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ABSTRACT: This study aims at investigating the effect of solution elasticity on fiber diameter of electrospun nanofibers using
viscoelastic Boger fluids of poly(vinyl alcohol) having varying degrees of elasticity (expressed in terms of relaxation time (λ) and
Deborah number (De)) and similar viscosity. On electrospinning, the solutions with higher elasticity formed fibers with larger
diameter, thereby, experiencing lower extension (on the order of 104), compared to the solutions of lower elasticity, which
underwent higher extensions (up to 106), resulting in finer fibers. The diameter of the spun nanofibers was found to have a
strong dependence on λ of the solutions. Effect of elasticity was also evident when the fiber diameter increased slightly with the
increase in flow rate for solutions with higher elasticity. However, the effect of distance was negligible on the fiber diameter. The
results suggest that the elasticity of the solution has an important role in governing the final diameter of electrospun fibers.

1. INTRODUCTION

Electrospinning is a process capable of producing fibers with
diameters in nanoscale range utilizing electrostatic forces. The
ability to spin a wide range of polymers and create nanofibers
with tunable properties has made this technique extremely
useful in applications, such as the manufacture of filters,
biomedical scaffolds, adsorbents, sensors, nanocatalysts, etc.
The most important challenge in electrospinning is to attain
uniform nanofibers consistently and reproducibly. Factors that
are considered to have primary effect on the formation of
uniform fibers are the process parameters (such as voltage, flow
rate, tip to collector distance), environmental parameters (such
as temperature, relative humidity), and solution parameters
(such as viscosity, molecular weight, molecular weight
distribution, and concentration). Numerous studies1−3 have
been carried out in the past to examine the effect of these
parameters.
According to some studies,4−10 the flow rate, voltage, and tip-

to-collector distance have been considered to be important
process parameters that directly affect the fiber diameter. Our
recent studies11,12 on electrospinning of poly(acrylonitrile)
have indicated that diameter of electrospun nanofibers is
primarily dependent on the polymer solution properties,
regardless of the other parameters, such as voltage, flow rate,
and distance when electrospinning is carried out under MEV
conditions. MEV is defined as the minimum electrospinning
voltage required for complete conversion (or maximum
possible conversion for dilute solutions) of the polymer droplet
to nanofibers. Below MEV, part of the polymer is converted to
fibers, while the remainder is deposited as droplets. As the
voltage increases, this conversion increases until the MEV is
reached. Beyond this value, the higher voltage tends to pull out
polymer faster than that allowed by the metering pump and
results in intermittent spinning. However, it was observed that
this did not affect the diameter of the spun fibers. A direct
relationship was derived between square of MEV, which is a
measure of electrical energy exploited by the system, and the

work done in fiber formation during the electrospinning
process. For a given solution, the required MEV was found to
increase as the flow rate or spinning distance increased, since
more work was required to be performed. However, the fiber
diameter did not change significantly with these parameters,
suggesting that it may be controlled by the ability of the
polymer solution to undergo splitting and extension to form
fine fibers. In our another study,13 we have found that the above
electrospinning parameters have greater influence on the spread
(i.e., area covered by the deposition) rather than the diameter
of the nanowebs deposited on the collector.
It has been reported in the literature14 that the diameter of

the fiber increases as the solution viscosity increases (by
increasing either the concentration or the molecular weight of
the polymer) and follows a power law relationship with
polymer concentration. Similarly, another study15 has suggested
that fiber diameter (D) is related to concentration as ∼(C/
Ce)

2.6 and viscosity as ∼0.05[η0]0.8 of the spinning solutions in
the concentrated entangled regime.
Another factor that has been reported to play an important

role in obtaining bead-free morphology of electrospun fibers is
chain entanglements in polymer solutions. It has been
suggested that sufficient chain entanglements are necessary
for stabilization of spinning jet16 and for the formation of
uniform fibers.17,18 Recently,19 it has been reported that,
although viscosity plays a dominant role, a small amount of
elasticity is necessary for the formation of smooth bead-free
fibers of poly(vinyl alcohol) (PVA).
One of our recent studies20 has found a strong correlation

between fiber diameter and the number of entanglements per
chain in polymer solution. Since the number of entanglements
per chain represents the capacity to store elastic energy, it was
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inferred that elasticity of the polymer solution plays a vital role
in determining the fiber diameter. However, as the number of
entanglements per chain increase, the viscosity of the system
also increases, and this study, could not separate the effect of
elasticity on fiber diameter.
Elastic effect can be isolated from the viscous effect by using

