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Using chloroform/dimethylformamide (CF/DMF) co-solvent, electrospinning of poly[(R)-3-hydroxy-
butyrate] (PHB) solutions was carried out at ambient temperature. The effects of the applied voltage (V),
flow-rate (Q), and solution viscoelastic properties on the Taylor cone, electrified jet, and fiber
morphology were investigated. In addition, the electric field developed by the needle-plate electrode
configuration was calculated using a finite element analysis to reveal the tip-to-collector (H) effect.
Among the processing parameters (V, Q and H), it was found that Q played a key role in determining the
jet diameter (dj) and electrospun fiber diameter (df), and scaling laws existed between them, i.e., dj–Q0.61

and df–Q0.33. The diameter reduction ratios of Do/dj (Do is the needle diameter) and dj/df were measured
as 50–120 and 5–10, respectively; it suggested that major jet stretching took place in the straight
electrified jet region, and further chain orientation could be gained by the subsequent process of jet
whipping. By changing PHB concentrations from 5 to 15 wt%, the solution viscosity (ho) was increased
from 100 to 4900 cP, whereas the surface tension and solution conductivity remained unchanged; it
provided a good model solution to exclusively reveal the ho effect on the electrospinning process. Our
results showed that the ho-dependence of dj and df also followed simple scaling laws: dj–ho

0.06, and
df–ho

0.39, with a prefactor depending on the processing variables, mainly the flow-rate. Regardless of the
PHB concentrations used, the obtained PHB fibers showed a similar crystallinity fraction of ca. 0.63 and
possession of major a-crystals together with a small amount of b-crystals with zigzag chain
conformation.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Recently much attention has been paid to the development of
biomaterials, such as ploy(lactic acid) and poly[(R)-3-hydroxy-
butyrate] (PHB), because of their environmental-friendly nature.
Of significant importance are their applications in the tissue scaf-
folds owing to their specific biocompatible and biodegradable
behaviors. Electrospinning is a powerful processing technique to
prepare fiber mats with a controllable fiber diameter, thereby their
pore sizes between entangled fibers. Electrospun fibers with
a diameter ranging from 10 to 1000 nm could be readily obtained
by selecting appropriate processing parameters. After revisiting
this process by Reneker’s group in the early 1990s, many
researchers have been involved in this interdisciplinary field and
tremendous electrospinning results have been presented in recent
years [1–6]. However, because quite a few influential factors are
mutually involved in the process, it becomes extremely difficult, if
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not impossible, to separate the individual influence on the process
development. In some cases, controversial results have been
reported in the literature owing to the differences in the experi-
mental setup and misleading comparison of inconsistent bases.

Much of the electrospinning is performed using the needle as
the capillary for solution protrusion and a conductive plate
grounded as a collector for the electrospun fibers [7–9]. It should be
remarked that indeed the electric field developed in this needle-
plate (or line-plate) electrode configuration is highly non-uniform
in the space intended for electrospinning; our previous study [10]
showed that field strength concentrates at the needle-end, and
decays in a power law manner with an exponent of ca. �1.21. The
level of jet whipping in the ‘‘bending instability region’’ is depen-
dent upon the electric field that the electrified jet experiences, i.e.,
the shorter the straight jet beneath the Taylor cone, the higher the
electric field that a whipping jet will experience. Thus, a thorough
understanding of the electric field distribution becomes inevitable
to unveil the correlation between the electrified jets and electro-
spun fibers, suggesting further that it is of significance to study the
effects of processing variables on the morphologies of the free
cone/jet surface.
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Nomenclature

c* overlapping concentration (–)
ce entanglement concentration (–)
dj diameter of straight jet end (mm)
df diameter of electrospun fiber (mm)
Do outer diameter of needle (mm)
De Deborah number (–)
Eo nominal electric field (¼V/H, kV/m)
Ej electric field at the straight jet end, determined by

finite element analysis (kV/m)
G0 dynamic storage modulus (Pa)
G00 dynamic loss modulus (Pa)
H tip-to-collector (working) distance (cm)
Hc cone height, measured from the needle-end to the

apex of Taylor cone (mm)
lj length of the straight jet (mm)
Lj distance from the needle-end to the straight jet end

(¼Hcþ lj, mm)
Q solution volume flow-rate (mL/h)
vj jet velocity at the straight jet end (m/s)
V applied voltage (kV)
Vs lower bound voltage for the cone-jet

