weighed, then sputtered coated with a gold—palla-
dium mixture, and imaged using a JEOL 6400 scan-
ning electron microscope (SEM).

RESULTS
Surface tension results

The surface tension of various PEO concentrations is
shown in Figure 2. It was observed that surface ten-
sion decreased as the weight percent of the solution
increased. The data agree well with that of Kim
et al.'”® values of surface tension of PEO solutions.
The somewhat surprising result that surface tension
decreases with increasing polymer concentration has
been attributed to a high-concentration adsorbed
film of PEO that forms on the surface of the solu-
tion, which reduces the hydrogen bond strength of
the water at the surface.
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TABLE I
Morphologies of Electrospun PEO Ordered by Mean Weber Number
Weight Voltage Mean fiber Mean
percent (kV) diameter (nm) Weber number Morphology
4.0 4.5 150 1.8 Fibers
6.6 7.0 200 2.6 Fibers
5.3 7.0 270 6.2 Fibers
8.0 10 300 13 Fibers
6.6 10 200 13 Fibers
8.0 7.0 180 26 Fibers
5.3 10 150 39 Beaded fibers
4.0 6.8 230 40 Beaded fibers
4.0 10 350 71 Beaded fibers
4.0 11 300 86 Beaded fibers

Fiber diameter

The electrospun fibers were examined in the SEM to
get a detailed look at the resultant fiber morphology
and to measure fiber diameters. The accelerating
voltage for the SEM was set to 15 kV with a working
distance of 15 mm. High-magnification images were
taken to measure the diameter of the electrospun ma-
terial. Because fiber diameter was used to determine
the jet velocity (through a mass flow rate relation), the
presence of entrained beads required a technique that
accounted for a representative material volume to be
consistent with the nonbeaded fibers. Measurement
approaches that focused on either the thin fibers or
the beads alone suffered from shortcomings. The di-
ameter of fibers connecting two beads was very small,
which would lead to artificially high calculated veloc-
ities. On the other hand, using the maximum diameter
of the beads themselves would underestimate jet ve-
locity. It was decided to use a weighted average diam-
eter, which incorporated the diameters of both the
connecting fibers and the beads in such a way as to
maintain consistency across the various samples with
entrained beads. Electrospun material that had
entrained beads had connecting fiber diameters in the
range of 80-150 nm, and the beads themselves had
diameters in the range of 400 nm to 1.00 um. An aver-
age diameter of the resultant beaded fiber was calcu-
lated to effectively handle the varying diameter
because of the entrained beads. By using the SEM
images, a weighted average of fiber-bead diameter
was calculated by measuring the ratio of connector
fiber and bead lengths and assigning a corresponding
weight to the diameter measurements. Mean diame-
ters of the beaded fibers were in the range of 280-350
nm in size, larger than the size of the fiber but smaller
then the size of the beads.

Weber number

Mass flow rate was calculated by dividing the mass
of PEO deposited onto the polyethylene film by the

length of time the test was run. From mass flow
rate, volume flow rate was calculated by dividing
the mass flow rate by the calculated density of the
polymer solution. The velocity of the jet (U) was cal-
culated by dividing the volume flow rate with the
area of the jet before it reached the collection plate.
In this study, the diameter of the jet near at the
plate was assumed to closely approximate the diam-
eter of the resultant fiber deposited at the target,
which was imaged in the SEM. The measured diam-
eter, as described above, was used to calculate the
area of the jet. There is likely some reduction in
fiber diameter as solvent evaporates from the jet af-
ter leaving the syringe; however, the direct measure-
ment of this “wet” diameter is intractable with the
current approach. To address this issue, the authors
decided that the final diameter of a dried fiber pro-
vides a reasonable estimate of the wet fiber diame-
ter, and, furthermore, dry fibers diameters will fol-
low the same trend as wet fibers with respect to the
parameters studied here. It was assumed that the
liquid jet was cylindrical in shape as it traveled to
the plate. Once velocity of the jet was obtained,
Weber number was calculated based on.'

Table I reports the morphology results ordered by
calculated mean Weber number. In cases when the
PEO material was spun into fibers with no beads
present, the Weber number ranged from 0.12 to
approximately 20, with velocities of the jet ranging
from 15 to 50 m/s. The SEM images in Figures 3-5
show different weight percents of PEO solution elec-
trospun at different voltages, resulting in various fiber
morphologies. In cases where the calculated Weber
number was greater than approximately 40, morphol-
ogies with many entrained beads were observed.
The velocities in these cases were calculated to be
above 50 m/s. The results shown in the table
clearly suggest that there is a transition from pure
fibers to entrained beaded-fibers based on a Weber
number threshold. It may be argued that this transi-
tion occurs somewhere between the Weber number
values of 26 and 39.
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Figure 3 Nonbeaded electrospun fibers produced with
4.5 kV voltage and 4 wt % PEO solution.

