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ABSTRACT

Morphological characteristics of electrospun PVA nanofibers were investigated in terms of polymer molecular
weight was reported in this paper. The change in the morphology depending on the polymer concentration of
electrospinning solution and the applied voltage were addressed. The fiber diameter increased with the increase
in the molecular weight and polymer concentration and applied voltage and the average nanofiber diameter
variation was found to be between 175.83 and 735.69 nm.
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1. INTRODUCTION

PVA has the largest volume within the water-soluble polymer production of the world [1] and
it is semi-crystalline, hydrophilic polymer with good chemical and thermal stability [2]. Due
to biocompatibility, nontoxicity, hydrophilicity and ease of processability of PVA,
electrospun PVA nanofibers have been one of the most extensively studied topics [3,4] and
they are considered as a potential polymer for biotechnological applications [5-7]

Although PVA have advantageous properties, higher solubility in water results in stability
problems thereby limiting its applications [8]. Therefore, crosslinking of PVA nanofiber web
[9] is carried out to produce nanowebs with poorer solubility characteristics in which polymer
chains are joined together to form three-dimensional network structure and improve
mechanical properties. Crosslinking of PVA nanofibres can be carried out by two methods,
including chemical and physical crosslinking techniques. The principle of chemical
crosslinking is to create permanent and irreversible covalent bonds between the polymer
chains [10, 11] while physical crosslinking is mainly based on the increase in crystallinity of
resultant fibers.

Furthermore, PVA based nanofibers and nanofiber composites have been considered as an
attractive choice in tissue scaffolding [6,12], filtration materials [13, 14], protective clothing,
wound dressing [15], drug release [16], medical [17,18] and biosensor applications [19], and
SO on.

In this paper, morphological characteristics of electrospun PVA nanofibers were investigated
in terms of polymer molecular weight. The change in the morphology depending on the
polymer concentration of electrospinning solution and the applied voltage were also
addressed.
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2. EXPERIMENTAL

Three types of PVA (Figure 1) with average molecular weights of 89,000-98,000 g/mol,
~125,000 g/mol and 146,000-186,000 g/mol was obtained from Sigma Aldrich Chemical
Company. PVA was dissolved in water at 100°C and stirred for 4 h with the concentrations
given in Table 1. Electrospinning of the prepared solutions was carried out by a set-up
consisting of a high-voltage DC power supply (Simco, MP Series CM5 30 P, Charging
Generator Output 30 kV DC), a 10 ml syringe with a needle of 22 gauge flat-tipped stainless
steel. Stationary rectangular metal collector covered by a piece of aluminum foil was used as
the fiber collecting area. The electrostatic field strength was changed as 12, 15 and 18 kV at
the tip to collector distance of 15 cm. The feed rate of the solutions was controlled at about
0.5 ml/h using a syringe pump. The complete electrospinning apparatus was enclosed in a
glass box and the electrospinning of the nanofibers was carried out at room temperature.
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Figure 1 Linear Formula (a) and Molecular Structure (b) 3D ball representation (c) of Poly(vinyl alcohol) [12-
13]

Table 1. Weight average molecular weight (Mw) and concentration of PVA used in this study

Average Molecular Concentration
Weights of PVA (g/mol) (w/v)
8%
89,000-98,000 10%
12%
8%
~125,000 10%
12%
6%
146,000-186,000 8%
10%

The morphological appearance of electrospun PVA mats was observed by Hitachi TM-1000
Tabletop Microscope. The mean diameter of the resultant fibers was calculated from the
measurements of fiber diameters on the images of 10000x magnification by using Image J
program. Approximately 30 measurements were carried out from the different parts of each
sample. Incase of beaded nanofibers, largest parts of the beads and diameter of connecting
nanofibers were measured.
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3. RESULTS AND DISCUSSION

Figures 2, 3 and 4 illustrates the SEM images of collected elctrospun PVA mats with average
molecular weight of 89,000-98,000 g/mol, ~125,000 g/mol and 146,000-186,000 g/mol,
respectively. Based on these images, mean diameter of the fibers, standart error of mean,
standart deviation, range, minimum and maximum values are given in Table 2.