electrospinning mode (kV)
Vus upper bound voltage for the cone-jet

electrospinning mode (kV)
Tm melting temperature of PHB (�C)
ho zero shear viscosity of solution (cP)
h* complex viscosity of solution (cP)
k solution conductivity (mS/cm)
g surface tension (dyne/cm)
r density (g/cm3)
fv volume fraction of polymers (–)
fDSC fiber crystallinity measured by DSC (–)
3 relative permittivity (–)
u frequency (rad/s)
Js
o recoverable shear compliance (Pa�1)
so relaxation time (s)
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Solution electrospinning of PHB [11–13] and its copolymers with
hydroxyvalerate (PHBV) [14,15] or hydroxyhexanoate (PHBHHx)
[16] has been investigated previously in an attempt to obtain
thinner fibers than that prepared by the melt-spinning process [17–
19]. By melt-spinning, the diameter of the as-spun PHB fibers is
typically 200–300 mm, and the fiber crystallinity is rather low
owing to its slow crystallization character. Thus, annealing of the
melt-spun fibers under tension above its glass transition temper-
ature is generally required to obtain PHB fibers with sufficient
mechanical strength for practical applications. Depending upon the
post-spun treatments, drawing and annealing procedures lead to
the development of higher order structure, e.g., the coexistence of
stable a-form and the metastable b-form crystals [17–19]. In this
paper, electrospinning of well-characterized PHB solutions was
performed at ambient temperature. The effects of applied voltage
and flow-rate on the cone/jet/fiber morphologies were experi-
mentally investigated. By means of finite element analyses,
a theoretical calculation was carried out to determine the electric
field distribution setup by the needle-plate configuration, which
was used to elucidate the effect of tip-to-collector distance and the
level of jet whipping. By fixing all the processing parameters except
the solution viscosity, the scaling laws between the jet/fiber
diameter and solution viscosity were derived, and the results were
compared with those reported previously. Finally, the internal
structure of the electrospun PHB fibers was characterized by
several analytical techniques to unveil processing effects and
compare with those prepared from the melt-spinning process.

2. Experimental

2.1. Materials and solution characteristics

PHB powder samples were purchased from Sigma–Aldrich, and
chloroform (CF) and dimethylformamide (DMF) were used to
prepare the electrospinning solutions. The solubility parameters (d)
for the CF, DMF, and PHB [20] were reported to be 9.3, 12.1 and
9.7 (cal/cm3)0.5. Using an Ubbelohde capillary viscometer, the
intrinsic viscosity, [h], of the PHB/CF solutions was determined to
be 2.136 dL/g, which gave an average molecular weight of 262.1 kg/
mol on the basis of the Mark–Houwink–Sakurada equation with
the reported values of K (¼7.7�10�5) and a (¼0.82) [21]. Solutions
were prepared on a weight basis, and the volume fraction of
polymer (fv) was calculated from the pure component densities
(rCF¼ 1.480, rDMF¼ 0.944, and rPHB¼ 1.230 g/cm3) assuming
negligible volume change on mixing.

Properties of the electrospinning solutions, i.e., conductivity (k),
surface tension (g), and viscosity (ho) were measured at room
temperature. Surface tension and conductivity of the prepared
solutions were measured using Face surface tension meter (CBVP-
A3) and Consort conductivity meter (C832), respectively. Linear
viscoelastic properties of the solutions were measured in a Rheo-
metrics (ARES) using a cup-and-bob feature. Oscillatory shear
mode was used to determine the storage modulus G0(u) and loss
modulus G00(u) over a range of frequencies. Zero shear viscosity ho

was determined from the loss modulus data at low frequencies:
ho ¼ limu/0 G00ðuÞ=u. Recoverable shear compliance Js

o was deter-
mined from the storage modulus data at low frequencies:
Jo
s ¼ 1=h2

o limu/0 G0ðuÞ=u2. The relaxation time so was estimated by
so¼ ho Js

o [22]. The charge relaxation time sc was calculated by
a simple relation: 3/(4pk), where 3 was the solution permittivity; 3

was mainly related to the solvent used and assumed to be relatively
independent of the polymer concentration [23].

2.2. Processing and measurements

To prevent the cone from clogging as a result of the high vola-
tility of CF, a jacket was constructed to introduce saturated chlo-
roform to blanket the Taylor cone by using N2 as a carrier gas [24].
The homogeneous polymer solution was delivered by a syringe
pump (Cole-Parmer) at a controlled flow-rate (Q, ranging from 0.5
to 35 mL/h) to the needle (i.d./o.d./length¼ 1.07/1.47/40.0 mm)
where an electrical voltage (V, ranging from 5 to 30 kV) was applied
by a high-voltage source (Bertan, 205B). To construct a line-plate
electrode configuration, a steel net (30� 30 cm2) was used as
a collector for the electrospun fibers at a tip-to-collector distance
(H) of 14 cm below the needle tip. Thus, the nominal electric field
strength was expressed by Eo¼ V/H. Four CCDs were used to
observe the morphologies of the electrified cone and jet during
electrospinning, i.e., (1) the cone height, Hc, defined by the distance
from the needle-end to the Taylor-cone apex, (2) the straight jet
length, lj, measured from the Taylor-cone apex to the terminal jet,
where jet whipping was initiated, (3) the terminal jet diameter, dj,
determined by a laser diffraction technique, and (4) the jet whip-
ping behavior observed by a high-speed camera (Redlake, Motion
Pro 10000) to capture images at a frame rate of 104 frame/s. The
details have been described previously [25]. The fiber morphology
was observed using scanning electron microscope (SEM, Hitachi
S4100) and fiber diameters were measured within electron
micrographs from a population of w500 fibers, from which the
average fiber diameter (df) and the corresponding standard error
were determined. To characterize the internal structure of
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Fig. 1. Double logarithmic plots of complex viscosity, h*, versus frequency, u, for PHB/
CF solutions with various concentrations.
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electrospun fibers, wide-angle X-ray diffraction (WAXD) patterns
and FTIR spectra were obtained using a Dmax2000 X-ray gonio-
meter (Rigaku, Cu target) and Spectrum 100 (Perkin–Elmer Co.),
respectively. IR absorption peaks at 1721 cm�1 and 1735/1745 cm�1

