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Electrospinning technique was developed for the fabrication of poly(vinyl alcohol)
(PVA)/oxidized starch (OS) fibres with applied voltage of 11 kV and tip-to-
collector distance (TCD) of 12 cm. The morphology and structure of the 

as-prepared fibres were well investigated by scanning electron microscopy (SEM),
Fourier transform infrared (FTIR), X-ray diffraction (XRD) and differential scanning
calorimetry (DSC). SEM Photographs indicated that the morphology and diameter of
the fibres were clearly affected by weight ratio of PVA/OS and its solution 
concentration. By lowering the weight ratio of PVA/OS and the solution concentration,
the average diameter of fibres was dropped. When the weight ratio of PVA/OS was
below 1:3, the fibres were irregular and interspersed with shuttle-shape beads. In this
respect, the lower the weight ratio the more beads were formed. When the solution
concentration (weight ratio of PVA/OS 1:2) was below 18% (by weight), the fibres were
uneven and interspersed with shuttle-shape, and again the lower the concentration, led
to more beads formation. It may be noted that, the electrospinning process was hard
to be performed for the solution concentration above 20% (by weight). The FTIR tests
implied that hydrogen bonds were formed between the molecular OS and PVA in the
PVA/OS fibres. XRD Patterns showed that the blending with OS or high-voltage 
electrostatic field during electrospinning destroyed PVA crystallinity. The DSC tests
showed that the Tg of the PVA/OS fibres was lowered and so did the thermal stability
with increased OS content. The PVA/OS fibres may be used in tissue engineering,
wound dressing, drug delivery as a new potential material because of its non-toxic, 
solubility and biodegradability.

INTRODUCTION

Electrospinning technique, a 
functional nanofibre fabrication
technique using electrostatic forces
to produce fine fibres from poly-
mer solutions or melts, has
received a dramatic revival of
interest for its potential to prepare
fibres with diameters ranging from
50 to 500 nm [1-3]. Recently, many
researchers have focused on the
fabrication of natural polymer and

its composite fibres via electro-
spinning technique, i.e., silk fibres
[4], gelatin fibres [5], collagen
fibres [6], poly(vinyl alcohol)/
chitosan blend nanofibres [7],
poly(vinyl alcohol)/soy protein 
isolate fibres [8] and Bombyx 
mori silk/poly(ethylene oxide)
fibres [9].

Starch is one of the most 
abundant natural mixture poly-
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saccharides, which makes it of great importance in
food industry. Moreover, the natural availability,
biodegradability, low cost and its easiness to 
chemical changes have all made starch as useful 
natural product in various other applications [10].
There has been a growing interest in the development
of starch-based products, because starch is com-
pletely biodegradable, naturally abundant and cheap
[11]. Oxidized starch (OS) has been widely used in
many industries to provide surface sizing and coating
property [12]. The main outlets for OS are in the
paper and textile industries at present, and its 
application in food industry is increasing because of
its low viscosity, high stability and transparent, excel-
lent film-forming and binding properties. To improve
the mechanical properties of starch or OS, blending
them with other polymers such as polymethylcellu-
lose, low-density polyethylene and poly(vinyl alco-
hol) (PVA) is regarded as an effective way. Owing to
its high strength and modulus [13], better flexibility
and fibre-forming capability [14], many publications
have reported the fabrication of PVA and natural
polymer blending fibres [7,8] via electrospinning
technique. Moreover, the literature [15] reports the
fabrication of electrospun polylactic acid and cassava
starch fibre by conjugated solvent technique.

In the present work, PVA/OS fibres have been 
fabricated via electrospinning technique. The 
relationship between the weight ratio of PVA/OS and
its solution concentration on morphology and 
diameter of the produced fibres has been investigated
with certainty, and the structure of the fibres is 
characterized. To the best of our knowledge, it is the
first time that electrospinning technique is developed
for the fabrication of PVA/OS fibres. Notably, solu-
tion conductivity is being used to explain the beads 
formation. The as-prepared PVA/OS fibres take the
advantages over PVA and OS, which may be used in
tissue engineering, wound dressing, drug delivery as
a new potential material because of its non-toxic, 
solubility and biodegradability [16].

