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Filtration Properties of Electrospun Ultrafine Fiber Webs
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Abstract—Electrospun fiber webs were prepared a various spinning conditions. The effect of eectrospinning parame-
ters on fiber morphology and filtration performance of eectrospun webs was investigated. The processing variables
considered were only the gpplied voltage and rotation speed of a drum type collector. The fiber diameter and mean
pore size of the eectrospun webs decreased with increasing applied voltage and collector speed. Pressure drop and
aerosol collection efficiency of the eectrospun fiber webs were increased with decreasing fiber and pore size. Addi-
tiondly, it was found that the filtration performance of the electrospun web was much greater than that of a commercid

high efficiency air filter media made of glass fibers.
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INTRODUCTION

Electrogpinning, which is the dectragtatic method generating ultra:
fine fibers, has been recently rediscovered for applications such as
reinforced compogites filtration, protective dothing, and biomedica
materia [Frenot and Chronakis, 2003; Gibson et d., 2001; Buchko
et d., 1999]. Electrospun fibers, in generd, have a 9ze range of 40-
2,000 nm in diameter. Since the nano Sze fibers and porous struc-
ture of dectrospun fiber webs result in a very high specific surface
aren, the dectrogpun filter media has very high collection efficiency
[Tsa et d., 2003]. Mogt of the studies on dectrospinning have been
focused on the morphological characteridtics of the dectrogpun ma-
terids [Deitzd et d., 20013, b; Doshi and Reneker, 1995; Fong et
a., 1999, 2002], while only afew sudies on applications have been
addressed [Gibson et dl., 2001; Tsai et d., 2003]. Furthermore, there
have been few systematic Sudies on thefiltration properties of dec-
traspun fiber webs, even though the dectraspun ultrafine fiber non-
wovens have been commerdidly used for air filtration gpplications

In this study, consequently, the filtration characteridtics of dec-
trooun fiber webs were sysematicaly examined. Ultrefine fiber
webs were manufactured with various spinning conditions by alab-
scde dectrogpinning goparatus. The effect of processing variables
of dectrogpinning on fiber sze digribution and pore Sze didribution
of the webs was andlyzed. Findly, the filtration properties of the
eectrospun fiber webs were measured and compared with a com-
mercid air filter media composed of glassfibers

EXPERIMENTAL

1. Electrospinning

Nylon 6,6 was used, in thiswork, as a polymer meterid, and dis-
solved in formic acid. The concentration of Nylon 6,6 was 25% in
weight. The Nylon 6,6 solution was spun by an dectrogpinning ap-
paratus depicted in Fg. 1. The gpplied voltage was ranged from 20
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Fig. 1. Schematic diagram of eectrospinning appar atus.

to 50 kV, and the distance between the nozzle tip and collector was
fixed as 110mm. A drum type collector was used to invedtigeate
the effect of rotation speed of the collector on the morphology and
characteridtics of dectrogpun fibers. The collector speed was con-
trolled by afrequency inverter and varied in the range of 30 to 100
RPM. Electrospun fibers were callected on the rotating drum for a
few minutes s that nonwovens were formed. In order to ensure
perfect evaporation of solvent, the dectrospun fiber webs were dried
in the atmagpheric condition for over 24 hours.
2. Characterization of Electrogpun Webs

Themorphology of the dectraspun fiberswas andyzed by a scan-
ning eectron microscope (SEM). Based on the SEM images, the
dze digribution of dectrogpun fibers was obtained. Since the pore
sze of afilter media plays a very significant role in aerosdl filtra:
tion, pore sze digtributions of the eectrogpun webs were messured
with a cepillary flow porometer (CFP-1200 AEL, PMI Inc.). The
porometer meaaures the ditribution of pore Sze aswell asthe mean
pore diameter.
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Fig. 2. Experimental setup for evaluating thefiltration properties of electrospun webs.