were assigned to the C]O stretch band in the crystalline and
amorphous phases, respectively [19,26]. The area of absorbance
peak at 1453 cm�1 (A1453) could be used as an internal standard for
thickness correction [27]. After curve de-convolution in the 1650–
1800 cm�1 region, the area of the absorbance peak at 1721 cm�1

(A1721) was obtained, and the relative crystallinity of PHB fibers was
estimated by the A1721/A1453 ratio. In addition, the single absor-
bance peak at 1228 cm�1 was also attributed to the crystalline
phase [27] and the A1228/A1453 ratio was determined to provide the
relative crystallinity as well. Thermal properties were analyzed
using a Perkin–Elmer differential scanning calorimeter (DSC7) at
a heating rate of 10 �C/min under nitrogen. The melting point and
melting enthalpy were determined from the peak temperature and
the area under the melting peak. Then, the crystallinity fraction
(fDSC) of the electrospun fibers was determined from the melting
enthalpy to the one with pure a-form crystals (146 J/g) [28].

2.3. Electric field simulation

Using the FLUX2D�9.10 software, the electric field strength from
the needle-end to the grounded collector was calculated through
a finite element analysis. Owing to the axisymmetric geometry,
only half space with respect to the needle axis was necessarily
considered to construct for the 3-D electrostatics problem. The
geometry used in the electrospinning experiments was adopted to
calculate the electric field setup by the needle-plate configuration
without considering the electrified fluid effects. Fine element
meshes were built near the needle-end corner because of the
presence of electric field concentration, and coarse element meshes
were used for the far field space. At least 20 elements right beneath
the needle-end were constructed for a precise calculation. Within
the domain of interest, ca. 6000 triangle elements were used for the
finite element analysis. The relative permittivity of the air was
assumed to be 1.0. After the potential on the needle surface and the
grounded plate were specified, the potential in the desired domains
was calculated by solving the Poisson equation. Then, the electric
field (E) determined from the gradient of simulated potentials was
calculated to obtain the electric field distribution along the z
direction from the needle-end (z¼ 0) to the grounded plate (z¼H).

3. Results and discussion

3.1. Solution properties

Once the frequency dependences of G0 and G00 are measured for
various solutions, the complex viscosity (h*) versus angular
frequency (u) is determined and shown in Fig. 1, which overlaps
with the viscosity obtained from the steady shear measurements
(not shown), thereby validating the Cox–Merz rule for the PHB
solutions. For low concentrations the solutions exhibit a Newtonian
behavior, but increasing the PHB concentration leads to the shear
thinning behavior at high u, i.e., h*–u�n with the power law index n
increasing with the PHB concentration; being 0.22 for the 9 wt.%
and 0.36 for the 16 wt.% solution. The zero shear viscosity (ho) and
Js
o are shown in Fig. 2, together with the calculated so. The log–log

plot shows that ho is increased with increasing PHB content, and
a constant slope of 3.64 is reached at a concentration of 4 wt.%
(5.0 vol.%) for the PHB/CF solution. It suggested that a semi-dilute
regime with entangled PHB chains is reached for solutions pos-
sessing a concentration above this critical value (ce) [29,30]. The
overlapping concentration, c*, was estimated by the reciprocal of
the [h] to be 0.32 wt.% (0.38 vol.%), leading to the ce/c* ratio of w13.
Previous studies have already shown that electrospinnability of
polymer solutions is mainly determined by the dielectric constant
of the solvent used; a solvent with a larger dielectric essentially
produces smaller diameter-scale fibers [31]. CF solvent has a lower
dielectric constant (w4.8) and conductivity (<0.1 mS/cm) in
comparison with that of DMF solvent (36.7 and 0.6 mS/cm, respec-
tively). To enhance the solution properties, DMF was added to form
a CF/DMF co-solvent of 9/1 weight ratio, which was used to prepare
the solutions for electrospinning. After DMF molecules were dis-
solved, the PHB chain conformation in the solution might change
because of the variation of the solvent/polymer affinity. As shown
in Fig. 2, the critical concentration for the development of entan-
gled solution is increased to 5 wt.% (5.9 vol.%) but the terminal
slope remains slightly unchanged (w3.60). Owing to the poor
affinity of DMF to the PHB chains, moreover, ho is reduced at a fixed
PHB concentration, which favors the formation of thinner PHB
fibers. Similar solvent-quality dependence of ho has been reported
for PMMA solutions using co-solvents of CF/DMF with various
compositions [32]. According to Fig. 2(b), Js

o is decreased with PHB
content (fv); whereas so is increased with fv; both rheological
quantities follow a power law relation expressed by Js

o–fv
�1.51 and

so–fv
2.37. Depending on the concentration, the relaxation time of

PHB solution ranges from 5 to 50 ms, which is comparable to the
processing time normally observed during electrospinning.