Boger fluids, which are elastic liquids with constant
viscosity.21−23 One such study24 has reported the effect of
elasticity on fiber morphology using PEO/PEG Boger fluids.
The Deborah number (De), which is a measure of elasticity of a
solution, was calculated and it was found that solutions with
higher values of De formed beadless fibers. However, authors
did not correlate the elasticity of the solution with the fiber
diameter.
In the present study, an attempt has been made to investigate

the effect of solution elasticity on fiber diameter at a constant
viscosity using a series of viscoelastic Boger fluids of PVA. The
effect of process parameters such as flow rate, distance, and
voltage on the fiber diameter obtained from the spinning of
Boger fluids was also investigated.

2. EXPERIMENTAL SECTION

Materials. Low-molecular-weight poly(vinyl alcohol)
(PVA) of MW ∼2000 and 75% hydrolyzed was procured
from Acros Organics (Geel, Belgium). High-molecular-weight
PVA of MW 125 000 was purchased from Central Drug House
(New Delhi, India). Deionized water (DI) was used as a
solvent.
Preparation of PVA Solutions. Stock solutions of high-

molecular-weight (MW ≈ 125 000) PVA (denoted as 125k-
PVA) and of low-molecular-weight PVA (MW ≈ 2000)
(denoted as 2k-PVA) were prepared and then mixed in
appropriate proportions to obtain final concentrations, as
detailed in Table 1.

Rheological Characterization of PVA Solutions. The
PVA solutions were characterized using rotational rheometer
(MCR 302, Anton Paar GmBh, Germany) for their oscillatory
shear rheological measurements with 50 mm diameter and 1°
cone with plate geometry. All the polymer solutions were
thermally equilibrated at 25 °C before carrying out the test.
The strain amplitude (γ°), as obtained from amplitude sweep,
was 10%. The steady-state measurements were conducted at
shear rates from 0.1 s−1 to 1000 s−1 at 25 °C. Frequency sweeps
were conducted from 0.1 to 100 rad/s at 25 °C. Data was
analyzed using Student’s t-test for calculation of significance
level. Differences were considered statistically significant when
p ≤ 0.01.
Intrinsic viscosities of 125k-PVA and 2k-PVA were

determined using a Ubbelohde viscometer with a diameter of
0.53 mm and viscosity average molecular weights were
calculated using k and α value for the Mark−Houwink equation
reported in the literature.25

Electrospinning of PVA Solutions. A bipolar system with
high voltage power supply from Gamma High Voltage Research
(Ormond Beach, FL) was used for electrospinning. The
polymer droplet was charged conductively, by connecting
spinning needle with a positive voltage, and inductively, by
connecting a collector with a negative voltage. Polymer
solutions were extruded using a downward vertical electro-
spinning setup consisting of a syringe pump KDS 100 (KD
Scientific, USA), a 2-mL syringe, and a blunted needle of 18 G.
Fibers were deposited on circular aluminum plate used as
collector. Nanofiber samples were electrospun at MEV at flow
rates of 0.1, 0.3, 0.5, 0.8, and 1.0 mL/h and at needle-to-
collector distances of 5, 10, 15, 20, and 25 cm. The effective
electrospinning voltage, which was used to determine the MEV,
was determined by changing the needle voltage (NV), the
collector voltage (CV), or both. The effective voltage was

Table 1. Rheological Properties of PVA Solutions Containing Different Proportions of High-Molecular-Weight (HMW) PVA
and Low-Molecular-Weight (LMW) PVAa

PVA Content (wt %)

sample sample sample code
HMW

(MW ≈ 125 000)
LMW

(MW ≈ 2000)
shear viscosity

(Pa s)
storage modulus at
ω ≈ 100 s−1 (Pa)

relaxation time
(ms)

1 32.0%P 0 HMW 0.0 32 1.85 4.09 0.193

2 0.3%125k−31.9% P 0.34 31.6 2.15 14.55 0.677
3 0.3%125k−31.7% P 0.34 31.4 2.13 11.55 0.542
4 0.3%125k−31.5% P 0.34 31.2 2.05 8.53 0.465
5 0.3%125k−31.3% P 0.3 HMW 0.34 31 1.84 6.66 0.511