EXPERIMENTAL

Materials
Corn starch was obtained from Zhaoxian Chengdong

Starch Industrial Zone (Hebei, China). FeSO4.7H2O
in analytical grade and 30% hydrogen peroxide
(H2O2) were purchased from Sinopharm Chemical
Reagent Co. (Shanghai, China). PVA with molecular
weight of 1750 ± 50 was purchased from Shanghai
Chemical Reagent Factory (Shanghai, China).

Sample Preparation
Spinning Solutions
With FeSO4.7H2O as catalyst, the oxidization of
starch was conducted in a three-necked round-bottom
flask. An amount of 30 g corn starch was suspended
in 30 mL distilled water and poured into the flask, and
followed by addition of an appropriate amount of
FeSO4.7H2O and then the temperature was raised.
When the temperature reached 60°C, 20 mL H2O2
was added into the flask within 30 min. One and a
half hour later, a brown oxidized starch (OS) solution
with pH 3 and concentration of 30% (by weight) was
obtained. An amount of 7% (by weight) PVA aqueous 
solution was prepared by dissolving 7 g PVA in 
93 mL distilled water at 90°C.

The as-prepared PVA solutions were then mixed
with OS solutions (with PVA/OS weight ratios of 1:1,
1:2, 1:3 and 1:4). The concentration of PVA/OS 
solution (total concentration of PVA and OS) was
adjusted to 17.5% (by weight). Meanwhile, in order
to investigate the effect of concentration on the fibre
morphology, the weight ratio of PVA/OS was kept at
1:2, and the concentration of PVA/OS solution was
varied between 16 and 20% (by weight). These solu-
tions were used for electrospinning.

Electrospinning Procedures
Electrospinning setup consisted of a syringe and 
needle (0.41 mm, internal diameter), a ground 
electrode, a high voltage supply (DW-P403-1ACCC,
Tianjin Dongwen, China), and a sheet copper was
used as collector. The applied voltage was kept at 
11 kV and the tip-to-collector distance (TCD) was
kept at 12 cm. Electrospinning processing was carried
out at room temperature. 

Measurement and Characterization
Conductivity was measured by an electric con-
ductivity meter DDL-801 (Shanghai, China).
Viscosity was measured by a rotational viscometer
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NDJ-8S (Shanghai, China). A Nicolet Fourier 
transform infrared spectrometer (Nexus-870,
Wisconsin, USA) was used to record the spectra.
Field scanning electron microscopy (SEM) 
photographs were obtained on a Jeol JSM-6700F field
scanning electron microscope (Japan) and samples
sputter-coated with gold. The obtained images were
analyzed by Image Tool Software, and a total of 50
counts was used to calculate the average diameter of
nanofibres [17]. X-Ray diffraction (XRD) analysis
was recorded on a Risaku (Tokyo, Japan) 
D/max-γ B rotating diffractometer with the CuKα line
(λ = 0.15418 nm). Differential scanning calorimetry
(DSC) was conducted by a Mettler Toledo (Im
Langacher, Switzerland) DSC-851e from 20 to 250°C
at a scanning rate of 10°C/min under nitrogen 
atmosphere.

RESULTS AND DISCUSSION

Weight Ratio of PVA/OS
It was reported in 2004 that the addition of cationic
and anionic polyelectrolytes could increase the 
conductivity of polymer solution which could result
in the formation of thinner fibres [18]. Oxidized
starch (OS) is a cationic polysaccharide with carboxyl
group, which are ionizable under acidic or neutral pH
condition. Therefore, the weight ratio of PVA/OS will
have an effect on the morphology and diameter of 
electrospun fibres. Figure 1 illustrates the PVA/OS
electrospun fibres with different weight ratios of
PVA/OS (concentration of 17.5% (by weight), voltage
of 11 kV and TCD of 12 cm) and correspondingly, the
relationship between average diameter and weight
ratio of PVA/OS is demonstrated in Figure 2. The 
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Figure 1. SEM Photographs of PVA/OS fibres with different weight ratios of PVA/OS (concentration: 17.5%
(by weight), voltage: 11 kV and TCD: 12 cm): (a) 1:1, (b) 1:2, (c) 1:3 and (d) 1:4.