The surface tension of the solution is independent of the poly-
mer concentration, but is determined by the solvent used as shown
in Fig. 3. For the CF/DMF¼ 9/1 co-solvent, the measured g value
was 28.4 dyne/cm, which was close to the one determined by its
volume composition. Also given in Fig. 3 is the conductivity of
various solutions prepared by CF/DMF co-solvent. It is seen that k is
increased with increasing PHB concentration and reaches
a constant value of 2.53 mS/cm for the entangled solutions (5–
13 wt.%). Based on the measured k, the calculated sc is in the range
of 13 ns, which is much lower than the processing time, ca. several
ms. It indicates that the induced charge by the applied E field
during electrospinning will migrate quickly to the cone/jet surface
in most of the electrospinning cases [33]. For the PHB/CF solutions,
however, k was relatively low (<0.1 mS/cm) regardless of the poly-
mer concentration.

Based on the above results, the application of CF/DMF¼ 9/1 co-
solvent instead of using neat CF, will give rise to a PHB solution with
a lower viscosity and enhanced conductivity; both effects favor the
production of thinner fibers. It should also be noted that a small
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increase in surface tension is seen, thereby possibly giving a nega-
tive effect on the fiber diameter.
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Fig. 4. Effects of H on the distribution of electric field from the needle-end (z¼ 0)
toward the grounded collector obtained from the FEA simulation. The diameters of
needle and grounded collector are 1.47 and 600 mm, respectively. The needle length is
40 mm and the potential difference is 10 kV. The arrow indicates the nominal E for
H¼ 14 cm.
3.2. Effects of H, V and Q on electrospinning of PHB/[CF/DMF]
solutions

It is now well known that electrospinning will be degenerated
into electrospraying and only particulates are produced when
a solution in the unentangled regime is used. With increasing
polymer concentration, fiber-like structure is initially observed for
a solution with a concentration of ce. However, if the entanglement
network in the solution state is insufficiently strong to prevent the
Raleigh (axisymmetric) instability, fibers with beads along the
string (beaded fibers) will be yielded. To prepare uniform and bead-
free fibers, a higher concentration (1.75–2.5 times of ce) is essen-
tially required for the electrospinning solution [34,35]. For the
present PHB/[CF/DMF] system, however, it is of interest to notice
that uniform PHB fibers can be deduced from the 5 wt.% solution,
suggesting the integrity of the network structure developed at the
concentration of ce.

For a given solution, the search for the processing window is of
importance in determining the appropriate processing variables of
Q, V, and H. Fig. 4 shows the simulation results of the electric
intensity (E) distribution along the needle axis from the needle-end
(z¼ 0) to the grounded collectors, and the H effect has been
revealed by two typical values, i.e., 14 and 42 cm. The nominal value
of Eo is given by V/H. Apparently, a significant intensity concen-
tration is observed at the needle-end, and the magnitude of E is
decreased with increasing distance, and follows a scaling law of E–
(z/Do)�a with a derived a of 1.27 for H¼ 14 cm and 1.31 for
H¼ 42 cm. Importantly, the electric field is found to be relatively
unchanged in the z/Do range of 0–30 in spite of the 3-time differ-
ence in the tip-to-collector distance. An increase in H merely results
in the reduction of the electric intensity adjacent to the collector,
being 6.0 kV/m for H¼ 14 cm and 2.1 kV/m for H¼ 42 cm. The E
strength near the collecting plate is constant and its magnitude is
about one-order lower than the nominal E. The results as shown in
Fig. 4 suggest that H is not a crucial factor in the electrospinning
process when a line-plate electrode configuration is adopted.
However, a minimum H value is still required to allow the sufficient
solvent evaporation occurring particularly in the ‘‘bending insta-
bility region’’ for preparing dry fibers electrospun on the collector.



Table 1
Effects of applied voltage and flow-rate on the morphologies of the electrified cone
and jet as well as the electrospun fibers

Voltage
(kV)

Q
(mL/h)

Hc/Do Lj/Do Ej

(kV/m)
dj

(mm)
df

(mm)
Draw-
ability

vj

(m/s)

7.5 5 1.52 17.2 29.5 14.74� 1.02 3.21� 0.41 2.70 8.1
8.5 5 1.08 18.0 31.6 14.00� 0.37 3.08� 0.27 2.64 9.0
10 5 0.62 19.0 34.7 12.61� 0.22 2.90� 0.37 2.42 11.1
11 5 0.44 22.2 31.3 12.03� 0.26 2.59� 0.29 2.76 12.2
12 5 0.28 25.4 28.8 11.34� 0.31 2.40� 0.42 2.85 13.8

10 3 0.24 18.8 35.2 11.06� 0.30 2.32� 0.23 2.91 8.7
10 10 1.10 18.2 36.7 19.92� 0.76 3.49� 0.46 4.17 8.9
10 20 2.94 19.2 34.2 32.22� 1.90 4.19� 0.71 7.57 6.8
10 24 4.10 18.8 35.2 37.87� 2.06 4.83� 0.82 7.87 5.9

11 wt% PHB/[CF/DMF] solutions and H¼ 14 cm.