3. Filtration Properties

Hg. 2 shows the experimentd set up for measuring filtration prop-
erties of dectrogoun fiber webs Air permeshility and aerosol callec-
tion efficiency are the mogt important factorsto evauate the filter per-
formance. Air permeghility is defined asthe rate of air flow through
aporous materid under a gpecified differentid pressure across the
materid, usudly 0.5 inches of water. In the present sudy, the pres-
sure drop across the tested dectrogpun webs was measured with a
micro-manometer (FCO510, Furness Contrals Ltd.) for various face
velodities Face velodity is defined as the flow rate through afilter
per unit filtration area. Electrogoun webswere cut into circular sheets
of 52 mmin diameter, and inddled in afilter holder. Theflow through
the dectrogpun webs was derived by a vacuum pump, and con-
trolled by an dectronic mass flow controller.

Aerosl collection efficiency of the tested webs wes caculated by
meaauring the aerasol concentration before and after passing through
the webs. NaCl particles were used as a test aerosol. Polydisperse
NaCl aerosol was generated by a collision atomizer (Modd 3079,
TS Inc.) and dried by adiffuson dryer packed with slicagd. The
dried particles entered an dectrodaic dassfier (Modd 3080, TS
Inc.) extracting a known sze fraction of submicrometer partidles
from the incoming polydigperse agrosol by using an dectrica mohbil-
ity detection technique: That is, the dectrostetic dassfier produces
monodisperse aerosol of known size. In this sudy, aerosols of 50,
70, 100, 150, 200, 300, and 400 nm in diameter were usd.

Mog of the dassified particles are Sngly charged, and the elec-
trospun fibers are dso highly charged. Even the single charge of
partides can afect the collection efficiency of the eectrogoun webs
due to the coulombic force. For this reason, the dassified particles
were dectricaly neutrdized by a Kr-85 aerosol neutrdizer (Mode
3077, TS Inc)). The neutrdized particles are in a charging ate of
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Boltzmann equilibrium [Reist, 1993], in which most particles have
zero charge, but some gill have multiple charges. The charged par-
ticles were findly removed by an dectrodtetic precipitator, o that
only dectricaly neutrd NaCl particles entered the test section.

The concentration of NaCl particles was measured with a Scan-
ning Mohility Partide Sizer (SVIPS, Modd 3936, TSl Inc.), which
is composed of an dectrodtatic dasdfier (Modd 3080, TS Inc.)
and a condensation particle counter (CPC, Modd 3010, TS Inc.).
SMPS meesures the Sze digtribution of submicrometer aerosol, and
is automated with a persona computer. Usng the SMPS, we mea
sured the upstream and downsiream concentrations of NaCl parti-
des, and then cdculated the aerasol collection efficiency of the dec-
trospun fiber webs.

RESULTS AND DISCUSSION

1. Morphology of Electrospun Ultrafine Fibers

Two dectrogpinning process variables were conddered in this
study: applied voltage and rotation speed of collector. Other vari-
ables such as the solution concentration, tip-to-collector distance,
and feed rate of polymer solution were fixed.

Fig. 3 shows SEM images of ectrospun fibers as a function of
applied voltage. The scde bar indicates 1 um, and the megnifica:
tion is 5,000x. 25 wt%. Nylon 6,6 solution was used as a polymer
liquid, and the collector speed was 50 RPM for al samples of Fg.
3. As can be seen, the fiber diameter decreased with increasing ap-
plied voltage. In order to obtain more accurate information on the
sze digtribution of dectrogoun fibersfor the cases of Hg. 3, the di-
ameter of each fiber was measured by using the SEM imeges. The
number of fibers shown in an SEM photograph was so smdl thet
the dze digtribution could not be accurately represented. Therefore,
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EHT = 20,00 kV

() 50 kV

Fig. 3. SEM images of eectrospun Nylon 6,6 fibers manufactured
at various applied voltages.

additional two SEM photos for each case were used to increase the
total fiber count, and ultimately to improve accurecy.