12kV 15 kv 18kVv

TM-1000_1868 2014.02.14 10:24 10um  TM-1000_1874 2014.02.14 10:53 10um TM-1000_1878 2014.02.14 11:08

TM-1000_1883 2014.02.14 11:36 10um  1.1000_1889 2014.02.14 1147 10um TM-1000_1896 2014.02.14 12:08

TM-1000_1899 2014.02.14 12:23 10um  1m.4000_1910 2014.02.14 1240 T0um TM-1000_1914 2014.02.14 1249 10

Figure 2 Images of average molecular weight of 89,000-98,000 g/mol at concentrations of 8-10 and 12% at 15
cm tip to collection distance with 0.5 ml/h feeding rate

Typical structures showing the effect of concentration are shown in Figure 2 for Mw 89,000-
98,000 g/mol. At a constant molecular weight, as the applied voltage was increased, the
structural features change from beaded fibers with round beads (8%- 12 and 15 kV) to beaded
fibers with spindle-like beads (8%-18 kV). On the other hand as the concentration was
increased, the structural features change from beaded fibers (8%-15 kV) to stable circular
fibers (10%-15kV and 12%-15 kV). At 8% of polymer concentration, chain entaglements
were not enough to maintain the continuity of the polymer jet. Increasing the applied voltage,
favored the thinner fiber formation as it can be seen for 10 and 12 % polymer concentration
(Table 2). A narrow distributions of fiber diameters were observed at voltages of 15-18 kV,
while broad distribution in the fiber diameter was obtained at a lower applied voltage of
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12kV. Additionally finest nanofibers from PVA with the molecular weight of 89,000-98,000
g/mol was obtained at %10 PVA concentration and an applied voltage of 18 kV with
narrower distrubution (SE: 5.71, Table 2).

12kV 15 kv 18kV

TM-1000_1921 2014.02.14 13:08 10 um TM-1000_1927 2014.02.14 13:20 10um TM-1000_1932 2014.02.14 13:35

TM-1000_1937 2014.02.14 1345 10um TM-1000_1942 2014.02.14 13:58 10um TM-1000_1946 2014.02.14 14.06

TM-1000_1953 2014.02.14 1417 T0Um TM.1000_1960 2014.02.14 1426

10um TM-1000_1966 2014.02.14 14:35

Figure 3 Images of average molecular weight of ~125,000 g/mol at concentrations of 8-10 and 12% at 15 cm tip
to collection distance with 0.5 ml/h feeding rate

Comparing the images of Figure 2 and Figure 3, more uniform fibers were obtained with the
increased molecular weight. Contrary to PVA with 89,000-98000 g/mol molecular weight, no
bead formation was observed in any polymer concentration for PVA with ~125,000 g/mol
molecular weight (Figure 3). There was a slight increase in average fiber diameter with
increasing applied electric field. Because, when the applied voltage is higher, the greater
amount of charges caused the jet to accelerate faster and more volume of PVA solution was
drawn from the tip of the needle and resultant fiber diameters were thicker (Table 2). Also, as
expected with increasing concentration, the average fiber diameter was also increased from
157.1 £ 6.32 nm (8%, 12 kV) to 403.03 + 11.04 nm (12%, 18 kV) because of the increase in
the viscosity. Finest fibers were obtained at 8% polymer concentration and applied voltage of
12 kV. However 12 kV was too low for optimum spinnability of the solution and a lot of
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eruptions were seen. Therefore, it can be said that finest and most spinnable nanofibers were
electrospun from 8% PVA (~125.000 g/mol) at 15 kV with lowest standart error (Table 2).

12kV 15 kv 18kVv

TM-1000_1972 20140214 1445 T0um 1110001978 20140214 1456

10um 1p.1000_1981 2014.02.14 15:03 10 um

TM-1000_1989 2014.02.14 15:12 10um  Tpm.1000_1995 2014.02.14 15:21 10um TM-1000_2000 2014.02.14 1529

TM-1000_2005 2014.02.14 1537 T0um  Tp1000_2010

2014.02.14 1545 20um 'M-1000_2014 2014.02.14 1553

Figure 4 Images of average molecular weight of 146,000-186,000 at concentrations of 8-10 and 12% at 15 cm
tip to collection distance with 0.5 ml/h feeding rate