C. Wang et al. / Polymer 49 (2008) 4188–41954192
Based on our FEA calculations, we also found that the electric field
is proportional to the applied voltage, i.e., the electric field is
doubled when the applied V is 2 times larger. In addition, the
geometry of the needle, such as needle length and diameter, also
has impacts on the effective electric field. The details will be pre-
sented and discussed in our forthcoming article. For the needle-
plate electrodes used for the present experiments, the electric field
can be well described by E (in the unit of V/m)¼ 146.05V1.0 (z/
Do)�1.27 in the z/Do range from 0.1 to 50. Judging from the above
calculations, the determination of the electric intensity at which
‘‘jet whipping’’ takes place is of importance in predicting the fiber
diameter since further jet stretching is associated with repulsive
forces existing between the ‘‘bending and electrified’’ jets. When
experiencing a higher E, the bending jet segment will be more
effectively stretched (or whipped), thereby producing finer fibers
after solvent evaporation.

For a given H, experimentally there is a close relation between
the applied Q and V, as shown in Fig. 5, where three typical solu-
tions are demonstrated to reveal their processing windows (func-
tioning domains) [25,36]. The filled and open symbols represent,
respectively, the minimum and maximum V (denoted by Vs and Vus,
respectively) required for obtaining a stable cone-jet electro-
spinning mode, which readily generates reproducible fiber
morphology. A voltage lower than Vs yields a dripping mode,
whereas a voltage higher than Vus leads to the contraction of the
Taylor cone inside the needle channel; both are not the desired
electrospinning mode. Both Vs and Vus are found to increase with
increasing Q and a scaling law is developed. The derived exponent
for the Vus–Q relation is approximately unchanged, i.e., Vus–
Q0.25�0.29, regardless of the solution concentration. However, the
exponent for the Vs–Q relation is gradually decreased from 0.25 for
the 5 wt.% to 0.08 for the 15 wt.% solution. For a given Q, the voltage
range available for the cone-jet electrospinning mode is increased
for solutions with a higher PHB concentration. Moreover, a Q
limitation also exists for processing; a too low Q will result in the
insufficient solution supply to the Taylor cone, and a too high Q
causes the inapplicability of high V applied; both lead to an
unstable electrospinning mode.

To reveal the effects of Q and V, the 11 wt.% solution was elec-
trospun with a constant H of 14 cm for electrospinning. According
to the processing window shown in Fig. 5, the available V range for
Q (mL/h)
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a given Q of 5 mL/h is 7.5–12 kV; whereas the Q range available for
a fixed V of 10 kV is 3–24 mL/h. The effects of V and Q on the cone
height (Hc), position of the straight jet end (Lj¼Hcþ lj), jet diameter
(dj) and the fiber diameter (df) are displayed in Table 1, together
with the terminal jet velocity (vj¼ 4Q/(pdj

2)) and the drawability of
the whipping jet estimated by fv(dj/df)

2 [10,25]. Also shown in
Table 1 is the calculated electric strength (Ej) at the location where
the jet whipping is initiated (z¼ Lj). For a fixed Q, the application of a
larger V leads to a smaller Taylor cone and longer straight jet with
a smaller jet diameter. For electrospinning a 6 wt.% polyethylene
oxide/water solution [37], a longer straight jet was also observed
under a larger V applied owing to the possession of higher initial
stress in the cone-jet entrance zone, which stabilized the straight jet
for a longer distance. Although the E field is increased with applied
V, as mentioned previously, the calculated Ej is similar (28.8–
34.7 kV/m) in all the cases owing to the possession of a larger Lj

when a higher V is used. The magnitude of Ej is lower than the
nominal electric field (53.6–85.7 kV/m) determined by V/H. More-
over, electrospun fibers with a smaller diameter are obtained when
a higher V is applied. The traveling time of fluid elements in the
straight jet region was estimated by lj/vj to be 1.8–2.8 ms, which was
reasonably acceptable to support the assumption of limited solvent
evaporation prior to jet whipping. Nevertheless, slight concentra-
tion variation might be inevitable along the straight jet if a volatile
solvent is used. As shown in Fig. 2b, the relaxation time of PHB
chains in the CF solvent is ca. 5–50 ms, mainly depending upon the
PHB concentration. Provided that so is assumed unchanged in the
CF/DMF solvent (18.8 ms for the 11 wt% solution), the Deborah
number (De) was estimated by a simple expression of De¼ so/(lj/vj)
to be 6.7–10.4, suggesting that elastic deformation of PHB chains
dominates in the straight jet flow region. In other words, effective
chain stretching essentially occurs and chain orientation prevails
for a fluid element flowing from the Taylor cone to the convergent
jet channel. Our calculated vj is increased with increasing V; this
finding is consistent with previous report by using a laser Doppler
velocimeter for the vj measurements [37]. In contrast with the
theoretical calculation by Yarin et al. who showed a significant draw
ratio of w104 during jet whipping process [38], it should be
remarked that our calculated drawability of whipping jet is much
lower and is in the range of 2–25, depending upon the electro-
spinning conditions and solutions used (Tables 1 and 2). This
discrepancy implies that significant solvent evaporation takes place
right after the electrified jet entering the ‘‘jet whipping envelope’’
and more detailed solvent/solute information, i.e., evaporation
mechanism and concentration/temperature dependence of mate-
rial properties, is needed for a better result of theoretical modeling
[38]. It should be noted, however, that a severe limitation on the
applied V range (7.5–12.0 kV) is frequently encountered, leading to
an uncertainty in quantitatively determining the V-dependence of
the cone/jet/fiber morphologies. In contrast, ca. 8 times difference