6 0.7%125k−31.7% P 0.70 31.0 2.46 19.19 0.780
7 0.7%125k−31.5% P 0.70 30.8 2.35 16.85 0.717
8 0.7%125k−31.3% P 0.70 30.6 2.21 14.36 0.650
9 0.7%125k−31.1% P 0.70 30.4 2.14 11.10 0.612
10 0.7%125k−30.7% P 0.7 HMW 0.70 30.0 1.83 8.85 0.656

11 1.0%125k−31.5% P 1.06 30.5 2.89 33.58 0.899
12 1.0%125k−31.3% P 1.06 30.3 2.55 22.76 0.889
13 1.0%125k−31.1% P 1.06 30.1 2.42 20.95 0.863
14 1.0%125k−30.9% P 1.06 29.9 2.19 17.23 0.783
15 1.0%125k−30.0% P 1.0 HMW 1.06 29.0 1.98 16.40 0.828

16 1.4%125k−31.4% P 1.44 30.0 3.59 23.90 0.664
17 1.4%125k−29.9% P 1.4 HMW 1.44 28.5 1.99 22.10 1.111

aSee text for an explanation of the use of boldface font.
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calculated as per procedure reported earlier,11,12 using the
following expression:

= + keffective voltage (EV) NV CV (1)

where k is a constant that is dependent on the electrospinning
distance for a given setup.12

In order to achieve MEV, the effective voltage (EV) was
slowly increased. Initially, dripping of polymer was observed,
along with some amount of nanofibers; subsequently, upon
increasing EV further, the dripping vanished and the extruded
polymer was found to convert to nanofibers, as indicated by
continuous defect-free spinning. This effective voltage was
considered to be the MEV. Upon further increasing the
effective voltage beyond MEV, intermittent spinning was
observed.
Temperature and relative humidity were maintained at 25 °C

and 50%, respectively, for all experiments. The thus-obtained
electrospun fibers were vacuum-dried overnight before their
characterization. In this study, other factors, such as electrical
conductivity and surface tension, have not been considered.
Since all the samples have similar composition, in terms of their
chemical nature and concentration, they are expected to have
similar electrical conductivity and surface tension values.
Characterization of PVA Nanofibers. The electrospun

nanofibers were characterized using field-emission scanning
electron microscopy (FESEM) (Quanta FEI, Model 200F,
Eindhoven, The Netherlands). Nanofiber diameter was
measured using ImageJ software downloaded from the Internet
(www.imagej.nih.gov/ij/). A diameter of 200 fibers was
measured, and an average value with standard deviation has
been reported for all the samples. Data were analyzed using a
Student’s t-test to calculate the level of significance. Differences
in diameter were considered to be statistically significant when
p ≤ 0.01.

3. RESULTS AND DISCUSSION
Preparation of PVA Boger Solutions. Boger fluids are a

set of solutions that have almost the same viscosity and varying
degrees of elasticity. They are often used to separate the effect
of elasticity from viscosity.22,23 The elasticity to Boger fluids is
imparted by using a small concentration of high-molecular-
weight (HMW) component, while the viscosity is imparted by

using a high concentration of low-molecular-weight (LMW)
component.21 The elasticity of Boger fluids is varied by
changing the concentration of the HMW component, while its
viscosity remains almost the same, because of the negligible
contribution from the HMW component at low concentration.
PVA is a semicrystalline polymer with good fiber-forming
properties. Therefore, attempts were made to develop a new set
of Boger fluids, based on PVA having constant shear viscosity
and adjustable elasticity. To achieve this, two grades of PVA
were selected: one with an LMW of 2k and another with an
HMW of 125k. It was hypothesized, as discussed above, that by
adding a small quantity of HMW PVA (125k-PVA) to a
concentrated solution of LMW PVA (2k-PVA), a set of Boger
fluids can be developed. The entanglement molecular weight of
PVA, as reported in the literature,18 is ∼3750. Therefore, PVA
with an average molecular weight of ∼2000 was considered to
be an appropriate choice for the LMW component of Boger
fluids.
Intrinsic viscosity [η] was experimentally determined and

