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Dry-jet-wet-electrospinning (DJWE) was carried out to study the formational mechanism of poly(hydroxybutyrate-co-
hydroxyvalerate) electrospun fibers. Morphological comparison between normal electrospinning (NE) and DJWE was
investigated. The results showed that jet could solidify quickly in DJWE to avoid bead collapse or fiber coherence. Jet structures
could be maintained at very low collection distance. Beanpod-like beads, which were named as primary beads, could be seen at
the boundary of stability and instability section and divided into spindle-like beads with longer collection distance. Bead-free
electrospun fibers from DJWE had few bonding points among each other, and fast solidification and double-diffusion led to rough
and shriveled fiber surface. DJWE mats were higher hydrophobic than that from NE due to more loose structure and higher surface

porosity. Higher bead ratio on the surface and rounder bead structure resulted in higher hydrophobicity.

1. Introduction

Electrospinning was regarded as a very convenient and
effective method for preparing nanofibers and ultrafine
fibers, which could be used for filtration [1, 2], tissue
engineering scaffolds [3-5], protective clothes [6, 7], carriers
for enzymes [8, 9], sensors [10-12], and so forth. Many
researchers focused on the theories and the phenomena
of the electrospinning process [13-16]. However, there
were some difficulties in studying the morphology at very
low collection distance. For example, the transformation
process of instability section, especially the deformation of
beads, which was of great importance for understanding the
formation of ultrafine fibers, could not be observed clearly
by high-speed photography. Besides, as the solidification
mechanism of the normal electrospun fibers was solvent
volatilization, the jet near the needle contained a large
amount of solvent and could not maintain the structures
when collected on glass slides or aluminum foils. So the fiber
collected at low distance always deformed or even collapsed

on solid substrates and the exact morphology could not be
observed.

Dry-jet-wet-electrospinning (DJWE) was one electro-
spinning method for producing fibers from nonvolatile
solvent, such as room temperature ionic liquids [17, 18]. It
was also used for preparing aligned nanofiber yarns [19].
This method, though usually called wet electrospinning,
actually had the similar fiber solidification mechanism with
dry-jet-wet-spinning, only differed in driving force. Fibers
were electrospun into the coagulation bath, with precipitant
for polymers in it. In another word, the polymer could not
be dissolved in the bath, whereas the solvent could. The fiber
solidified by double-diffusion of the solvent and the bath
liquid, which was much faster than volatilization mechanism
in normal electrospinning (NE). So the morphology of the
fiber could be kept even at a low collection distance.

Moreover, electrospun mat usually had higher hydropho-
bicity than solution cast film, due to higher surface
roughness. And some works found that mats with beaded
structures were higher hydrophobic, even superhydrophobic



[20-23], though beaded structures were usually considered
as defects in electrospinning. However, it was difficult to
prepare mats with high bead density, for beads collapsed as a
result of residue solvent.

In this work, poly(hydroxybutyrate-co-hydroxyvalerate)
(PHBV)/chloroform electrospinning solution was used as
a model [23, 24]. PHBV was biosynthesized aliphatic co-
polyester, which varied with different morphologies. Its
electrospun products were also used to study the mor-
phologies and surface wettability [25, 26]. Chloroform is
volatile solvent but could not be removed completely at low
collection distance. Ethanol was used as coagulation bath,
because chloroform was soluble and PHBV was precipitated
in it. The morphologies of beaded and bead-free electrospun
mats produced by NE and DJWE were compared. Some new
structures and phenomena could be seen in DJWE method,
and theories on bead deformation process at very low
collection distance were introduced. Finally, the wettability
of all the electrospun mats prepared by NE and DJWE was
compared using water contact angle.

2. Experimental

2.1. Materials. PHBV was kindly supplied by Ningbo Tianan
Biomaterial Co. Ltd., Mw = 3.0 X 10° g/mol (measured
by GPC), HV mol% = 2% (measured by 'H NMR).
Chloroform was purchased from Boer Chemical Reagent Co.
Ltd. Anhydrous ethanol and ethyl acetate were purchased
from Shanghai Chemical Reagent Co. Ltd. PHBV was Soxhlet
extracted by chloroform at 80°C and then deposited with
ethyl acetate. The deposition was filtrated and vacuum dried
at 40°C for 12 h, and pure PHBV was acquired.