Table 2
Effects of solution viscosity on the morphologies of the electrified cone and jet as
well as the electrospun fibers

Group wt
(%)

ho

(cP)
Hc/Do Lj/Do Ej

(kV/m)
dj

(mm)
df

(mm)
Draw-
ability

vj

(m/s)

I 5 101 0.32 11.8 63.6 12.14� 0.36 0.96� 0.28 20.48 12.0
7 319 0.38 12.6 58.5 12.33� 0.18 1.61� 0.23 7.51 11.6
9 823 0.52 18.2 36.7 12.43� 0.09 2.33� 0.28 3.64 11.5

11 1670 0.62 19.0 34.7 12.61� 0.22 2.90� 0.37 2.42 11.1
15 4869 0.88 26.0 23.3 14.69� 0.31 3.88� 0.48 1.83 8.2

II 6 214 1.16 6.0 150.1 23.42� 0.46 1.80� 0.38 25.54 9.0
8 695 1.30 11.4 66.4 26.18� 0.28 2.74� 0.63 10.65 7.2

10 1023 1.70 12.6 58.5 27.66� 0.33 3.61� 0.47 5.50 6.5
13 3550 2.74 21.4 29.8 28.83� 0.45 5.67� 1.39 1.82 6.0

The flow-rates used are 5 and 14 mL/h for groups I and II, respectively, whereas the
voltage and H are fixed at 10 kV and 14 cm.

dj (μμm)
10

d f (
μm

)

10

fixed V at 10 kV, Q= 3~24 mL/h

fixed Q at 5 mL/h, 7.5~12 kV

70

slope=0.54

2

5

20 50

Fig. 6. A plot of fiber diameter versus jet diameter obtained from electrospinning of
the 11 wt.% PHB/[CF/DMF] solution under different Q and V. H is fixed at 14 cm.
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in the available Q can be applied for a fixed V to study the Q-
dependence of the free liquid jet and fiber morphologies, as shown
in Table 1 as well.

With increasing Q, the Taylor cone is bigger but the straight jet
length is shortened; both effects result in a constant Lj for the
whipping jet experiencing a similar Ej of w35 kV/m. Moreover, both
dj and df become larger. Of particular interest is a simple scaling law
observed for the dj–Q relation: dj–Q0.61, implying that Q is the most
important processing variable, instead of V and H, to manipulate
the free jet diameter. By means of a theoretical consideration,
Gaňán-Calvo has derived an empirical relation for the Q-depen-
dence of jet diameter, i.e., dj–Q0.5 [39]. A similar exponent and
consistent results have also been found on electrospinning of PS
solutions with different solvents [25].

For a given solution, the final fiber diameter is crucially deter-
mined by two measured quantities: the first is the dj, and the
second is the Ej, which the whipping jet experienced at Lj. Under an
enhanced Ej, the whipping process will be more effective to further
reduce the jet diameter owing to the electric repulsion between
liquid segments of the whipping jet. Thus, a straight jet with
a shorter length and smaller dj is believed to yield electrospun
fibers with a smaller diameter. In essence, there an intimate
correlation between dj and df should exist. Owing to the coupled
effects of solvent evaporation and jet whipping, theoretical deri-
vation essentially becomes rather difficult, if not impossible, to
carry out in determining the dj–df relation. Here, we tentatively
attempt to construct the log–log plot of measured df versus dj to
reveal the possible relation. As shown in Fig. 6, for a given elec-
trospinning solution a master curve is obtained by an expression of
df–dj

0.54, regardless of the processing variables used. For PS solu-
tions with various solvents used, a similar exponent (w0.50) has
been reported previously [25]. Provided that jet stretching could be
negligible (or absent) during the whipping process, a simple rela-
tion was readily derived to be [40]: df¼ fv

0.5dj
1.0 for simply consid-

ering the solid content conservation. Our derived exponent, w0.54,
suggested that jet stretching associated with the whipping process
should not be neglected in determining the final value of df, and the
level of jet stretching could be estimated by the calculated draw-
ability (Table 1).
3.3. Viscosity dependence of jet/fiber morphologies