DISCUSSION
Surface tension

The surface tension of the PEO solution decreased
with the increase in weight percent of PEO.
Although this may seem somewhat counterintuitive,

iy,
<3

R\

Figure 4 Electrospinning results for 5.3 and 8 wt % PEO
solution electrospun at (a) 5.3 wt % and 7 kV and (b) 8 wt
% and 10 kV.
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Figure 5 Electrospinning results of 4 wt % PEO solution
spun at (a) 11 kV and (b) 6.8 kV, respectively, showing
entrained beads in contrast to 4 wt % fibers spun at 4.5 kV
(see Fig. 3).

this behavior has been demonstrated previously.’
The drop in surface tension is due to the hydropho-
bic nature of the CH,CH, segments of the PEO back-
bone (—CH,CH,O—). As the concentration of the
polymer increases, the resulting solution becomes less
and less hydrophilic.'® As is currently hypothesized
in this work, Weber number is a strong indicator of
electrospun fiber morphology. Because the surface
tension term is so prominent in the calculation of this
dimensionless parameter, it becomes vital to under-
stand the surface tension behavior of PEO and other
polymer solutions. Most polymers in a solvent
approach a critical concentration past which further
polymer does not dissolve.'® Therefore, the control of
nanofibers morphology by using Weber number must
take into account the ability to change the surface ten-
sion of various polymer solutions.

Weber number

These results show that the Weber number can
be used as an indicator of fiber morphology. Exami-
nation of Table I and Figures 3-5 shows that there is
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a clear distinction in the Weber numbers that corre-
spond to nonbeaded and beaded morphologies.
When Weber number exceeds approximately 40, all
of the tests produced fibers with entrained beads.
An informative exercise is to examine all of the 4 wt
% PEO solutions studied. Previous researchers have
reported the presence of entrained beads at low so-
lution concentrations,®” and the same was observed
during this study at voltage settings in the same range
as higher-concentration solutions. However, the viscos-
ity of the lower-concentration solution is low, and,
thus, the extensional flow behavior of the electrospun
jet allows for higher flow velocities and, thus, higher
Weber number values as shown in the table. When the
voltage is reduced to reduce the flow velocity,
entrained beads are no longer present and Weber num-
ber values are correspondingly low. This same behav-
ior was reproduced with a 5.3 wt % solution as shown
in the table. The prediction and eventual control of
fiber morphology based on Weber number must take
into account the process parameters that are controlla-
ble in a given electrospinning setup. In this case, the
two directly controllable parameters were applied volt-
age and PEO concentration. An effect on all of the
terms of Weber number could be observed from
manipulation of these two parameters. Changing PEO
concentration affected the density and surface tension
of the solution, whereas applied voltage affected the
velocity of the jet. Furthermore, although not reported
here, variation of PEO concentration affected exten-
sional viscosity of the jet and, thus, greatly affected the
resulting fiber diameter. The manipulation of these two
process parameters, polymer concentration and applied
voltage, is in line with other researchers working on
the electrospinning of polymer fibers.

As stated above, Weber number brings together vari-
ous fluid and process characteristics and incorporates
them into one dimensionless number. It is envisioned
that Weber number analysis could be applied to other
polymer—solvent systems to control the nanofiber mor-
phology. The transition range identified in this work
for aqueous solutions of PEO, between 26 and 39, may
not be the same for every polymer-solvent system
tested, but this work shows that the concept of using
Weber number to describe the free jet flow of electro-
spun fibers is valid. It follows that a transition range
will exist in other systems such that Weber number val-
ues below the transition will result in fibers, whereas
values above the transition will result in entrained
beads. Future work is needed to identify the numerical
values of these transitions in other polymer solutions.

The Weber transition range identified in this study
differs from Lin and Reitz’s'’ values for the first
stage of fluid jet breakup, above approximately 45.
The four stages of jet breakup in Lin and Reitz’s
study include Rayleigh breakup, first wind induced,
second wind induced, and atomization. It is

hypothesized because of the resulting morphologies
and calculated Weber numbers that this work
involved only Rayleigh breakup of the jet. Further
study would be needed to determine whether the
PEO solution is capable of other types of breakup,
thus making additional morphology options avail-
able such as ultrafine electrospun beads.

CONCLUSIONS

The following conclusions are made based on the
results of this work:

1. Two fiber morphologies were observed in the
electrospinning of PEO solution, pure fibers
and fibers with entrained beads. The appear-
ance of entrained beads was due to a mecha-
nism of fluid-jet breakup.

2. Weber number is an appropriate gauge of the
free-jet flow conditions of the electrospun jet and,
thus, can indicate the conditions that lead to the
two morphology types. At Weber numbers below
approximately 26, nonbeaded fibers result,
whereas at values above 39, entrained beads are
produced. Further investigation is needed to
obtain more precision in this number and to
determine how sharply behavior transitions from
nonbeaded to beaded fiber morphologies.

3. The Weber number values that indicate a tran-
sition from nonbeaded to beaded fibers agree
reasonably well with work done in the jet
breakup of pure liquids. This signifies that fun-
damental freejet breakup mechanics can
describe the electrospinning process well.

The authors thank the Microscopy Center at Texas A&M
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sultation and editing assistance.
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