The fiber Sze digributions for each case of Fig. 3 were plotted
in Fig. 4. The ordinate denotes the normdized digtribution with re-
gpect to the maximum vaue. The difference of fiber size digtribu-
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Fig. 4. Sze distribution of dectraspun fibers produced at various
applied voltages.

tion among the three cases becomes dear. In the case of 20kV, the
pesk exiged in 400 nm regime, and mogt of the other fibers were
larger than 500 nm. On the other hand, for the case of 30kV, the
number of fiberssmdler then the pesk sze wasincreased even though
the pesk was located at the same Sze range with that of the case of
20kV. When the applied voltage was 50 kV, much finer fiberswere
generated. The pesk fiber diameter was in 300 nm, and the digtri-
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Fig. 5. SEM images of dectrospun Nylon 6,6 fibers manufactured
at various collector speeds.

bution curve formed akind of normd digtribution in which the fiber
counts on both sides of the pesk were gpproximately bal anced.
Asareallt, it wasfound that the diameter of dectrospun fibersde-
creased with increasing dectric fidd. This coincides with the results
of exiging works [Buchko & d., 1999; Fong et d., 1999]. The ultra:
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Fig. 6. Sze digribution of dectrospun fibers produced at differ-
ent collector speeds.

thin fibers obtained in the eectrospinning process are produced as
areault of spird motion and dongation of a polymer jet driven by
a high eectrical potertia applied between the liquid polymer in a
capillary and the collector, as shown in Fig. 1. Those events occur
when the repulsve dectrogtatic forces in the polymer jet become
large enough to overcome the adhesive force within the jet. It is sup-
posed that the spird motion and dongation of a polymer jet in an
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electragpinning process with higher dectric field strength become
more active, and consequently much finer fibers are obtained.

FHg. 5 showsthe morphology of dectragoun Nylon 6,6 fibers man-
ufactured at different collector speeds For dl cases of Fg. 5, the
potentid applied to polymer solution was 40 kV, and the solution
concentration was fixed as 25 wt%. Unlike the flat type collector,
the drum callector used in the present work can give an additiond
vaiable to make an effect on the fiber shgpe. The vaidde is the
rotation gpeed of collector. The rotating collector drives a strong
centrifugd force in the vicinity of collector surface. This force don-
gates the fibers, which are about to be collected, dong the rotationd
direction.

From Fg. 5, the difference of fiber sze between the three sam-
plesis hard to be diginguished, so the fiber Sze didributions were
graphed in Fg. 6 as the same manner with Fg. 4. For dl cases the
pesk Szes were dmogst same as 300 nm, but the digtribution curve
was dightly shifted to the left Sde indicating smdler fiber diameter
asthe collector spesd wasincreased. Accordingly, through this study,
it was vdidated thet the size of dectrospun fibers could be con-
trolled by the rotation speed of acylindrica type collector.

2. Pore Size Digribution

The pore sze of afibrous filter mediais an absolutdly important
factor determining the filtration cheracteridtics of the media. Gen-
erdly smdler pore of afibrous air filter leads to higher air resis-
tance and higher aerosol collection efficiency smultaneoudy, both
of which are the mogt critical properties of air filters. In this study,
the pore Sze didributions of the dectrogpun fiber webs were mea
sured with a capillary flow porometer. Teble1 ligs the mean pore
Sze of dectrogoun webs manufactured et different spinning condi-
tions. The mean pore Sze ranged from 3 to 6 um. As the applied
voltage and collector speed increased, the pore size decressed. Fig.
7 shows the pore Sze digributions of the ectrogpun fiber webs
described in Table 1. Basicdlly, each of the webs had an extremely
uniform pore digtribution. Thet is, only the pores of equa Sze were
formed in the dectragpun webs. The uniform pore digtribution prop-
erty of eectrogoun fiber webs is very important in application as
membrane materids requiring higher uniformity of poresize.

