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Introduction

Electrospinning (ES) is a process that m akes nanofibers with the diameter in the range of
10nm to 10 pm from polym er solution or m elt by electrostatic force. More than 50
polymer types have been electrospun and th e results have been elucidated [1].
Electrospun nylon [2] and polycarbonate [3] have been applied for making filter media. It
has been shown by Tsai, et al [4] that there is a superiority of filter efficiency (FE) of ES
media over other fibrous m aterials, such as spunbond, m eltblown and needle-punched
media. Schreuder-Gibson, et al. [S] have ch aracterized a series of melt blown fabrics
used in combination with ES layers for prot ective clothing. It has also been reported [6]
that the ES fibers carry residual ch arges in the fibers from som e polymer resins. This
paper presents the effect of charges in the fibers from single or multiple nozzles with and
without ionizing conditioning for stationary and rotating collectors on the fiber stream, on
the fiber formation, and on the retention life of the residual charges.

Experimental

Different types of polym ers, pol yethyelene oxide (P EO), Estane ® therm oplastic
polyurethane (PU), Nylon (PA), polycarbonate (PC), polycaprolactone (PCL),
polyacrylonitrile (PAN) and pol ystyrene (PS), with polar and non-polar properties were
investigated in this s tudy. Power supplies (m anufactured by SIMCO ®) of positive and
negative polarities with 50 kV and 2 mA were employed as the voltage source for the ES
process. A SIMCO ® ionizing blow er was applied to neutralize the charges in the fibers
between the nozzle and the collector.



A microsyringe pump from the Orion Company was used to control the throughput of the
polymer solution. Stationary plates (18 x 24 inches) and rotati ng drum of 12 inch
diameter and 26 inch width were used as fiber collecto rs. A capacitiv e probe with
aperture of 0.07 inch attached on a scanning table was interfaced with an A/D board as
shown in Figure 1 to measure the s urface charge potential o f the ES fabric. Syringe and
needle were used as th e ES nozzle. The sketch of an ES  is shown in Figure 2. An
aerosol gen erator and detector, th e TSI 8130 was used to m easure NaCl filtration
efficiency (FE) of the ES fabrics. The NaCl particle had a num ber average diam eter of
0.067 um with geometric standard deviation (GSD) of 1.6. The filtration velocity was 5.3
cm/s.

Results

Non-polar polymers, PS, PC and PAN, retained the residual charges after ES as shown in
Figure 3 through a period of tim  e. However, the charges dim inished with tim e. The
polarity of the residu al char ges was determ ined by that of the applied voltage, i.e.,
positive voltage generated positive residual charges and vice versa.

The residual charges in th e polar polymers, Nylon 6 and 66, PU, PEO, and PCL,
were near zero as show n in Figure 4. This indicates that polar m aterials have a higher
degree of moisture content and becom e more c onductive, resulting in lower long-term
residual electrostatic charge. This fact ag rees with our previous research on the charge
retention life on different types of polym ers by corona charging [7]. However, the polar
polymers held charges right after the fibers are formed between the spin ning nozzle and
the collector. This evidence is shown in Fi gure 5 where nylon fibers from a single nozzle
are spread out to cover an area around 24 x 24 in ches in the collector with a distance of 9
inches between the nozzle and the collector (D NC). Shown in Figure 6 are two zones of
nylon fibers from two spinning nozzles separate d at by a gap of 1 and 5/8 inches for the
same DNC as in Figure 5. Nylon fibers spread out to cover a larger area in the collecto r
than other polymer fibers. For example, PU, as shown in Figure 7, with fiber diameter of
656 nm as shown in Figure 8 of SEM photom icrograph, has less spread. Nylon is more
spread out over the collection area, and nylon fibers also have a m uch s maller fiber
diameter of 78 nm as shown in the SEM phot omicrograph in Figure 9. The sm aller fiber
diameter held higher charge density; therefore, they produced stronger repelling forces.

If the rotating collector is used, D NC can be reduced, e.g., from 9 inches to 4
inches on a stationary collector, w ithout th e problem of 1 nter-fiber fusion because the
fibers dry rapidly by the rotation action of the collector. The fi bers are spread acros s a
smaller area in the collector at a shorter DNC (4 inches ) as shown in Figure 10. The
fabrics are uniform in the m  achine directi on b ut three dis tinct collection str ipes are
formed from the three spinning no zzles by the fiber repelling force. When an ionizer is
applied between the nozzles and the collect  or, the charg esinthen ylon fibers are
neutralized to a certain extent. Therefore, the three stripes as shown in Figure 11 are more
diffused and less distinct. However, it appears  that the ionizer is not powerful or fast
enough to thoroughly neutralize th e charges in the fibers. T he fiber spinning in the ES
process may be distorted and collection m ay be more diffused if a m ore powerful ionizer
is available and employed.



In this study, we confirm ed previous experi mental results showing that positive charge
potential was measured on the residual charges of the PS fibers spun from positive nozzle
[6]. When negative PS fibers from negative nozzle are spun upon the positive fibers, a net
negative ch arge potential is m easured. This bipolar m aterial di d no t resu It in bette r
charge retention life as shown in Fi gure 12 although one would exp ect better charge
retention because the negative and p ositive charges in the m aterial attract each other. It
was also observed from the charge decay of the ionized PS that these charges behaved as
unionized o nes in term s of initial am ount of charge and charge decay rate for both
positive and negative ch arges as sho wn in Figure 12. However, the io nized PS fibers
landed on a more concentrated area in the collector than un-ionized PS fibers as shown in
Figure 13 and 14 for positive and negative polarities, respectively.