All the previous electrospinning results have demonstrated that
viscosity is the most important solution property among all in
determining the fiber diameter. To vary the viscosity by changing
the polymer concentration, the surface tension and conductivity
might also be altered in some systems, thereby producing
a combinational effect and plausibly a misleading conclusion. For
the present solution studied, both g and k remain unchanged, but
ho increases significantly with PHB concentration for an entangled
solution, as shown in Figs. 2a and 3. Thus, the exclusive effects of ho

on the cone/jet/fiber morphologies are deduced by simply changing
the PHB concentration and the results are displayed in Table 2. To
further explore the Q effect, the entangled solutions with
a concentration range of 5–13 wt% are separated into two groups:
one is performed using a given Q of 5 mL/h, the other of 14 mL/h.
Based on the processing window shown in Fig. 5, the magnitudes of
V and H can be controlled to be constant for both groups at 10 kV
and 14 cm, respectively (as shown by the asterisk symbols).

As the ho of the electrospinning solution is increased, Hc, Lj and
dj all become larger, but the corresponding Ej is obviously
decreased. As expected, fibers with a larger diameter are produced
from a more concentrated solution, which yields a fatter straight jet
with a longer length experiencing a lower electric field for the
whipping process. Both groups show a similar trend. Fig. 7 shows
the double logarithm plots of dj and df versus ho, from which two
scaling laws are derived: dj¼mho

0.04�0.07 and df¼ nho
0.36�0.41 with

the pre-factors of m and n depending upon the Q applied. A higher
Q gives larger values of m and n. According to the derived expo-
nents, a weak ho-dependence of dj, but a strong ho-dependence of df

is obtained, suggesting lower drawability in the jet whipping
process for the more concentrated solution resulting from both
higher viscosity, as well as longer straight jet. The present expo-
nents derived are in agreement with those obtained from the
electrospinning of PS/THF solutions [25] with controlled k

(¼1.15 mS/cm) and g (¼24.2 dyne/cm), whose data are also included
in Fig. 7 as the broken lines for comparison. The processing vari-
ables for the PS solutions were Q¼ 3 mL/h, H¼ 14 cm and 10 kV,
and similar magnitudes of Ej were obtained. At a given ho, the jet
diameter of PS solution is smaller, but fatter PS fibers are obtained
in comparison with those of PHB counterparts. The calculated
drawability of whipping PS jet (0.6–2.2, [25]) is apparently lower
that that of the PHB jet. The small-diameter PS jet could be
attributed to a low Q applied. However, owing to the more volatile
nature of THF in contrast with the DMF/CF co-solvent used for PHB
polymers, severe stretching of PS jets prior to polymer solidification
is hindered, and large-diameter PS fibers are produced.

In studying the electrospinnability of polyacrylonitrile/DMF
solutions [10], we also obtained similar scaling laws (dj–ho

0.08,
df–ho

0.52) for solutions with a ho range of 170–2750 cP in spite of the
fact that g was kept constant at 36.3 dyne/cm, but k was increased
from 36.0 to 51.5 mS/cm as the PAN concentration was increased. In
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contrast, a larger exponent for the ho-dependence of df has been
reported for electrospinning of poly(methyl methacrylate)/DMF
solutions (w0.71) by Gupta et al. [41], and poly(ethylene tere-
phthalate-co-ethylene isophthalate)/(CF/DMF) solutions (w0.8) by
McKee et al. [34]. However, a lower exponent (w0.16) was found for
electrospinning of the poly(ethylene oxide)/water solutions by
Daga et al. [42].

3.4. Internal structure of the electrospun PHB fibers

In the electrospinning of PHB/CF solutions, smoothness of the
as-spun PHB fibers was closely related with the environmental
humidity for electrospinning; a humidity of above 50% usually
leads to the presence of pore structure on the surface. Although the
Taylor cone was purged with N2 to prevent its blockage leading to
the unstable spinning, the ‘‘jet whipping region’’ was not blanketed
by the N2 atmosphere. Similar pore dimensions have been observed
in electrospinning of PS/THF solutions [9,25]. Casper et al. sug-
gested that the porous surface of electrospun fibers is attributed to
a combination of both ‘‘breath figure’’ formation and thermally
(and vapor) induced phase separation [9]. A recent paper by Dayal
et al. [43] provided a theoretical foundation to support the argu-
ment of phase separation. Using the CF/DMF co-solvent instead, it
was found that the pore structure could be greatly eliminated
owing to its reduced volatility, and even be prevented under
appropriate conditions. However, the collected PHB fibers
possessed a small amount of DMF, as evidenced by FTIR with
a small absorbance peak at 1673 cm�1. The residual DMF solvents
are likely to be constrained in the skin region of the fibers in
consideration of evaporation mechanism during the high frequency
of jet whipping. Indeed, it was further evidenced by the ‘‘surface
necking’’ phenomenon when the as-spun fibers were under a small
tensile strain. In turn, the plasticized skin region will facilitate the
production of thinner PHB fibers with a more uniform internal
structure by further stretching provided that a rotating drum with
a linear velocity higher than that of the flying jets is used as the
collector. On the other hand, by electrospinning the whipping jet
directly into the water bath as a grounded collector, FTIR
measurements on the post-dried fibers at 45 �C showed no trace of
DMF left. It is also worth mentioning that, by controlling the
spinning circumstances, connecting of jet segments during the
whipping process is frequently observed by using a high-speed
camera; this essentially produces collected fiber mats with a better
integrity. The coalescence of PHB fibers at their contact points was
also reported by Ishii et al. [12] In addition, similar jet emergence
during whipping was also observed by Reneker et al. [44] in elec-
trospinning of polycaprolactone/acetone solutions. Based on our
measurements, the flight speed of the whipping dried fibers toward
the collector is in the range of 1.05–1.23 m/s, which is considerably
lower than the terminal jet velocity (Tables 1 and 2), plausibly
owing to the presence of a lower electric field for a distance far from
the needle tip (Fig. 4).