was found to be 0.261 dL/g for 2k-PVA, which corresponds to
a viscosity average molecular weight of 2335. The critical
concentration (c*), where c* ≈ 1/[η], was calculated to be
∼3.8 g/dL for 2k-PVA. 2k-PVA solutions with concentrations
of 26, 28, 30, 32, and 34 wt % were prepared in water and
electrospun. The SEM micrographs for these fibers are given in
Figures 1a−e. It was found that fibers could be obtained for all
the concentrations. However, highly beaded fibers were
obtained for 2k-PVA concentrations of 26 and 28 wt % with
fiber diameters of 66 ± 16 and 76 ± 17 nm, respectively. For 30
wt % solution, very few beads were seen with fiber diameter of
97 ± 16, while for 32 and 34 wt % solutions, defect-free fibers
were obtained with diameters of 106 ± 17 and 96 ± 13 nm,
respectively. It was interesting to note that, for LMW
concentrations of 30−34 wt %, from which beadless fibers
were formed, the fiber diameter did not have any significant
dependence on concentration. The 32 wt %-2k PVA solution
was selected as the control solution, for comparison with other
solutions obtained by blending with HMW polymer.
Critical concentration for 125k-PVA was also calculated and

was found to be ∼1.17 g/dL ([η] = 0.849). Four aqueous
solutions of 125k-PVA of concentrations 0.3, 0.7, 1.0, and 1.4
wt % were chosen such that they are either below or just above

Figure 1. SEM images of 2k-PVA at (a) 26 wt %, (b) 28 wt %, (c) 30 wt %, (d) 32 wt %, and (e) 34 wt % spun at MEV at a flow rate of 0.5 mL/h
and a distance of 15 cm.
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the critical concentration. The Berry number (Be), which is a
dimensionless quantity, denoted by

η=Be C[ ]

is often used to interpret the start of entanglements in a
polymer solution.26 Be values were found to be <1 for
concentrations of 0.3, 0.7, and 1.0 wt % and ∼1.0 for a
concentration of 1.4 wt %. According to the literature,17

entanglements may start to form when Be > 1. Tao et al.
reported18 that, for HMW PVA (for MW = 155,000), the
entanglements are significant only when Be > 9. This implies
that the chosen concentrations of HMW are in the unentangled
dilute regime. This is rheologically important for making Boger
fluids, because lower interaction among polymer chains is
expected to result in a lower contribution of HMW component
to the overall viscosity of the polymer solution.
A set of Boger fluids was developed by blending LMW and

HMW components in required proportions, to obtain their
final concentrations in the above-mentioned range. Five
solutions were designed with HMW components varying
from 0 to 1.4 wt %, with an overall concentration of ∼32 wt %.
Table 1 lists the solutions and their viscosity. It may be
observed that the contribution of HMW component to the
viscosity of the blends was small, as expected, except for
solution with 1.4 wt % HMW-PVA, where the concentration of
HMW-PVA was marginally above the critical concentration
value of 1.17 wt % for HMW-PVA. In order to compensate for
the small increase in the viscosity of these blends, the
concentration of the LMW component was reduced by a
small value for each concentration of HMW. Of the various
solutions made, one blend solution was identified for each
HMW concentration (indicated in bold font in Table 1) that
showed almost the same viscosity as that of the control solution
(i.e., 32 wt % LMW PVA). These solutions are presented, along
with the sample code, in Table 1.
Figure 2 shows the shear viscosity (η) versus the shear rate

for the solutions of 32.0%P (0 HMW), 0.3%125k-31.3%P (0.3

HMW), 0.7%125k-30.7%P (0.7 HMW), 1.0%125k-30.0%P (1.0
HMW), and 1.4%125k-29.9%P (1.4 HMW) at 25 °C, having
similar viscosities. The solutions were found to exhibit
apparently Newtonian behavior in the range of 1 s−1 and 100
s−1 and exhibited a low degree of shear thinning behavior only
upon increasing the shear rate beyond 600 s−1. This shows that
the fluids are non-shear-thinning in nature for a wide range of

shear rates and the HMW component does not appear to
contribute to the solution viscosity.
Figures 3A and 3B show the loss (G″) and storage modulus