Figure 2. Average diameter of PVA/OS fibres with different
weight ratios of PVA/OS (concentration: 17.5% (by weight),
voltage: 11 kV and TCD: 12 cm). 

electrospun fibres were smooth and uniform with
average diameters at 460 ± 14 and 382 ± 12 nm for
weight ratios of PVA/OS at 1:1 and 1:2 (Figures 1a,
1b and 2). While the weight ratio of PVA/OS was
decreased to 1:3 and 1:4, the electrospun fibres were
irregular and interspersed with shuttle-shape beads,
and the average diameters decreased to 204 ± 6 
and 147 ± 4 nm (Figures 1c, 1d and 2). With still 
lowering the weight ratio more beads were formed.
Because OS is an ionic polyelectrolyte, a higher
charge density on the surface of ejected jet is formed
during electrospinning. As the charges carried by the
jet increase, higher elongation forces are imposed to
the jet under the electrical field. Because the overall
tension in the fibres depends on the self-repulsion of
the excess charges on the jet therefore, with increase
in charge density the diameter of the final fibres
becomes smaller [19]. When the weight ratio of
PVA/OS is below 1:3, the repulsive force between the
ionic groups within the polymer backbone would 
prevent the formation of continuous fibre during 
electrospinning, and then the electrospun fibres
become uneven and interspersed with shuttle-shape
beads [18]. Moreover, at given solution con-
centration, the surface tension and viscosity of the
solution are decreased with the weight ratio of
PVA/OS. When the weight ratio of PVA/OS reaches
1:3, the lower surface tension and viscosity would
result in the easy splitting of droplets [20,21].

Solution Concentration
Solution concentration is one of the most effective
variables to control the fibre morphology [22].
Therefore, the effect of concentration on fibre 
morphology was totally investigated. Based on the
above experimental results, PVA/OS electrospun
fibres were fabricated under different solution con-
centrations (weight ratio of PVA/OS: 1:2, voltage of
11 kV and TCD of 12 cm) correspondingly shown in
Figure 3. Figure 4 illustrates the relationship between
the average diameter and solution concentration.
When the concentration was below 18% (by weight),
the fibres were uneven and interspersed with 
shuttle-shape beads; and at still lower concentration
more beads were formed. With the increase of 
solution concentration, the average diameter of 
electrospun fibre increased. Moreover, while the 
concentration increased from 18% to 19% (by
weights) the fibres were uniform and the average
diameter ranged between 382 ± 7 and 410 ± 8 nm.
But when the concentration was above 20% (by
weight), the electrospinning processing was hard to
perform. These phenomena could be clarified by 
conductivity and viscosity of the solutions as the 
following explanations.

Figure 5 illustrates the conductivity and viscosity
as functions of solution concentration for weight ratio
of PVA/OS: 1:2. It was found that the conductivity
slightly increased with the increase of solution 
concentration due to the ionic property of OS,
although the solution viscosity certainly increased. At
lower concentration (below 18% by weight), the con-
ductivity and viscosity were lower. Lower 
conductivity of solution resulted in insufficient 
elongation of a jet by electrical force to produce 
uniform fibre, which was then followed by beads 
formation. Meanwhile, the lower viscosity resulted in
the easy splitting of droplets and the fibres became
thinner [23]. With the increase of concentration, the
effect of viscosity on the fibre morphology was more
dominant than conductivity itself, which resulted in
formation of uniform fibres with increased diameters
[2]. At higher concentrations (above 20% by weight),
the solution viscosity was high, resulting in the 
formation of discontinuous and thicker fibres because
of the inability to maintain the flow of the solution at
the tip of the needle [4].
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Figure 4. Average diameter of PVA/OS fibres with different
concentrations (weight ratio of PVA/OS: 1:2, voltage: 10 kV
and TCD: 12 cm).

Figure 5. Conductivity and viscosity as functions of solution

concentration.
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Figure 3. SEM Photographs of PVA/OS fibres with different solution concentrations (weight ratio of PVA/OS: 1:2,
voltage: 10 kV and TCD: 12 cm): (a) 16%, (b) 17%, (c) 18%, (d) 19% and (e) 20% (all by weights).
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Figure 6. FTIR Spectra of samples: (a) starch, (b) OS and
(c) PVA/OS fibres (PVA/OS: 1:2; concentration: 18% (by
weight), voltage: 10 kV and TCD: 12 cm).