The WAXD profiles of the collected fibers electrospun from
various solutions are shown in Fig. 8, together with that of the PHB
powder sample. In addition to the presence of orthorhombic a-
form crystals with helical chain conformation [45], the electrospun
PHB fibers also possess a small amount of b-form crystals with
zigzag conformation as revealed by the diffraction hump located at
2q of 19.95� [46]. Using a low conductivity solvent of hexafluoro-
2-propanol (3¼ 16.8), Ishii et al. [12] also reported the possession of
b-form crystals in their PHB (720 kg/mol) fibers electrospun from
solutions with a concentration lower than 1 wt%. The presence of
b-form crystals indicates a high level of molecular stretching in the
amorphous region between the a-crystalline lamellae, which might
develop first [12]. As mentioned previously [25], significant chain
orientation of the PHB molecules is likely to take place in the
entrance region from the Taylor cone to the ejecting jet, where
a severe jet stretching is induced by the convergent flow and
electric repulsion. The orientation-induced crystallization of the



Table 3
Properties of fiber mats electrospun from solutions with different PHB
concentrations

PHB conc.
(wt.%)

Tm

(�C)
fDSC A1721/A1453 A1228/A1453

6 173.2 0.62 14.06 2.40
8 173.6 0.61 17.46 2.08
10 173.6 0.65 18.75 2.35
13 174.0 0.63 19.55 2.38
As-received powder 172.5 0.64 – –
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a-form lamellae readily proceeds, and the interlaced chains
between the crystalline lamellae are further elongated during jet
whipping to develop the b-form crystals with zigzag formation.
Judging from the broad diffraction peaks (Fig. 8), the size of a-form
crystals formed in the electrospun PHB fibers is smaller than that of
the as-received powder samples. Within the electrospun fibers,
moreover, the relative population of (020) crystal plane to (110)
plane is reversed as the PHB concentration is increased from 6 to
13 wt.%, suggesting plausibly that different preferred routes for the
crystal growth are followed. DSC heating traces on our as-spun PHB
fiber mats show that no cold crystallization takes place, and the
measured melting temperature and crystallinity fraction are 173.2–
174.0 �C and 0.61–0.65 (Table 3), respectively, regardless of the
solution concentrations. For the powder samples, the measured Tm

and fDSC are 172.5 �C and 0.63, respectively. Also tabulated in
Table 3 are the absorbance ratios of A1228/A1453 and A1721/A1453

obtained by FTIR for estimating the fiber crystallinity. It is found
that the A1228/A1453 ratio remains relatively constant and inde-
pendent of the PHB solution content, and is consistent with the DSC
results. In contrast, a slight increase in the A1721/A1453 ratio is
observed with increasing PHB concentration owing possibly to the
somewhat difficult de-convolution of the heavily overlapping
peaks in this wavenumber region (1650–1800 cm�1). In other
words, the ratio of A1228/A1453 seems to be more appropriate to
represent the relative crystallinity of PHB fibers in consideration of
its absence of required peak de-convolution.

4. Conclusion

Under an applied electric field setup by the electrodes, the
diameter of pendent drops protruding from a capillary with
a diameter of Do is reduced to dj associated with the electrified jet
ejecting from the Taylor cone, and goes further down to df after
solvent evaporation during the whipping process. The calculated
diameter reduction ratios of Do/dj and dj/df imply that major chain
orientation occurs in the straight jet region, especially at the jet
entrance region in the vicinity of Taylor-cone apex where an
accelerating flow field is developed [25]. Based on our FEA calcu-
lation, the electric field beneath the needle-end is independent of
the tip-to-collector distance, and its strength is decreased with the
distance from the needle-end in a power law manner. We conclude
that the diameter of electrospun fibers is determined by two
quantities, i.e., the dj and the electric field at the region where jet
whipping takes place. In other words, an electrified straight jet with
a smaller dj and shorter length is favored in producing a finer
electrospun fiber since it experiences a larger electric field for jet
whipping. The present PHB/[CF/DMF] system also served as
a model solution to reveal the viscosity dependence of jet/fiber
morphologies since its surface tension and conductivity remained
unchanged in the semi-dilute entangled regime. Our results
showed that both dj and df followed a power law relation with the
viscosity: dj–ho

0.06, and df–ho
0.39.
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