(G′) with angular frequency for the five solutions. The G″
values increase linearly with increasing angular frequency for all
solutions. However, as desired, change in the G″ value with the
increase in concentration of HMW component was statistically
insignificant (p > 0.01), which indicates similar viscous
properties for all the solutions. On the other hand, values of
G′ show a different behavior. G′ values increase gradually up to
∼2 s−1, followed by a rapid rise. Beyond ω ≈ 10 s−1, G′ values
follow a linear trend and are significantly different (p < 0.01)
for samples having different HMW contents. They increase as
the HMW content increases. A plateau-like region that appears
between ω ≈ 0.1 and ω ≈ 10 is likely due to the presence of
intermolecular hydrogen bonding at the low shear rates, which
is characteristic of PVA solution rheology. In order to support
this inference, rheology of aqueous solution of 10 wt % PVA
was studied in the presence of varying amounts of NaCl, which
disrupts the intramolecular and intermolecular hydrogen
bonding in PVA. It was found that, in the control sample
(i.e., without NaCl), a plateau-like region appeared at angular
frequency (ω) between 0.1 s−1 and 10 s−1 (see Figure S1 in the
Supporting Information). Upon the addition of increasing
amounts of NaCl, the plateau-like region gradually disappeared,
indicating the characteristics of PVA solution, where role of
hydrogen bonding is dominant at low shear rates.
The extent of permanent deformation of a polymer fluid is

dependent on its viscous nature, while its tendency to recoil
back to its original position is dependent on its elastic nature.
Elasticity is a function of the relaxation time (λ) and
deformation rate of the polymer solution. Relaxation time of
the solutions at 100 s−1 was calculated using the Oldroyd B
model, as explained by Jackson et al.27 (see eq 2) and has been
enumerated in Table 1.

λ ω
η

= ′
′

G[ / ]2

(2)

where the dynamic viscosity (η′) is equal to the apparent
viscosity (η) when (ωλ)2 ≪ 1.
From the values, it was observed that, as the HMW-PVA

content was increased, the relaxation time of the solutions also
increased from 0.19 ms to 1.11 ms, thereby increasing the
solution elasticity in that order. Figure 4 shows the relationship
between the relaxation time of the Boger solutions with the
concentration of the HMW-PVA component present in each
Boger solution. The almost-linear relationship obtained
indicates that the small concentration of HMW-PVA could
be successfully used to alter the relaxation time of the Boger
solutions. The Deborah number (De), calculated from
oscillatory flow using eq 3, where γ° is the strain amplitude,
showed a similar trend for 125k-PVA solutions, which showed
an increase in De, from 0.19 to 1.11, with increasing HMW-
PVA content.

λωγ= °De (3)

On the other hand, the relaxation times of the 2k-PVA
solutions of 30, 32, and 34 wt % were almost the same in the
range of 0.19−0.24 ms (see Table S1 in the Supporting
Information).

Electrospinning of PVA Boger Fluids. Electrospinning of
the PVA Boger fluids was conducted under similar conditions

Figure 2. Viscosity versus shear rate of PVA Boger solutions: 0 HMW
(curve a), 0.3 HMW (curve b), 0.7 HMW (curve c), 1.0 HMW (curve
d), and 1.4 HMW (curve e).

Industrial & Engineering Chemistry Research Article

DOI: 10.1021/ie504141c
Ind. Eng. Chem. Res. 2015, 54, 1547−1554

1550

http://dx.doi.org/10.1021/ie504141c


of temperature and humidity. SEM images of the nanofibers
electrospun at a flow rate of 0.8 mL/h and a distance of 15 cm
at MEV are shown in Figure 5. Fibers obtained were
continuous, beadless, and without any defects. The average
fiber diameter, in order of increasing HMW-PVA content from
0 to 1.4%, was 107 ± 12 nm, 200 ± 18 nm, 257 ± 21 nm, 292
± 19 nm, and 325 ± 20 nm, and their corresponding

electrospinning voltages (i.e., MEVs) were 32 kV, 25 kV, 23 kV,
19 kV, and 17 kV.
Correlations between the rheological properties and the fiber

diameter were drawn. The diameter was observed to increase
by a factor of ∼3.2, even when the viscosity remained almost
the same for all of the solutions with HMW-PVA (see Figure
6). However, with increasing HMW-PVA content, the diameter

Figure 3. Frequency sweep curve of (A) loss modulus and (B) storage modulus of solutions for PVA Boger solutions: 0 HMW (curve a), 0.3 HMW
(curve b), 0.7 HMW (curve c), 1.0 HMW (curve d), and 1.4 HMW (curve e).

Figure 4. Plot of relaxation time versus HMW-PVA content for 0
HMW (point a), 0.3 HMW (point b), 0.7 HMW (point c), 1.0 HMW
(point d), and 1.4 HMW (point e).

Figure 5. SEM images of electrospun PVA nanofibers: (a) 0 HMW, (b) 0.3 HMW, (c) 0.7 HMW, (d) 1.0 HMW, and (e) 1.4 HMW spun at MEV at
a flow rate of 0.8 mL/h and a distance of 15 cm.

