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The Morphology of Electrospun Polystyrene Fibers
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Abstract—Electrospinning is a process of eectrogtatic fiber formation which uses electrica forces to produce polymer
nanofibers from polymer solution. The eectrospinning system consists of a syringe feeder system, a collector system,
and a high power supplier. The important parameters in the morphology of electrospun polystyrene fibers are con-
centration, applied voltage, and solvent properties. Higher concentrations of the polymer solution form thicker fibers
and fewer beads. When the concentration is 7 wt%, electrospun fibers have an average diameter of 340 nm, but as the
concentration of PS increasesto 17 wt%, the fiber diameter gradually thickens to 3,610 nm. The fiber morphology
under different solvent mixture ratios and solvent mixtures has also been studied.
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INTRODUCTION

Since the beginning of the nineteenth century, polymers have re-
placed metdsin various applications for their lightweight and flex-
ibility. Commercidly, mogt synthetic manufactured fibers are cre-
ated by extruson, which conggs of forcing a thick, viscous liquid
through the tiny holes of a device cdled a spinneret to form con-
tinuous filament of semi-solid polymer.

Electrogpinning is a process of dectrodatic fiber formation which
uses dectricd forces to produce polymer fibers from polymer solu-
tion, with nanometer-scale diameters. Electrospinning is not anew
technology for polymer fiber production. It was firg introduced in
1930, but it did not gain Sgnificant indudtria importance dueto the
low output of the process, inconsstent and low molecular orienta:
tion, poor mechanica properties and high diameter distribution of
the dectrogoun fibers But polymeric fiber can have nanosized diam-
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Fig. 1. Classification by thefiber diameters[Jo et al., 2002].
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eter [Shawon, 2002; Jo et d., 2002].

Fig. 1 shows the classfication by the fiber diameter. Nanofibers
have alarge pecific surface area and a smdl pore Sze in compari-
on with commerdid textiles. So polymer nanofibers are being used,
or finding uses, in filtration, protective clothing, biomedica appli-
cations induding wound dressngs and drug ddlivery sysems, as
gructurd ements in atificid organs, and in reinforced compos
ites Recently, there has been a renewed interest in these commer-
ddly variable processes, making literature involving the quantitative
technical and sdientific information of the process and product char-
acterization extremdy limited. Polymer fibers encouraged the inven-
tion of technology for manufacturing nancfibers such as dectro-
pinning [Reneker et d., 2000; Kim et d., 2003].

This paper investigates the fiber morphology of the polystyrene
fibers made by dectrospinning process. The important parameters
in the morphology of dectrogoun polystyrene fibers such as con-
centration, applied voltage, and solvent properties are investigeted
experimentally. Also the fiber morphology under different solvent
mixture ratios and solvent mixtures has been observed.

EXPERIMENTAL

Fg. 2 shows a schematic diagram of the dectropinning pro-
cess It condgs of the syringe feeder system, the collector system,
and the high power supplier. High dectric field srength is gener-
ated between apolymer fluid contained in aglass syringe and ame-
tdlic collector. The hemispherica shape of pendant droplets & the
end of the syringe tip is changed into a conical shape with increas-
ing voltage, which is known as the Taylor cone. When the voltage
reaches acriticd vaue, the dectric force overcomes the surface ten-
gon of the deformed drop of the suspended polymer solution formed
on the tip of the syringe, and ajet is produced. A jet traveds through
the air; the solvent evaporates leaving behind polymer fibersto be
collected on an dectricdly grounded target. This means that the
electroguinning jet can be thought of as a string of charge dements
connected by aviscodagtic medium, with one end fixed & the point
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Fig. 2. Schematic diagram of the ectrospinning.

of origin and the other end free. The free end of the dectrospinning
jet follows a chadtic path as it travels toward the grounded collec-
tor [Deitzl e d., 2001; Jung et d., 1999]. This chaotic motion isthe
result of a complicated interaction of variables that involves vis
cogty, conductivity, surface tenson, dectrogtatic force, ar friction,
gravity and ambient parameters [Lee e d., 1995; Reneker ¢ d.,
1996; Fong et d., 1999].