The pesk pore 5ze, which isnomindly identicd to the mean pore
sze for the webs congdered here, was sgnificantly decreased with
increesing dectric field. On the ather hand, the pesk Sze was de-
creased dightly with collector speed. Correlating these results with
the fiber sze didributions of the dectragoun webs mentioned in
Fig. 4 and Fg. 6, it can be seen that the fiber Szeisthe crucid pe-

Table 1. Mean poreszeof dectrogpun fiber websprepared through
thisstudy

Electrospinning parameters

Mean pore size of

Appliedvoltage,  Collector speed, 4 ectrospun webs, im
kV RPM ’
20 50 6.06
30 50 4.40
50 50 2.93
40 30 340
40 50 3.25
40 100 3.00
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Fig. 7. Pore sze digtribution of eectrospun fiber webs.

rameter to determining the pore Sze of an eectrospun fiber web.
3. Filtration Properties: Air Permeability

The primary aim of this sudy isto invedtigate the filtration char-
acterigtics of dectrogoun fiber webs and the effect of eectrogin-
ning parameters on filtration properties of the webs. The filtration
properties considered here are the air permesbiility and aerosol col-
lection effidency. This section describes the ar permegbility of dec-
trospun nanofiber webs

ASTM (American Society for Teding and Maerids) definesthe
ar pameghility astherate of ar flow passing perpendicularly through
aknown area under a prescribed air pressure differentia between
the two surfaces of amaterid [ASTM D 737]. Darcy’s law, which
isthefirg law of filtration theory, Sates thet the pressure drop across
aporous materid is proportiond to the flow rate of fluid through it
[Brown, 1993]. Equeting this sentence, the differentid pressure across
afilter mediais expressed asfollows.

AP:(E XHK)t —KuV, 0

where AP is the differentiad pressure across a filter media Q the
flow rete, A, thefiltration area, u the viscogty of fluid, x the perme-
ability of the filter media per unit media thickness per unit viscos
ity, K the congtant of the filter media, defined est/x; and V; the face
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velocity defined as Q/A..

Based on Eq. (1), air permeshility of the dectrospun fiber webs
was evauated by mesauring the differentia pressure across the webs
a severd diginct face veodities Pressure drop data were plotted
in FHg. 8. For the assessment of ar permegbility for eech sample,
al the messured presaure drop data should be normalized to the
thickness of each sample because the pressure drop of afilter isdi-
rectly proportiond to its thickness. Due to difficulty in messuring
the thickness of dectrogpun webs, however, pressure drop datawere
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Fig. 8. Air permeability of eectrospun fiber webs.

Table 2. Bassweight of eectrospun fiber webs used for evaluat-
ing filtration performance

Electrospinning parameters

- Basisweight of
Applied voltage, Collector speed, electrospun webs, g/n?

kv RPM

20 50 17.75
30 50 18.22
50 50 15.89
40 30 16.48
40 50 16.15
40 100 17.84

January, 2005

normalized to the basis weight of each ssample. Table2 shows the
bassweight data of dectrogoun fiber webss used for evauating filtra:
tion performance.

As seenin FHg. 8, the dope of pressure drop was increased with
increasng applied voltage and collector speed. Higher dope means
lower air permesbility. Congdering the fiber and pore size digtribu-
tions of dectrogoun webs, the variation of ar permeshility of the
webs manufactured a different spinning conditions is reedily under-
gtood. Consaquerntly, air permeshiility of the ectrogpun webs, which
is degply rdated to both of fiber and pore size didribution of the
webs, decreased with decreasing fiber and pore size.

4. Filtration Properties. Aerosol Collection Efficiency

Callection efficiency of dectrogoun fiber webs for submicron
aero0l partides was plotted in Fig. 9. Monodigperse NaCl parti-
des were used as test aerools Collection efficiency of a fibrous
filter mediawas cdculated asfollows.