2.2. Electrospinning Apparatus. The apparatus used in this
research was shown in Figure 1. A PHD 22/2000 syringe
pump (Harvard Apparatus, Inc.) was used to feed the
solution. The PTFE tube connected the syringe with the
stainless needle. The inner diameter of needle was about
0.8 mm. The positive pole of the high voltage supply was
connected to the needle, and the negative pole was connected
to the iron plate under the coagulation bath and grounded.
The liquid in the coagulation bath was anhydrous ethanol.
And aluminum foil was used to collect fibers in NE.

2.3. Electrospinning. The PHBV/chloroform electrospinning
solution was prepared as in Table 1. The solution viscosity,
conductivity, and surface tension were measured by R/S
Plus Rheometer (Brookfield, Inc.), EL30 conductivity meter
(Mettler Toledo), and OCA40 video based contact angle
measurement device (Dataphysics), respectively.
Electrospinng was carried out at room temperature
(20°C) and humidity of 60-70%. The applied voltage
between the needle and ground was 10kV, and the feeding
rate was 3 mL/h. The mats were collected on aluminum foil
or in ethanol bath at various distances. All the mats were
dried in the air at room temperature for 24 h, and then
vacuum dried for 12h. The morphology was observed by
scanning electronic microscopy (SEM, JSM-5600LV, JEOL
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Ltd.). The water contact angles were measured by OCA40
video based contact angle measurement instrument (Data-
physics).

3. Results and Discussion

3.1. Morphological Comparison of Beaded Electrospun Fibers
by DJWE and NE. Fibers electrospun from 6 wt% PHBV
solution by NE and DJWE at various distances varied
considerably in morphology (Figure 2). The solution of that
concentration had a jet of 3-5cm stability section. If the
jet was collected by NE, it could be observed that the jets
did not solidify when they were collected on Al foil. And
lower collection distance was used, more collapsed jets could
be observed. So the detailed structure of the jet could be
obtained if the jet was collected by NE. If the jet was collected
by DJWE, it could be seen that all the fibers, no matter how
long in distance the jet was collected, had original shape and
clear boundary with each other. No collapsed or adhered
fibers could be seen. When collected at 3 cm, the jet was in
the stability section, and thinned slowly and continuously.
So the fiber diameter was large, and no beads or thin fibers
could be seen. If the collection distance was 6 cm, the jet
had just entered the instability section, so the jet started to
swing. Fibers having much lower diameters than the jet and
beaded structures between two adjacent fibers appeared at
this collection distance. It was interesting that the beads were
beanpod-like, which had not reported yet. And compared to
the spindle-like beads at longer distance, the beanpod-like
beads were 2 times in volume, and had tendency to split into
two spindle-like beads. It could be inferred that the spindle-
like beads came from the splitting of beanpod-like beads. To
distinguish the two different beads, the beanpod-like beads
were named as primary beads, and spindle-like beans were
named as secondary beans. Because of large residual solvent,
the primary beads were easily collapsed in NE. Normally
they could not be observed. When increasing the collection
distance, the shape of the beads did not change again, and the
fibers became longer but the diameter changed little, which
was consistent with our previous work [27].

3.2. Bead Formation Mechanism at the Boundary of Sta-
bility and Instability Section. The beanpod-like beads were
seldom reported in previous works, but they were a
key to understand the deformation process of the jet
during electrospinning at the boundary of stability and
instability sections. When at the stability section, the jet
diameter decreased slowly and continuously, containing
a large amount of solvent. After entering the instability
section, the jet whipped and swung. The defects of the
jet were firstly stretched by the electrical field into thinner
fibers, whereas the unstretched parts remained cylindrical
because of viscosity. These cylindrical parts, with the central
region shrinking slightly due to surface tension, became the
primary beads. The fibers had faster solvent evaporation
and solidified quickly as the result of large specific surface
area than the beaded structures. Fast solidification and
tensile strengthening made the fiber stronger. So when the
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TaBLE 1: The components and parameters of electrospinning solutions.