Polystyrene (PS) solution is prepared from PS pellet (Aldrich,
molecular weight 170,000 g/mal). PS is dissolved by Tetrahydro-
furan (THF) and Dimethylformamide (DMF) in the ultrasonicator.
The concentration of the PS solution tested ranges from 7 to 17 wi%.
Spinning occurs from the droplet of solution protruding from the
0.7mm internd diameter of thetip. A postive dectric potentid is
applied to the polymer blend solution, by attaching the lead to the
vaiable high voltage power supply (Chung-pa Co., EMT) directly to
the copper wire, to the solution indde a syringe. The voltage ranges
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Fig. 3. The change of viscosity as a function of PS concentration
(polystyrene, THF : DMF=60: 40).
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Fig. 4. The change of averagefiber diameter asa function of con-
centration (solvent mixing ratio of THF by DM F=60: 40,
applied valtage=15 kV, spinning distance=10 cm).

from 0 to 40kV. A drum collector covered with duminum foil is
placed 5-25 cm verticdly from the tip of the syringe as a grounded
collector. The morphology and diameter of the dectrospun fibersag-
gregates are determined with a scanning dectron microsoope (HITA-
CHI, 4200) and image andyzer (IMT, IMT-2000).

RESULTS AND DISCUSSIONS

1. Effect of PS Concentration on Fibers Morphology

Fig. 3 shows the relaionship between PS concentration and vis-
cogty in PS solution. The viscogity of PS solution increases with
increesng PS concentration. The polymer concentration shows an
important factor on the viscosity representing the characterization
of theintermolecular interactionsin polymer solution.

Fig. 4 shows the change of fiber diameters as a function of PS
concentration at the applied voltage of 15 kV. When the concentra:
tion is 7 wt%, dectrogpun fibers have an average diameter of 340
nm, but as the concentration of PS increases to 17 wit%, the fiber
diameter gradudly thickensto 3,610 nm. The higher concentration
of the polymer solution tries to form thicker fibers by preventing
the dretching of fibers. The fibers are not produced by dectrospin-
ning below a PS concentration of 6 wt%, because a sable drop a
the end of spinneret is maintained. So the concentration of the PS
olution tested ranges from 7 to 17 wit% with the fixed voltage of
15kV and the spinning distance of 10 cm.

Fig. 5 showsthe results of SEM images as afunction of PS con-
centration. Polymer concentration dso has an effect on bead for-
mation and bead dengity. Fibers produced from lower concentrated
olution exhibit more beads, while other parameters remain con-
gant. A mixture of large beads and fibers is generated by dectro-
pinning PS solution & concentrations below 13 wit%. The reason
isthet a lower concentrations, eectrogpun fibers are harder to dry
before they reach the collection drum. When solidification process
is underway on the surface of the collection drum, surface tenson
makes beads spherica shaped. At low concentration, surface ten-
son becomes dominant influence over viscosity and forms more
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Fig. 5. Scanning eectron micrographsfor the change of mor phology asa function of concentration (solvent mixing ratio of THF by DMF=

60 : 40, applied voltage=15kV, spinning distance=10 cm).

beads. But asthe viscosity increases in the solution, surfacetenson
becomes dominated by viscosty and results in fewer beads, while
the other variables are maintained condtant.
2. Effect of Applied Voltage and Spinning Distance on Fibers
Mor phology

