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In this paper, the surface morphologies of polyvinyl alcohol/milk nanofibers pro-
duced via electrospinning technique were investigated. The electrospinning pro-
cess was performed at various processing parameters (flow rate, applied voltage)
and different polyvinyl acetate to milk ratios (100/0, 90/10, 80/20, 70/30, and
60/40). The scanning el ectron microscopy and I mage J softwar e were used to char-
acterize the surface morphologies, especially the diameter distribution of electro
spun nanofibers. The results of scanning electron microscopy show that the diame-
ter of polyvinyl acetate/milk nanofibersincreases with the increase of the spinning
speed and spinning voltage but decreases with the increase of the weight percent-
age of milk in the spinning solution. The potential applications of this bicomponent
nanofibers are numerous and diverse. The research results in present paper can
contribute to better control of the electrospinning process and thus expanding the
applicabilities, such as dressings for wound healing in sports.
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Introduction

Electrospinning technique is a traditional method which utilizes electrical forces to
produce nanofibers with diameters ranging from 10 nm to 10 um [1-4]. The nanofibers with
small diameters have a broad range of potential applications such as biomedical, filtration/ad-
sorption, functional materials [5]. An increasing attention has been attracted and paid on these
nanomaterials due to their superior performances compared with classical polymer fibers. Fur-
ther, bicomponent nanofibers which usually combine advantages of two or more than two dif-
ferent kinds of components have more potential applications. Ding et al. [6] el ectro spun polyvi-
nyl alcohol/cellul ose acetate nanofibers as biodegradabl e nanowoven mats. Bhattacharjee et al.
[7] blended polyvinyl alcohol (PVA) and non-mulberry tasar silk fibroin to fabricate the
nanofibrous matrices for bone regeneration. Song et al. [8] fabricated polyvinyl acohol/colla-
gen hydroxyapatite el ectro spun nanofibrous meshes which might be promising modifying ma-
terials on implant surfaces for orthopedic applications. Hsieh and Liau [9] cross-linked PVA
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Figure 1. The SEM images for different ratios between PVA
and milk; (a) 100/0, (b) 90/10, (c) 80/20, (d) 70/30, (€) 60/40

and starch to form a 3-D scaffold
that is effective water absorbent,
has a stable structure, and sup-
ports cell growth. Maleki et al.
[10] electro spun agueous mixture
of PVA and honey with different
PV A to honey ratios. The authors
[11, 12] of this article aso at-
tempted to electro spun PV A-milk
and PV A-honey nano- fibers with
potential application in biode-
gradable field.

Based on the previous re
searches[13-19], this article deeply
discussed the effects of electro spun
parameters for electro spun PVA/
/milk nanofibers. A smpletheoreti-
cal analysis on the base of the con-
servation equation of mass is aso
provided. The surface morpho-
logies of the PVA/milk nanofiber
verify the theoretica analysis re-
sults.

Experimental work
Materials

The PVA, Sigma, mixed with
whole milk powder were used as
the model polymer. The solutions
were prepared by dissolving the
PVA powder and whole milk
powder in deionized water and
then transferred to a water bath at
90 °C for three hours with contin-
uous stirring. In this study, five
different proportions of PVA and
milk (100/0, 90/10, 80/20, 70/30,
60/40) were prepared, while all
the solutions have the same
weight ratio of 7%.

Electrospinning

The homogeneous PVA/milk
mixed solutions were pumped
through a syringe with a

seven-gauge stainless steel needle. A grounded Al-foil served asthe collector. The distance be-
tween syringe-tip to the collector was fixed at 15 cm. First, five different kind solutions



Zhang, Y., et al.: Research on Morphologies of Polyvinyl Alcohol/Milk ...
THERMAL SCIENCE: Year 2016, Vol. 20, No. 3, pp. 961-966 963

(PVA/milk 100/0, 90/10, 80/20, 70/30, and 60/40) were el ectro spun with the applied voltage of
25 kV and flow rate of 0.7 mL/h, which aimsto find out the best proportion of PV A and milk.
Following, the PVA/milk 80/20 solution was selected to study the changes of fiber diameter
with different flow rates and voltages. In this study, five different flow rates (0.1 mL/h, 0.3
mL/h, 0.5 mL/h, 0.7 mL/h, and 0.9 mL/h) and five different voltages (10 kV, 15kV, 20 kV, 25
kV, and 30 kV) are applied.