When two polarities of voltage are applied to two spinning nozzles, one polarity
on one nozzle and the other polarity on the ot  her, the ch arges arched over acro ss the
nozzles with a gap of 1 1/8 inch before th e fibers were form ed. Ift he nozzle s were
separated further apart, e.g., 2 ¥ inch, fibers could be formed before arching occurred but
the fibers were attracted to each other to form ropes as shown in Figure 15.

When a positive voltage is applied to two nozzles of different polymer types, e.g.,
PC and PAN, the PC was distorted and for med a smaller area on the left while PAN was
not noticeably affected and form ed in a larg er area on th e right as show n in Figure 16.
This is due to the fact that PAN had finer fibers of .24 ~ pumthan PCof 1.1  um and
therefore higher charge density. Therefore, the PAN fibers had stronger repelling force as
observed in nylon fibers. Listed in Table I ~ are the diam eters of the fibers spun from
different polymer types in this study, in whic h nylon had the s mallest fiber size of about
0.07 um and others had similar fiber size around 1 pm.

The filtratio n efficiency (FE) of po sitively charged PS was 42.1%, negatively
charged was 31.7%, and negatively charged fi bers spun upon positively charged fibers
was 37.3%, for the same weight of the fabrics with a pressure drop of 0.3 mmH ,O. This
behavior indicated that the NaCl carried negative charges because the positively charged
fibers had higher FE than th e negatively-charged fibers. These filtra tion re sults also
indicate th at the com bined positive /negative f iber filter media has bo th positive and
negative charges. Similar bipolar material generally has higher FE when challenged with
neutral particles, but it was not the case for the NaCl particles.

Finally, microsize activated carbon particle s can be em bedded in the ES fibers as
shown in Figure 17 for 6 pum carbon particles in 0.66 pm PU fibers. The appearance of
the carbon-loaded fabric is shown in Figure 18, in which another layer of PU was sprayed
on the carbon-loaded layer to secure the carbon particles in position.

Conclusions

Eight different polymer solutions were electrospun at both negative and positive polarity.
Polar polymer fibers were found to have nearly zero residual charge after electrospinning.
The non-polar fibers retained significant elec trostatic charge, up to 1,000 volts in som ¢
cases, which dim inished to 0-200 volts af ter 100 hours. Fiber collection from the
electrospinning process was studied on a stationary, grounde d collector and on a rotating
drum. Polym ers that produce fine f iber diameters, such as the nylons, exhibited a large
diffuse spread of collection area, while larger fiber diam  eters produced from



polyurethanes resulted in sm aller, more f ocused collection areas. The larger collection
areas may be due to a higher charge density on the sm aller diameter fibers, producing a
stronger in ter-fiber repelling force. Application of an ionizing condition on
electrospinning PS focused fiber collection into a smaller area when spinning from either
positive or negative polarity. Collection of the fibers on a rotating dru m produced les s
inter-fiber fusion at shorter collection dist  ances from the solutionn ozzle, and also
resulted in sm aller, tig hter co llection area (b ands) of fiber. Application of an ionizer
during electrospinning helped to w iden the collection bands in the case of nylon fibers,
but the strength of the ionize r was not sufficient to com pletely eliminate the co llection
banding on the rotating drum.

Non-polar polymers can be electrospun at opposite polarities: those produced by
positive polarity retain a positive charge, and can be spun on top of a fiber mat produced
by negative polarity. It was found that the pos itive fiber m ats had the highest filtration
efficiency against NaCl aerosol; the negativ e mats exhibited the lowest FE. A fiber mat
containing positiv e fibers spun on top of a negativ e m at exhibited a m id-range FE,
between th e all-positiv e and all-n egative fa brics against the charged NaCl aero sol
challenge. Difficulties were observed when two different polymers were simultaneously
electrospun, due to differences in su rface charging of the fibers — high surface area fine
fibers repelled each other more and “squeezed out” the larger electrospinning fibers into a
tight collection area. Poor fiber m  ingling resulted. Physical em bedment of ¢ arbon
particulates into an electrospun polyurethan e was achieved by comm ingling a stream of
carbon particles with electrospinning PU to achieve an adsorbing filter fabric.
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1. Photograph of surface charge potential measuring system.
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Figure 2. Sketch of ES process.
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Figure 3. Resident life of residual charges on ES fibers of different polymers.
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Figure 4. Charge potential of ES nonpolar polymers.




Figure 5. ES nylon system of single nozzle.

Figure 6. ES nylon system of twin nozzles.



Figure 7. Small area formation of ES PU fabrics.
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Figure 8. Photomicrograph of ES PU fibers.
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Figure 9. Photomicrograph of Nylon 66 fibers

Figure 10. ES nylon system of triple nozzles without ionizer.



Figure 11. Three stripes are not apparent -- the uniformity of ES triple nozzle nylon fabrics
improved by applying ionizer.
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Figure 12. Charge decay on PS fibers with and without ionizer.



Figure 13. Different formation sizes of positive PS fabrics with (L) and without (R) ionizer.

Figure 14. Different formation sizes of negative PS fabrics with (L) and without (R) ionizer.



Figure 15. Formation of ropes by applying opposite polarities on PAN(+) and PC(-) fibers.

Figure 16. Distortion of PC (L) fibers by PAN (R) fibers.
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Figure 17. Photograph of carbon particles embedded in ES PU fibers.

Figure 18. Photograph of the carbon-loaded ES PU fabrics.



Table 1. ES and MB fiber diameter from different
polymer types.

Mean CV.(%)

ES PU 656 nm 61.71
MB PU 19 pm 27.69
ES Nylon6 68.1 nm 30.99
ES Nylon 66 77.9 nm 33.15
MB Nylon 6 6.76 um 23.72
ES PAN 235 nm 53.81
ES PCL 1.77 pm 62.83

ES PC 1.08 um 48.74
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