In case of PVA with a molecular weight of 146,000-186,000 g/mol (Figure 4), 6, 8, and 10%
of polymer concentrations was selected. Over 10% of polymer concentration, it was too high
to pump the solution from spinneret due to very high viscosity and accordingly the images 6%
of polymer concentration was favorable for uniform fibers. Confirming the effect of applied
voltage for the aforementioned PVA’s, at 6% polymer concentration of PVA with the
molecular weight of 146,000-186,000 g/mol the average diameter of the measured fibers was
increased with increasing voltage. On the other hand, especially at 10% polymer
concentration, PVA solution was too viscous and over 12 KV, it was not possible to achive a
continuous jet. Thicker fibres and very loose structures were observed. Considering the
applied voltage as 12 kV, as the concentration was increased, resultant fibers became thicker
from 248,12 nm to 542,42 nm. Finest and most easily spinnable nanofibers were electrospun
from 6% PVA (146,000-186,000 g/mol) at an applied voltage of 12 kV.
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Table 2. Mean Diameter, Std. Error of Mean, Std. Deviation, Range Minimum and Maximum values of

electrospun PV A nanofibers

Mw 89.000-98.000

8% 10% 12%
12kv 15kv 18kVv | 12kv 15kv 18kV | 12kv 15kVv  18kV
Beads: Beads: Beads:
Mean Diameter lsift?erzsl g?tferlsg 243.69 Iz?ge?sz 218.55 172.08 | 426.30 303.95 239.63
184.69 112.39 159.77
Std. Error of Mean 46.40 69.56 14.64 | 47.88 14.31 5.71 15.82 1342 6.89
Std. Deviation 207.49 311.07 80.20 | 283.24 78.39 3329 | 75.89 8055 34.47
Range 626.34 823.94 263.10|1001.06 355.86 142.18 | 237.91 286.41 129.37
Minimum 81.41 71.19 125.00| 79.26 90.36 99.21 | 314.03 196.24 194.45
Maximum 707.75 895.12 388.10|1080.31 446.22 241.40 | 551.95 482.65 323.82
Mw ~125.000
8% 10% 12%
12kv 15kVv 18kV | 12kv 15kVv 18kV | 12kv 15kV  18kV
Mean Diameter ~ 157.10 175.83 182.43 | 242.81 254.98 263.52 | 403.03 421.14 438.00
Std. Error of Mean  6.32 580 10.88 | 9.39 9.89 5.38 11.04 9.05 8.75
Std. Deviation 3098 33.79 7050 | 50.57 60.14 33.14 | 60.45 4954 51.03
Range 127.85 188.73 331.63 | 224.08 24257 187.73 | 252.99 204.74 203.51
Minimum 116.23 107.05 104.97 | 144.10 168.83 199.72 | 286.48 305.16 347.31
Maximum 244.08 295.78 436.60 | 368.17 411.41 387.44 | 539.47 509.90 550.82
Mw 146.000-186.000
6% 8% 10%
12kv 15kVv 18kV | 12kv 15kVv 18kV | 12kv 15kV  18kV
Mean Diameter  248.12 264.17 288.25| 357.02 392.13 916.78 | 542.42 735.69 796.38
Std. Error of Mean  9.10 8.11 14.37 7.28 13.62 119.24 | 8.98 59.75  60.40
Std. Deviation 5229 4443 7869 | 39.85 74.62 337.25 | 49.21 179.25 200.31
Range 241.77 218.26 364.05| 178.65 395.26 937.80 | 190.94 671.76 692.96
Minimum 154.59 158.74 182.03 | 269.21 270.42 586.70 | 460.98 490.21 476.68
Maximum 396.36 377.00 546.08 | 447.87 665.67 1524.50| 651.92 1161.97 1169.64

The average fiber diameter is plotted as a function of molecular weight and concentration in
Figure 5. The average fiber diameter is generally between 175.83 to 735.69 nm and increases
with concentration at a given molecular weight. Increase in the molecular weight of PVA
increased the resultant fiber diameter due to higher number of chain entanglements and
increased viscosity. Also, Koski et al. [3] concluded that the elongation tendency of polymeric
chains during electrospinning becomes more difficult as the molecular weight increases,
which decreases the splitting and splaying of the jet. This effect leads to increase in fibre

diameter.
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Figure 5 Average fiber diameter as a function of concentration and molecular weight. Mw 89.000-98.000,
Mw~125.000 and Mw146.000-186.000 (g/mol) at applied voltage of 15 kV
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4. CONCLUSIONS

The properties of the PVA polymer solution have the most significant influence in the
electrospinning process and the resultant fiber morphology. One of the factors that affect the
resultant fiber morphology is the molecular weight of the PVA. Higher molecular weight
resulted higher viscosity and higher number of chain entanglements which means thicker
fibers. Another way to increase the viscosity of the solution is to increase the polymer
concentration. At each molecular weight, as polymer concentration increases, average fiber
diameters increased Another important factor that affecting the fiber morphology was applied
voltage, there was a slightly increase in average fiber diameter with increasing applied
voltage.
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