Results and discussion
Electro spun PVA/milk nanofibers

Figure 1 shows the scanning electron microscopy (SEM) images of electro spun
PV A/milk nanofibers and fig. 2 illustrates the nanofiber diameters for different ratios between
PVA and milk. It iseasily to find out that the diameter of pure PV A nanofiber is more uniform
without beaded fibers. With the increases of the proportion of milk, the diameter of nanofiber
decreases linearly, meanwhile the beaded fiber increases significantly. When the proportion of
milk reachesto more than 40%, the sol ution cannot be el ectro spun steadily. The changesmainly
caused by the decrease of the viscosity of the mixed solutions. For the solutions of low viscosi-
ties, the molecular chainiseasily to fracture under the tensile effect of electric field force. Based
on the effect of surface tension, beaded fibers are formed easily.
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Figure2. Thefiber diametersfor different ratios nanofibers. (a) 100/0, (b) 90/10, (c) 80/20, (d)
between PVA and milk 70/30, (e) 60/40

The Fourier transforminfrared (FTIR) spectroscopy spectraof el ectro spun nanofibers
are shown in fig. 3. Obviously, the PVA/milk nanofibers have a strong absorption peak at the
wavenumber of 1730, which due to the carbonyl vibration of the fat in milk. With the increases
of milk, the absorption peak becomes much stronger. Therefore, the differencein FTIR shows
the success of electro spun PVA/milk nanofibers.

\
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Considering a1-D jet, apart of the stream tube as shown “rL;—> ap S

in fig. 4 can be chosen as the research object. Based on the 2 ot

classical conservation equation of mass, the rate of increase /_’

of mass within the fluid element equals to the net rate of — 9 dz

mass which enters into the element volume. Then a partial |

differential equation of the conservation of mass can be de- _
rived: Figure 4. An element volume
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wherer istheradius of jet flow, p —the density of jet flow, 1 — the velocity of jet flow whichis
positive correlation with the applied voltage. When ignoring the compressibility of thejet flow,
the go/ot = 0. Therefore, eq. (1) can be derived:

punr? =congant number =Q 2

where Q istheflow rate. When the applied voltage keeps as a constant number, the rel ationship
between the radius of the nanofiber and flow rate can be derived:

roQ ©)

Figure 5 shows the effects of the flow rate on the diameter of the electro spun
PV A/milk nanofibers. It can be seen that the diameter of the PV A/milk nanofiber increaseswith
the increase of the flow rate. The experimental results show non-linear relationship between
nanofiber diameter and flow rate. Meanwhile, the experimental results greatly agreewith there-
sults obtained from applying theoretical analysis.

Figure 6 showsthe relationship between applied voltage and fiber diameter. The diam-
eter of electro spun PVA/milk nanofiber increases with the increase of applied voltage. The
higher applied voltage is attributed to the more solutions pumped out the needle. At the same
time, the higher applied voltage may increase the velocity of solutions pumped out the needle.
Therefore, the time for the solutions to the collector is short. The electric field force which has
the effect to draft the solutions becomes weak. All previous reasons are lead to the increase of
the nanofiber diameter.
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Figureb. Therelationship between flow rateand Figure 6. The relationship between voltage and
fiber diameter fiber diameter
Conclusions

Thearticlefocused on the electro spun properties of PV A/milk nanofibers. Fivediffer-
ent kind of proportionsfor PVA to milk solutions were studied. The higher proportion for milk
leads to finer nanofibers but much more beaded nanofibers. The FTIR results clearly show the
absorbed peak for carbonyl which only exited in milk rather than PVA. For the PV A/milk 80/20
solutions, the electro spun nanofiber diameter increases with the increase of flow rate and ap-
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plied voltage which agreed with the theoretical analysis. The research results show great under-
stand of the surface morphologies of PVA/milk nanofiber.

The PVA is biodegradable and harmless to humans. The PVA/honey nanofibrous
scaffold with anti-inflammatory drug has been reported to improve the wound dressing effi-
ciency [9]. The PVA/milk nanofibers can aso be considered as drug-load materials for wound
dressing and increasing the heal rate. The new materials may apply invast domain especially for
the bruises in sports. Further research will prove the suppose.
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