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In this pa per, the sur face morphologies of poly vi nyl al co hol/milk nanofibers pro -
duced via electrospinning tech nique were in ves ti gated. The electrospinning pro -
cess was per formed at var i ous pro cess ing pa ram e ters (flow rate, ap plied volt age)
and dif fer ent poly vi nyl ac e tate to milk ra tios (100/0, 90/10, 80/20, 70/30, and
60/40). The scan ning elec tron mi cros copy and Im age J soft ware were used to char -
ac ter ize the sur face morphologies, es pe cially the di am e ter dis tri bu tion of elec tro
spun nanofibers. The re sults of scan ning elec tron mi cros copy show that the di am e -
ter of poly vi nyl ac e tate/milk nanofibers in creases with the in crease of the spin ning
speed and spin ning volt age but de creases with the in crease of the weight per cent -
age of milk in the spin ning so lu tion. The po ten tial ap pli ca tions of this bicomponent
nanofibers are nu mer ous and di verse. The re search re sults in pres ent pa per can
con trib ute to better con trol of the electrospinning pro cess and thus ex pand ing the
applicabilities, such as dress ings for wound heal ing in sports.
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In tro duc tion

Electrospinning tech nique is a tra di tional method which uti lizes elec tri cal forces to
pro duce nanofibers with di am e ters rang ing from 10 nm to 10 mm [1-4]. The nanofibers with
small di am e ters have a broad range of po ten tial ap pli ca tions such as bio med i cal, fil tra tion/ad -
sorp tion, func tional ma te ri als [5]. An in creas ing at ten tion has been at tracted and paid on these
nanomaterials due to their su pe rior per for mances com pared with clas si cal poly mer fi bers. Fur -
ther, bicomponent nanofibers which usu ally com bine ad van tages of two or more than two dif -
fer ent kinds of com po nents have more po ten tial ap pli ca tions. Ding et al. [6] elec tro spun poly vi -
nyl al co hol/cel lu lose ac e tate nanofibers as bio de grad able nanowoven mats. Bhattacharjee et al.
[7] blended poly vi nyl al co hol (PVA) and non-mul berry tasar silk fibroin to fab ri cate the
nanofibrous ma tri ces for bone re gen er a tion. Song et al. [8] fab ri cated poly vi nyl al co hol/col la -
gen hydroxyapatite elec tro spun nanofibrous meshes which might be prom is ing mod i fy ing ma -
te ri als on im plant sur faces for or tho pe dic ap pli ca tions. Hsieh and Liau [9] cross-linked PVA
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and starch to form a 3-D scaf fold
that is ef fec tive wa ter ab sor bent,
has a sta ble struc ture, and sup -
ports cell growth. Maleki et al.
[10] elec tro spun aque ous mix ture 
of PVA and honey with dif fer ent
PVA to honey ra tios. The au thors
[11, 12] of this ar ti cle also at -
tempted to elec tro spun PVA-milk 
and PVA-honey nano- fi bers with
po ten tial ap pli ca tion in bio de -
grad able field.

Based on the pre vi ous re -
searches [13-19], this ar ti cle deeply
dis cussed the ef fects of elec tro spun 
pa ram e ters for elec tro spun PVA/
/milk nanofibers. A sim ple the o ret i -
cal anal y sis on the base of the con -
ser va tion equa tion of mass is also
pro vided. The sur face morpho-
logies of the PVA/milk nanofiber
ver ify the the o ret i cal anal y sis re -
sults.

Ex per i men tal work

Ma te ri als

The PVA, Sigma, mixed with
whole milk pow der were used as
the model poly mer. The so lu tions
were pre pared by dis solv ing the
PVA pow der and whole milk
pow der in deionized wa ter and
then trans ferred to a wa ter bath at
90 °C for three hours with con tin -
u ous stir ring. In this study, five
dif fer ent pro por tions of PVA and
milk (100/0, 90/10, 80/20, 70/30,
60/40) were pre pared, while all
the so lu tions have the same
weight ra tio of 7%.

Electrospinning

The ho mo ge neous PVA/milk
mixed so lu tions were pumped
through a sy ringe with a

seven-gauge stain less steel nee dle. A grounded Al-foil served as the col lec tor. The dis tance be -
tween sy ringe-tip to the col lec tor was fixed at 15 cm. First, five dif fer ent kind so lu tions
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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, (e) 60/40



(PVA/milk  100/0, 90/10, 80/20, 70/30, and 60/40) were elec tro spun with the ap plied volt age of 
25 kV and flow rate of 0.7 mL/h, which aims to find out the best pro por tion of PVA and milk.
Fol low ing, the PVA/milk 80/20 so lu tion was se lected to study the changes of fi ber di am e ter
with dif fer ent flow rates and volt ages. In this study, five dif fer ent 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 dif fer ent volt ages (10 kV, 15 kV, 20 kV, 25
kV, and 30 kV) are ap plied.