Cdownsream
= 1-| =" |x100, % 2

T’ [ ( upstream )]X ° ( )
where 1) isthe collection efficiency, Ceam 80 Copanrean the aerosol
concentrations before and after passing through the media, repec-
tively. In this sudy, the number concentretion of aerosdl particles
was measured.
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Fig. 9. Cdllection efficiency of dectrogpun filter media for submi-
cron aerosol particles.
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The meesured efficiency data shows a typicd collection effi-
cency curve, which has aminimum vaue in the particle sze range
of 100 to 300 nm [Lee and Liu, 1980; Park et d., 2001]. The var-
iation of efficiency between the tested webs showed asmilar trend
with the case of air permestiility. The dectrica potentid medeasig-
nificant effect on the collection efficiency of eectrogoun webs, while
the callector gpead gave only alittie influence on the efficiency. These
results can be dso explained by using the fiber and pore Sze digtri-
bution deta. Reduced fiber sze of afibrous web induces incressed
specific surface area of the web, which enables the probability of
particle depostion on fiber surface to be increased. Particle collec-
tion mechaniams concerned with this sudy are mainly Brownian
diffuson, interception, and eectrodtatic atraction. The eectrogtatic
atraction becomes more important when the fiber and particles are
charged, but in this study the fiber charge was too wesk to affect
the collection efficiency [Park, 2004]. Therefore, the difference of
collection efficiencies between the eectrospun webs produced a
different goplied voltagesis mainly dueto fiber diameter.

5. Comparison with Commercial Air Filter Media

The collection efficiency of an dectrospun fiber web was com-
pared with a commercid high efficiency air filter media composed
of glassfibers. The glassfiber air filter has atentative collection effi-
ciency of 98% for 0.3 um spherica aerosol at face velocity of 3m/
min. The dectrogpun fiber web was manufactured & the gpplied
voltage of 50 kV and collector speed of 50 RPM. The basisweight
of theweb is 16.48 g/n?, whilethe commerdid glassfiber filter media
have 81.46 g/n?. Pressure drop a 3 mymin of face velodity was mea:
aured as 13.27 mmH,O for the dectrospun web and 37.05 mmH,O
for the glassfiber filter media

Fig. 10 shows the collection efficiency of the two samples. The
efficiency of the dectrogoun web was dightly higher then thet of
commercid glass fiber filter media This result indicates that the
dectrogoun fiber web has much greeter filtration performance rea
tive to the high efficiency glassfiber filter media

CONCLUSIONS

Through thiswork, filtration characterigtics of dectrospun ultrefine
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Fig. 10. Comparison of collection efficiency of an eectrospun web
manufactured at 50kV and 50 RPM with a commercial
high efficiency air filter media.

fiber webs were experimentdly studied. The effect of processing
parameters on the fiber morphology and pore size didribution of
the dectrogoun webs was examined. The parameters consdered
were the gpplied voltage and rotation speed of collector. Asareault,
it was found that the fiber sze of eectrogpun webs was largdly in-
fluenced by the dectricd potentid gpplied to polymer solution, and
aso dightly increased with increasing collector speed due to the
elongetion of the fibers dong the roteting direction. Higher gpplied
voltage induces higher charge dendity of a polymer j&, ultimatey
resulting in finer fiber 9ze. Thinner fibers of dectrogpun websled
to lower pore Sze, which is the key parameter determining the fil-
tration performance of afilter media. Both of pressure drop across
an dectrogpoun web and aerosol collection efficiency of theweb were
increased with decreasing mean pore Sze. Conseguertly, the pro-
cess variables of eectrogpinning, especidly the gpplied voltage of
them, gave a Sgnificant effect on filtration properties of the dec-
trospun fiber webs The filtration performance of the eectrogoun
webs was much greeter than that of a commercid high efficiency
glass fiber filter media, which is widely used for ar conditioning
process. It means that the e ectrogpun fiber webs have the possibil-
ity to be used asamain materid of fibrousair filter media
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NOMENCLATURE

A, :filtration area[m?]

Cpsream - UPSiream aerosol concentration [#/cc]
Comnsream - dOWNStream aerosol concentration [#/cc]
K :congtnt of afilter media[m™]

AP : pressure drop across afilter media[Pel

Q :flowrae[m¥s|

t : filter thickness[m]

Greek Letters
n  :collection efficiency [%]
kK :permesbility of afilter mediaper unit mediathickness per

unit viscosity [m?]
U :viscosty of fluid [Pa-g]
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