Fg. 6 showsthe change of fiber diameters as afunction of gpplied
voltage and pinning distance a the PS concentration of 16%. The
spinning voltage performed a role on the fiber sructure and mor-
phology. When the voltage increases from 10 to 25 kV with the spin-
ning digtance of 15cm, the diameter of PS fibers decreases from
3,300 to 2,400 nm. The polymer jet is discharged with agregter dec-
trogtic repulson that causes it to undergo higher levels of draw-
ing stress and the jet velocity increeses. The increesing dectrodatic
force reinforces the stretch ability of adroplet. During the trave of
the fibers towards the target, the higher voltage has the opportunity

to dtretch the fibers more and resultsin thin fibers. And asthe volt-
ageincreases, it is found that the shape of beads gradudly changes
from sphericd to spinde like. However, when the spinning distance
is getting dased the morphology changes from cylindricd fibersto
flat fibers. At agpinning disance of 5 cm, the width is used insteed
of the diameter, because the aspect ratio of fiber incresses with in-
creasing gpplied voltage.

For a spinning distance of 5 cm, dectragpun fiber width gradu-
aly thickened with increasing gpplied voltage. When the gpplied
voltage is 10 kV, dectrogpun fibers have an average width of 3910
nm, but as the gpplied voltage increases to 25 kV, the fiber diame-
ter dgnificantly widens to 9,520 nm. The reasons are evgporation
rate and inertid impaction. The dectrodatic force is associated with
voltage. With increasing dectric potentid, in the short distance, the
solution reaches the collection drum before the solvert fully evep-
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Fig. 6. The change of average fiber diameter as a function of ap-
plied voltage and spinning digance (solvent mixing ratio of
THF by DMF=60: 40, PS concentration=16 wt%).

orates. At higher dectric potertid, the solution jet isfadter. Thefas
ter jet has more big inertia force. In other words, when the wet elec-
trospun fibers collide againg the collector drum, cylindricd fibers
change to flat fibers by impact. The results of SEM images & the
spinning digance of 5cmand 15 cm areshownin FHg. 7 and FHg. 8,
respectively.

3. Effect of Solvent Mixing Ratio on Fibers Morphology
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Fig. 9 and Fg. 10 show the change of fiber diameters as afunc-
tion of solvent mixing retios at the PS concentration of 16% and
pinning digance of 15cm. The fiber diameter seadily increeses
with increesing DMF and reechesamaximum a a THF. DMF retio
of 60:40. It then seems to leve off with the subsequent increase
of DMF. The solvent mixing ratios cause significant changes of the
fiber sze digribution, shape and overdl morphology. Thereasonis
that the solvent of DMF is more visoous solution than the one of
THE. So thevisoosity of PS solution dightly increeses a higher DMF
content with the range of 73-82 centipoise (cPs). Another reason is
that the fiber diameter decreases due to the evaporation of the sol-
vent. The evaporation rate of DMF is dower than THF. In the pres-
ent eectrospinning experiment with PS solution &t higher ratios of
THF to DMF solvent mixtures, more solvert evgporation is observed
due to the higher vapor pressure of THF at the tip of the capillary.
The higher ratio of THF in the polymer solution makes the fibers
charging more within the unit mass. As a matter of fact, it makes
the fiber thinner because of the stretch by the higher charge dengity
on the surface. The diameters of fiber are dmost Smilar after the
mixing ratios of 60% THF and 40% DMF, snce a non-solidified
region is occupied more. Based on this phenomenon, the capacity
of fiber gretch is stronger than the solidification of fiber itsdf.

CONCLUSIONS
The morphology of eectrogoun polystyrenefiber isinvestigated

by studying the influence of polymer concentrations, dectric field,
digtance and solvent mixture ratios of THF and DMF. The solution
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Fig. 7. Scanning dectron micrographs for the change of morphology as a function of applied voltage at the spinning distance of 5cm
(solvent mixing ratio of THF by DMF=60 : 40, PS concentration=16 wt%).
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Fig. 8. Scanning dectron micrographs for the change of morphology as a function of applied voltage at the spinning distance of 15cm
(solvent mixing ratio of THF by DMF=60 : 40, PS concentr ation=16 wt%).