Re sults and dis cus sion

Elec tro spun PVA/milk nanofibers

Fig ure 1 shows the scan ning elec tron mi cros copy (SEM) im ages of elec tro spun
PVA/milk nanofibers and fig. 2 il lus trates the nanofiber di am e ters for dif fer ent ra tios be tween
PVA and milk. It is eas ily to find out that the di am e ter of pure PVA nanofiber is more uni form
with out beaded fi bers. With the in creases of the pro por tion of milk, the di am e ter of nanofiber
de creases lin early, mean while the beaded fi ber in creases sig nif i cantly. When the pro por tion of
milk reaches to more than 40%, the so lu tion can not be elec tro spun steadily. The changes mainly 
caused by the de crease of the vis cos ity of the mixed so lu tions. For the so lu tions of low vis cos i -
ties, the mo lec u lar chain is eas ily to frac ture un der the ten sile ef fect of elec tric field force. Based
on the ef fect of sur face ten sion, beaded fi bers are formed eas ily.

The Fou rier trans form in fra red (FTIR) spec tros copy spec tra of elec tro spun nanofibers 
are shown in fig. 3. Ob vi ously, the PVA/milk nanofibers have a strong ab sorp tion peak at the
wavenumber of 1730, which due to the car bonyl vi bra tion of the fat in milk. With the in creases
of milk, the ab sorp tion peak be comes much stron ger. There fore, the dif fer ence in FTIR shows
the suc cess of elec tro spun PVA/milk nanofibers.

Para met ric dis cus sions

Con sid er ing a 1-D jet, a part of the stream tube as shown
in fig. 4 can be cho sen as the re search ob ject. Based on the
clas si cal con ser va tion equa tion of mass, the rate of in crease
of mass within the fluid el e ment equals to the net rate of
mass which en ters into the el e ment vol ume. Then a par tial
dif fer en tial equa tion of the con ser va tion of mass can be de -
rived:
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Figure 2. The fiber diameters for different ratios
between PVA and milk

Figure 3. The FTIR spectra of PVA/milk
nanofibers. (a) 100/0, (b) 90/10, (c) 80/20, (d)
70/30, (e) 60/40

Figure 4. An element volume
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where r is the ra dius of jet flow, r – the den sity of jet flow, m –  the ve loc ity of jet flow which is
pos i tive cor re la tion with the ap plied volt age. When ig nor ing the com press ibil ity of the jet flow,
the ¶r/¶t = 0. There fore, eq. (1) can be de rived:

rmpr Q2 = =constant number (2)

where Q  is the flow rate. When the ap plied volt age keeps as a con stant num ber, the re la tion ship
be tween the ra dius of the nanofiber and flow rate can be de rived:

r Qµ (3)

Fig ure 5 shows the ef fects of the flow rate on the di am e ter of the elec tro spun
PVA/milk nanofibers. It can be seen that the di am e ter of the PVA/milk nanofiber in creases with
the in crease of the flow rate. The ex per i men tal re sults show non-lin ear re la tion ship be tween
nanofiber di am e ter and flow rate. Mean while, the ex per i men tal re sults greatly agree with the re -
sults ob tained from ap ply ing the o ret i cal anal y sis.

Fig ure 6 shows the re la tion ship be tween ap plied volt age and fi ber di am e ter. The di am -
e ter of elec tro spun PVA/milk nanofiber in creases with the in crease of ap plied volt age. The
higher ap plied volt age is at trib uted to the more so lu tions pumped out the nee dle. At the same
time, the higher ap plied volt age may in crease the ve loc ity of so lu tions pumped out the nee dle.
There fore, the time for the so lu tions to the col lec tor is short. The elec tric field force which has
the ef fect to draft the so lu tions be comes weak. All pre vi ous rea sons are lead to the in crease of
the nanofiber di am e ter.

Con clu sions

The ar ti cle fo cused on the elec tro spun prop er ties of PVA/milk nanofibers. Five dif fer -
ent kind of pro por tions for PVA to milk so lu tions were stud ied. The higher pro por tion for milk
leads to finer nanofibers but much more beaded nanofibers. The FTIR re sults clearly show the
ab sorbed peak for car bonyl which only ex ited in milk rather than PVA. For the PVA/milk 80/20
so lu tions, the elec tro spun nanofiber di am e ter in creases with the in crease of flow rate and ap -
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Figure 5. The relationship between flow rate and 
fiber diameter

Figure 6. The relationship between voltage and
fiber diameter



plied volt age which agreed with the the o ret i cal anal y sis. The re search re sults show great un der -
stand of the sur face morphologies of PVA/milk nanofiber. 

The PVA is bio de grad able and harm less to hu mans. The PVA/honey nanofibrous
scaf fold with anti-in flam ma tory drug has been re ported to im prove the wound dress ing ef fi -
ciency [9]. The PVA/milk nanofibers can also be con sid ered as drug-load ma te ri als for wound
dress ing and in creas ing the heal rate. The new ma te ri als may ap ply in vast do main es pe cially for 
the bruises in sports. Fur ther re search will prove the sup pose.
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