Figure 6. Fiber diameter versus viscosity of PVA solutions: 0 HMW
(point a), 0.3 HMW (point b), 0.7 HMW (point c), 1.0 HMW (point
d), and 1.4 HMW (point e) spun at MEV at a flow rate of 0.5 mL/h
and a distance of 5 cm.
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showed a strong correlation with λ and De (see Figure 7).
Within the investigated range, the fiber diameter (D) was found
to be directly proportional to λ, as given in eq 4.

λ∝ ×D 3.05 105 (4)

Although frequency sweep curves obtained in the inves-
tigated region of ω = 0.1−100 s−1 showed the viscous
component to be dominant over the elastic component, the
electrospinning process involves significantly higher deforma-
tion rates, at which the elastic component is likely to dominate.
Renekar et al.28 estimated the overall longitudinal strain rates
during electrospinning to be as high as 106 s−1, because of the
high reduction in surface area. The strain rates during
electrospinning for the present experiments were calculated
to be in the range of 106−107 s−1 (see eq S1 in the Supporting
Information). It was not possible to measure extensional
rheology at such high strain rates; therefore, the G′ and G″
curves shown in Figure 3 were extrapolated to higher
frequencies, yielding G′ values that become comparable to G″
values. At ω ≈ 104 s−1, the two curves cross over at a point
beyond which the elastic component is dominant (see Figure
S2 in the Supporting Information). Hence, it can be inferred
that a strong dependence of fiber diameter on λ of polymers in
solution, as proposed above, is reasonable.
Increasing values of λ and De indicate an increase in elastic

properties of the solutions. It is likely that the addition of 125k-
PVA (i.e., HMW content) forms a network with polymer
chains of 2k-PVA (i.e., LMW content). In this, one long chain
of 125k-PVA may associate with several short chains of 2k-
PVA. With increasing HMW content, the numbers of such
associations are likely to increase, thereby creating an entangled
network that increases the elasticity of the system. On the other
hand, 2k-PVA solutions of 30, 32, and 34 wt % show similar
diameter as their λ and De values are almost the same.
The diameter of the electrospun fibers has also been plotted

against the overall concentration of Boger solutions in Figure 8.
Interestingly, the diameter decreases significantly as the
concentration of the solutions of similar viscosity increases,
which indicates that the relationships given in the literature,14,15

showing a strong dependence of diameter on concentration and
viscosity of solution, without considering elastic properties, may

not be appropriate. The studies14,15 have not been able to show
a clear dependency, because there is a wide spread in diameter
values (spread of over an order of magnitude) at the same
values of viscosity.

Effect of Flow Rate, Distance, and Voltage on Fiber
Diameter. Effect of Tip-to-Collector Distance. Figures 9A and
9B show the effect of increasing the electrospinning distance on
the fiber diameter of PVA Boger solutions spun at two flow
rates of 0.1 and 0.5 mL/h and under MEV conditions.

Figure 7. Fiber diameter versus relaxation time (λ) and Deborah
number (De) of PVA: 32.0%P (point a), 0.3 HMW (point b), 0.7
HMW (point c), 1.0 HMW (point d), 1.4 HMW (point e), 30.0%P
(point i), and 34.0%P (point ii). Fibers were spun at MEV at a flow
rate of 0.5 mL/h and a distance of 5 cm.

Figure 8. Plot of fiber diameter versus overall concentration of HMW
and LMW PVA content for 0 HMW (point a), 0.3 HMW (point b),
0.7 HMW (point c), 1.0 HMW (point d), and 1.4 HMW (point e)
spun at MEV at a flow rate of 0.5 mL/h and a distance of 5 cm.

Figure 9. Effect of distance on fiber diameter at a flow rate of (A) 0.1
mL/h and (B) 0.5 mL/h for the solutions 0 HMW (point a), 0.3
HMW (point b), 0.7 HMW (point c), 1.0 HMW (point d), and 1.4
HMW (point e) spun at MEV.
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Interestingly, no significant change (p ≥ 0.01) in fiber diameter
could be seen for all five solutions for the spinning distances in
the range of 5−25 cm. This indicates that electrospinning was
essentially complete, i.e., fibers had attained their final diameter,
within 5 cm of spinning distance and further increase in the
distance did not lead to change in diameter. This is in
conformity with our earlier observations11 with the PAN-DMF
system, where electrospinning parameters such as voltage,
spinning distance, and flow rate did not show any effect on the
fiber diameter.
Ambient conditions, such as temperature and relative