(c) THF:DMF=80:20 (d) THF:DMF=70:30

Fig. 9. Scanning dectron micrographs for the change of morphology as a function of solvent mixing ratios (PS concentration=16 wt%,
spinning distance=15 cm).
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Fig. 9. Continued.

viscosity or the concentration of the polymer solution has shown a eter of 340 nm, but as the concentration of PSincreasesto 17 wt%,
greet influence on the fiber diameter as well as on beed. When the the fiber diameter gradudly thickensto 3,610 nm. The higher con-
PS concentration is 7 wt%, eectragoun fibers have an average diam- centration of the polymer solution makes thicker fibers with fewer
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Fig. 10. The change of fiber diametersasa function of solvent mix-
ing ratios (PS concentr ation=16 wt%, spinning disance=
15cm).

beads and the evaporation of the solvents effects a splaying or split-
ting of the fibers during the e ectrospinning.
ACKNOWLEDGMENT
This study is supported financidly by Korea Indtitute of Science
and Technology Evduation and Planning, Korea Science and Engi-
neering Foundation and technically by Korea Basic Science Indti-
tute. The authors gratefully acknowledge the financid support.
REFERENCES

Buchko, C. J, Chen, L. C., Shen, Y. and Martin, D. C., “Processing and

Microgtructurd Characterization of Porous Biocompatible Protein
Polymer Thin Films; Polymer, 40, 7397 (1999).

Deitzwl, J. M., Kleinmeyer, J. D., Harris, D. and BeckTan, N. C., “The
Effect of Processing Variables on the Morphology of Electrosoun
Nanofibers and Textiles, Polymer, 42, 261 (2001).

Deitzwl, J. M., Kleinmeyer, J. D., Hirvoner, J. K. and BeckTan, N. C,,
“Controlled Deposition of Electrospun Paly(ethylene oxide) Fibers)
Polymer, 42, 8163 (2001).

Fong, H., Chun, I. and Reneker, D. H., “Beaded Nanofibers Formed
during Electrospinning; Polymer, 40, 4585 (1999).

Fong, H. and Reneker, D. H., “Electrometric Nanofibers of Styrene-
Butediene-Styrene Triblock Copolymer,’ Polymer, 37, 3488 (1999).

Jo, S. M., Lee, W. S. and Chun, S. W., “Nancfiber Technology and Ap-
plications, Fiber Technology and Industry, 6 (2002).

Jung, H. W. and Hyun, J. C., “ Stability of 1sothermd Spinning of Vis-
codadic FHluids, Korean J. Chem. Eng., 16, 325 (1999).

Kim, G.T,,Ahn,Y. C, Lee J K., Katamuri, N. and Sung, C. M., “Feb-
rication of Polymer Nanofibersusing Blectrospinning; J. llass-Kores,
8, 31 (2003).

Kim,G.T.,Ahn,Y.C,Leg J Y. Choi,J W, Shin,H. S, Les J K.and
Sung, C. M., “Fabrication of Polymer Nanofibers using El ectrospin-
ning; Proceeding at KSME spring meeting, 1869 (2003).

Lee, S.H., Min, B. and Hyun, J. C., “ Dichotomous Behavior of Poly-
mer Mdtsin Isothermd Mdt Spinning; Korean J. Chem Eng., 12,
345 (1995).

Reneker, D. H., Yarin, A. L., Fong, H. and Koombhongse, S, “Bend-
ing Instability of Electricdly Charged Liquid Jets of Polymer Solu-
tions in Electrogpinning; Journal of Applied Physics, 87(9), 4531
(2000).

Reneker, D. H. and Chun, ., “Nanometer Diameter Fibers of Polymer,
Produced by Electrospinning; Nanotechnology, 7, 216 (1996).

Shawon, J,, “ Blectrogpinning of Polycarbonate Fiberswith Solvent Mix-
tures THF and DMFE' M.S. Thesis, University of Massachusetts,
Lowell, U.SA. (2002).

Korean J. Chem. Eng.(Val. 22, No. 1)