No. PHBV Concentration Chloroform Ethanol Viscosity* Conductivity Surface tension
(8) (wt%) (8) (8) (Pa-s) (uS/cm) (mN/m)

1 0.8 4 19.2 0 0.151 Not detected** 27.29

2 1.2 6 18.8 0 0.546 Not detected** 27.51

3 1.6 8 16.4 2 1.097 0.89 29.17

“The viscosity was measured at shearing rate of 100/s.
**The conductivity was lower than 0.001 4S/cm and could not be detected.
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FiGure 1: [llustration of the apparatus for dry-jet-wet-electrospinning.

thinner fibers had better strength than the primary beads,
the beads would be deformed by the electric field force
instead of fibers. Due to the effect of the electrical force
and surface tension, the primary beads were stretched into
two or more spindle-like beads. All the deformation process
was illustrated in Figure 3. When further increasing the
collection distance, the length of fibers between adjacent
beads increased and beaded structures changed little except
for the decreasing volume, which transformed into new
fibers. But if the fiber strength was weaker than the primary
beads strength, the fiber might be broken down, or secondary
beads would not turn up. Then the primary beads contracted
into spindle-like or spherical beads as a result of surface
tension.

In further proof of this theory, the 4 wt% PHBYV solution
was electrospun into ethanol bath and collected at 4 cm and
6 cm. The jet collected at 4 cm obtained primary beads and
very short fibers between adjacent beads (Figure 4(a)). Other
than cylinder-like beads, the primary beads were spherical
with diameter of 20 ym. The viscosity of 4 wt% solution was
much lower than that of 6 wt %. So the primary beads could
not keep their structures when the surface tension acted
on them. When collected at 6 cm, the beads were slightly
stretched but had similar diameters as that obtained at 4 cm
(Figure 4(b)). Broken ends of fibers could be seen in the mat.
The most likely reason was that the jet had such low polymer
concentration. So the obtained fibers had poor mechanical
properties. When the jet was stretched, the fiber was easily
broken down, and the primary beads could not be stretched
into secondary beads.

3.3. Morphological Comparison of Bead-Free Electrospun
Fibers. 8 wt% PHBV solution with 10 wt% of ethanol could
be electrospun into ultrafine PHBV fibers without beads,
due to higher conductivity and viscosity than 6 wt% PHBV
solution (Table 1). The PHBV fiber prepared by NE did not
solidify when collected and heavily cohered with each other
because chloroform evaporated incompletely (Figure 5(a)).
If the collection distance was increased to 12 cm, chloroform
further evaporated and the coherence alleviated, but there
were still many bonds among fibers (Figure 5(b)). Due to
slow evaporation of solvent, the fiber surface was smooth
without pores. However, if the PHBV fiber was prepared
by DJWE, the surface of fiber was rough and shriveled
(Figure 5(c)). But the fibers were cylindrical with slightly
rough surface if they were collected in the bath at 12cm
(Figure 5(d)). Both of the samples from DJWE showed
few bond points and clear boundary for each fiber. The
roughness and shrinkage of the fiber surface collected at 6 cm
was a result of the fast solidification and double-diffusion
of solvent and nonsolvent. When the jet was immersed
into the bath, the surface was firstly solidified into shell
structure to restrict the fiber external diameter. Then the
solvent transferred towards the bath, while the nonsolvent
had the opposite transference direction during the double-
diffusion process. The core part of the fiber solidified at a
relatively low rate and formed a compact structure, which
led to the shrinkage of the surface during the process. If the
collection distance increased, a large part of the solvent was
removed by evaporation before fibers were immersed into
bath. It was a relatively tempered solidification process, so
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F1GURE 2: Electrospun PHBYV fiber prepared by NE (a) and DJWE (b). 1: 3 cm; 2: 6 cm; 3: 9 cm; 4: 12 cm.

the fiber kept cylindrical and the diameter decreased with 3.4, Wertability. The water contact angles of electrospun
the evaporation of chloroform. After immersed into the bath, mats collected at different distances and substrates varied a
though undergoing the similar process as collected at 6cm,  lot due to the morphology (Figure 6). It could be concluded
the fiber’s core part shrank little because of less residual  that beaded fiber mats prepared by DJWE from 6 wt% PHBV
solvent. solution had higher water contact angle than that prepared
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FIGURE 3: Mechanism of the PHBV beaded fiber formation at the boundary of stability and instability sections.