humidity, are very crucial in governing the minimum distance
at which the fibers attain their final diameter, especially for
water-soluble polymers, such as PVA. The change in the
ambient conditions can also change the rheological properties
of a spinning solution. Therefore, in the present study, the
ambient conditions have been maintained at constant values of
25 °C and 50% relative humidity (RH) for all the experiments.
Effect of Flow Rate. Figures 10A and 10B show the

dependence of fiber diameter on the flow rate of Boger

solutions spun at MEV at two different distances (5 and 20
cm). As discussed above, there is no significant effect of
distance on the fiber diameters for all of the flow rates. As
expected, 2k-PVA solution did not show any significant change
in fiber diameter with increasing flow rate. The diameters for
solutions with HMW content were almost the same for flow
rates of <0.5 mL/h. Thereafter, there was a small increase in
diameter of the nanofibers (<20% for a 100% increase in flow
rate). This may be due to the fact that the solutions with HMW
content have a tendency to show higher elasticity at higher flow

rates. As mentioned earlier, elasticity of a solution is a product
of relaxation time and deformation rate. At higher flow rates,
the rate of deformation is much higher, leading to higher
elasticity and, subsequently, higher diameter of the spun fibers
for the same solution. These results further support the
importance of solution elasticity in governing the fiber
diameter.

Effect of Spinning Voltage. Figure 11 shows a plot of fiber
diameter versus minimum electrospinning voltage (MEV)

required for electrospinning the various solutions at tip-to-
collector distances of 5 and 15 cm and at a flow rate of 0.8 mL/
h. It was observed that, as the resultant fiber diameters (for a
given set of flow rate and distance) increase with increasing
HMW-PVA content, the MEV required to continuously spin
uniform fibers decreases. As mentioned earlier, MEV is the
minimum voltage required to completely convert polymer
solution into nanofibers at a given set of flow rate, tip-to-
collector distance, and ambient conditions. MEV2, which is a
measure of electrical energy exploited by the system, has been
related to the work done in fiber formation during the
electrospinning process.11,12 With increasing solution elasticity
or relaxation time, the ability of the polymer solution to split or
elongate into finer fibers decreases, which does not allow finer
fibers to be formed. Since the polymer solution cannot be
converted to finer fibers, because of this inherent limitation, it
requires less electrical energy to complete the process and,
hence, requires lower MEV. In other words, it is the rheological
properties of the polymer solution that decide the final
attainable diameter of the nanofibers, and the required voltage
is decided accordingly by the spinning system.

4. CONCLUSIONS
Viscoelastic Boger fluids of PVA were successfully prepared by
mixing small proportions of high-molecular-weight PVA and
low-molecular-weight PVA. As the content of high-molecular-
weight PVA increased, these fluids showed increasing elasticity
with similar viscosity. The increase in the elasticity was
characterized by increasing values of the Deborah number
(De) and the relaxation time (λ). As the concentration of
polymer increased (30−34 wt %), the diameters of the
electrospun fibers obtained from viscous solutions of neat 2k-
PVA were observed to be almost the same (since their
relaxation times were determined to be similar). On the other

Figure 10. Effect of flow rate on fiber diameter at a distance of (A) 5
cm and (B) 20 cm for solutions 0 HMW (point a), 0.3 HMW (point
b), 0.7 HMW (point c), 1.0 HMW (point d), and 1.4 HMW (point e)
spun at MEV.

Figure 11. Dependence of fiber diameter on minimum electrospinning
voltage at a flow rate of 0.8 mL/h for the solutions 0 HMW (point a),
0.3 HMW (point b), 0.7 HMW (point c), 1.0 HMW (point d), and
1.4 HMW (point e) at tip-to-collector distances of 5 and 15 cm.
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hand, Boger solutions showed an increase in diameter of the
electrospun fibers by ∼300% as the relaxation time increased by
∼600%, while maintaining the overall concentration and
viscosity of polymer almost the same. The study suggests that
the diameter of the electrospun fibers is strongly governed by
the elastic properties of the spinning polymer solution, which,
in turn, may be dependent on many other parameters, such as
molecular weight and polymer concentration. Furthermore, it is
fairly independent of the processing parameters, such as
spinning distance, voltage, and flow rate.
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