FTIR Analysis
Figure 6 demonstrates FTIR spectra of starch, OS 
and PVA/OS fibres. As shown in Figure 6a, a strong
and broad band at 3403 cm-1 was assigned to the char-
acteristic absorption peak of the stretching vibration
of -OH [24]. The bands at about 1083 and 1151 cm-1

were the stretching vibration of C-O in C-O-H groups,
and the one at about 1019 cm-1 was associated with
the stretching vibration of C-O in C-O-C groups. The
band at 2930 cm-1 was attributed to the asymmetric 
stretching of C-H, while the band at 1644 cm-1 was
ascribed to the adsorbed water and the bands at 1422
and 1335 cm-1 to the angular deformation of C-H.
Comparing with Figure 6a, the characteristic 
absorption peaks for starch are present in Figure 6b,
but the bands at about 1083 and 1151 cm-1 for the
stretching vibration of C-O in C-O-H groups have
become weak, meanwhile a band at about 1739 cm-1

may be attributed to stretching vibration of C=O in 
-COOH present, implying that starch has been 
oxidized by H2O2 with FeSO4 as catalyst. From
Figure 6c, the absorption peak for -OH at 3390 cm-1

for PVA/OS fibres shifted 17 cm-1 to a lower
wavenumber, indicating the formation of hydrogen
bonds between OS and PVA molecules.

XRD Analysis
Figure 7 illustrates XRD spectra of PVA fibres and
PVA/OS fibres. From Figure 7a, a strong characteris-

Figure 7. XRD Patterns of samples: (a) the pure PVA fibres
and (b) PVA/OS fibres (PVA/OS: 1:2, concentration: 18%
(by weight), voltage: 10 kV and TCD: 12 cm).

tic peak for PVA fibres at around 2θ = 19.69° and a
weak peak around 2θ = 40.7° are present [25]. When
blended with OS or under high-voltage electrostatic
field during electrospinning, the crystalline structure
of PVA has been destroyed and the intensity of PVA
characteristic peaks is decreased substantially, more-
over, the diffraction peak of PVA at 2θ = 40.7° has
disappeared in the PVA/OS fibres as shown in Figure
7b. In the absence of weak interaction or even a small 
interaction between OS and PVA molecules in the
fibres, PVA must have its own crystal region in the
fibres, and the characteristic peaks of PVA would be
expressed well in XRD patterns. These facts imply
that strong hydrogen bond interactions have occurred
between OS and PVA molecules of the PVA/OS
fibres.

DSC Analysis
Figure 8 illustrates DSC heating scan of PVA fibres
and OS/PVA fibres for different weight ratios of
PVA/OS. From Figure 8a, PVA fibres show a 
relatively large and sharp endothermic curve with a
peak at about 220°C [26], corresponding to the 
melting point of PVA. From Figures 8b and 8c, the
peak at about 220°C has disappeared, while the glass
transition temperature (Tg) at about 152 and 142°C
for PVA/OS fibres with weight ratios of PVA/OS at
1:2 and 1:4 are present. These facts are indications of 
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Figure 8. DSC Curves of the PVA and PVA/OS fibres 
(concentration: 18% (by weight), voltage: 11 kV and TCD:
12 cm): (a) the pure PVA fibres and (b) PVA/OS: 1:2 and (c)
PVA/OS: 1:4.

the blending with OS or high-voltage electrostatic
field during electrospinning which have resulted in
the destruction of PVA crystallinity. Furthermore,
with the increase of OS, the Tg of the PVA/OS fibres
is decreased and the thermal stability becomes 
weaker.

CONCLUSION

The average diameter of the PVA/OS fibres decreased
with the decrease of weight ratio of PVA/OS. While,
the ratio was below 1:3 the fibres were irregular and
interspersed with shuttle-shape beads, and at lower
weight ratios more beads were formed. Furthermore,
the average diameter of the fibres increased with the
increases in solution concentration, but the fibres
were uneven and interspersed with shuttle-shape
beads below 18% (by weight), and still at lower 
concentration the more beads were formed. When the
solution concentration was above 20% (by weight),
the electrospinning process was hard to perform. The
PVA/OS fibres were non-crystalline and there existed
hydrogen bonds between molecular OS and PVA,
meanwhile, the Tg of OS/PVA fibres decreased and
the thermal stability was weakened with increases in

OS content. In the present work, we have focused on
the fabrication and characterization of OS/PVA fibres. 
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