FIGURE 4: Beaded fibers prepared by DJWE of 4 wt% PHBV solution with collection distance of 4 cm (a) and 6 cm (b).

by normal electrospinning. Besides, mats with rounder beads
and higher bead ratio had higher contact angle. According
to the Cassie and Baxter’s work [28], the apparent contact
angle (0") associated with the surface composition has the
following relationship:

cosf’ = ficosO + f,cos B, (1)

where f; and f, are the fractions of the surface with contact
angle of 6, and 0,. If one component is air, whose contact
angle was 180°, the equation can be written as follows:

cos@ = ficosb — fo. (2)

It could be inferred from this equation that the compos-
ite surface containing larger air fraction (f;) had higher
apparent contact angle (6"). Beaded fiber mats could create
rougher surface which held more air and therefore, higher
contact angle.

The wettability differed even widely for the 4 wt% PHBV
solution prepared by DJWE and normal electrospinning with
a collection distance of 4 cm. During normal electrospinning,
all the beads collapsed into flat sheets (Figure 7). Though
with rather rough surface, the mat had even lower contact
angle than solution cast film (77°). This might be due to the
shallow surface pores which helped the water spreading. On
the other hand, the mats prepared by DJWE had the highest
contact angle (142°) (Figure 3(a)), as a result of high beads
density and round beads with rough surface, which was 67°
higher than that of the solution cast film, and 72° higher
than that prepared by normal electrospinning. However, the
mat was rather weak and brittle, because the beads, which
were considered as defects of electrospun fibers, had bad
mechanical properties.

For the beaded nanofiber mats from 6wt% PHBV
solution, there were similar trends (Figure 2). Because the
beads and fibers did not cohere heavily, the mats could
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FIGURE 5: Morphologies of PHBV ultrafine fibers prepared by normal electrospinning (NE) (a, b) and dry-jet-wet-electrospinning (DJWE)
(¢, d). Collection distances were 6 cm for (a) and (c), 12 cm for (b) and (d).
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FIGURE 6: Water contact angle for electrospun mats prepared
by normal electrospinning (NE) and dry-jet-wet-electrospinning
(DJWE) at various distances.

held more air, and therefore were more hydrophobic than
that from 4 wt% solution. And the beads from DJWE mats
were beanpod-like or spindle-like, so the hydrophobicity was
lower than that from 4 wt% solution. Both mats from NE

FIGURE 7: Electrospun mats from 4wt% solution by normal
electrospinning with collection distance of 4 cm.

and DJWE had the highest hydrophobicity at the collection
distance of 9 cm. At this collection distance, the shape of
beads was the nearest to sphere, and the bead ratio was
the highest. The results implied that electrospun mats with
higher bead density and rounder beads had higher porosity,
which meant higher hydrophobicity.

The bead-free fibers prepared by the two methods also
had similar tendency in wettability. The water contact angles
of fiber mat prepared by DJWE were 130°, about 20° higher
than that prepared by normal electrospinning (both collected
at 12cm). The increasing of contact angle might be the
result of less coherence among fibers and consequently loose
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deposited structure. DJWE fiber mats collected at 6 cm were
a little more hydrophobic than that collected at 12 cm, which
was because of the rough fiber surface.

4. Conclusions

Dry-jet-wet-electrospinning was carried out in this work
to collect the electrospun jet at low distance to study
the bead deformation mechanism of the PHBV fiber and
the relationship between morphology and wettability. A
beanpod-like bead which we named as primary bead was
discovered and the formation of beaded PHBYV fiber could be
explained as follows: the jet was firstly stretched at the defects
and formed the primary beads and fibers between adjacent
beads. Then, if the fibers solidified and were stronger than
the beads, the primary beads were further stretched and
secondary beads which were common in electrospun fiber
appeared. Otherwise, the fiber might be broken down by
the electric field force. The bead-free fibers from DJWE had
larger diameter but rougher surface than that from NE, due
to the quick double-diffusion process.

The mats prepared by DJWE had obviously higher water
contact angle than those by normal electrospinning, due
to less adhesion and higher porosity. PHBV bead fiber
mats with rounder beads and higher bead density were
more hydrophobic. Therefore, the mat wettability was closely
related to its surface morphology, and the hydrophobicity
could be adjusted by the electrospun fiber morphology and
the accumulation structures.
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