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Abstract

The performance of fibrous filter media relies on factors such as particle capture effi-
ciency, pressure drop and clogging time. Fiber diameter, porosity and packing density are
important web-based factors to improve final filtration performance. In this study,
composite nonwoven webs were produced using spunbonded, meltblown and elec-
troblown mats to obtain filter media with different fiber diameter, porosity and packing
density. Such a layered composite approach caused huge differences in porosity and
packing density, which resulted with improved clogging performance. The average fiber
diameter was found to be 65 + 19.4 nm for electroblown layer (N), while that was |.17
0.38 um for meltblown (M) and 17.64 % 2.65 pm for spunbond (S) layers. NM (nano-
fiber+meltblown) configuration provided 12-13% lower mean flow pore size, which
resulted in faster clogging compared to NS (nanofiber + spunbond) mats. The thicker
nanofibrous layer resulted in lower pore size and quality factor. Additionally, the
composite samples showed a faster-rising pressure drop than the thick microfibrous mats
due to smaller pores that clogged quickly. It was also shown that nanofiber coating causes
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alinear increase in pressure drop with dust loading, while microfibrous samples exhibited
smooth plateau and linear increase after clogging point. Nanofiber layer facilitates cake
formation which causes more difficult airflow, and lower dust holding capacity. Among
the layered composite mats, the NM configurations were found to be more advantageous
due to higher initial filtration efficiency and almost similar dust loading performance.

Keywords
Clogging, air filter, nanofiber, polyamide 6, composite filter

Introduction

Air filtration is one of the basic solutions to provide a cleaner environment by treating
polluted air before it is released into the atmosphere. The porous membrane and fibrous
filters are the main types of air filter media, while the latter has attracted more interest owing
to their larger porosity, flexibility and higher surface area.'> Fibrous filters were typically
constructed of matted glass or quartz fibers, woven fabrics of cotton and wool up until
1950s; however, new materials and structures have been employed in this area after the
developments in synthetic fibers and nonwoven technologies. Nowadays, the nonwoven
fibrous filters can be produced from organic/inorganic and natural/synthetic fibers by
several conventional, (i.e. spunbond, air-laid, meltblown etc.,) and novel techniques, (i.e.
electrospinning, solution blowing etc.).” Fiberglass-based filters, which consist of 1-60 pm
glass fibers, have larger pores and are the first to come across due to their low cost and high
thermal resistance.*® These filters are produced by spun-melt processes in which molten
glass is transformed into fibers by passing through perforated nozzles with a constant flow
rate, and are able to retain only large particles with low filtration efficiency. However, with
the production of microfiber glass filter papers with a diameter of 0.5-1 pm via wet lay
process, HEPA (high-efficiency particulate air) filtration via fiberglass media is also
possible.”” On the other hand, polymer based nonwoven filters are generally produced by
spunbonding or meltblowing techniques. While the diameter of the fibers in spunbond
fabrics are in the range of 15-35 pum, melt-blowing generally enables the production of
fibers with typically 1-5 um and in some cases submicron diameter. Meltblown nonwovens
have smaller pores that provide better filtration efficiency.'®

There are three main performance assessment criteria of the filters: pressure drop,
filtration efficiency and filter lifetime. These properties depend on the structure of filters
(packing density, fiber diameter, and thickness), operational conditions (filtration velocity,
temperature) and characteristics of the filtered aerosols (density, particle size and dis-
tribution). Performance of filter media can be further improved by employing nanofibers
that results in increased surface area and lower pressure drop due to slip effect.''?
Nanofibrous filters can be produced using different methods, electrospinning,'* solution
blowing,'® centrifugal spinning,'® electro-blowing (EB)'” etc. Among them, EB is an
efficient method since both electrostatic and air drag forces are utilized. Shear forces
created by high velocity air flowing around the viscous polymer jet and the electrical field
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between the collector and blowing nozzle are main driving forces for fiber formation. By
combining the electric field forces and the shear forces, it is possible to obtain ultrafine
fibers more efficiently via EB technique.

Normally, after a certain period of use, clogging of the filter takes place due to filling of
the pores between the fibers with solid particles, which then leads to cake layer formation
on the filter surface and causes abrupt increase in pressure drop. It is known that clogging
is more likely to occur with filter materials of high packing density and fine fibers.
Japuntich et al.'® reported that the clogging of laminated filter papers was independent of
initial filtration efficiency and the amount of the accumulated particles is mainly de-
termined by the filter surface properties. Therefore, fiber diameter, pore size and its
distribution, surface structure, thickness, applied surface treatment such as anti-fouling,
and filtered aerosol particles are some of the important features related to clogging and
cleaning kinetics of a filter media.'**° Accordingly, a filter with smaller pores results in
relatively high efficiency but can clog much faster than the filter with /arger pores that
gives lower efficiency. Hence a composite filter media consisting of nanofiber and
microfiber layers should be designed carefully as it effects the energy efficiency of the
filter media as well as its lifetime.

The majority of the studies in the literature relevant to the clogging performance of
filters are on the membranes used in liquid filtration, and according to our best there are
few studies in air filtration. Among the studies, Song et al.*" have investigated the change
in pressure drop and filter efficiency in filters during clogging under different parameters
e.g. effect of air velocity, particle size, and aerosol concentration parameters. Bourrous
et al.*%, on the other hand, examined the effect of ultrafine particles on the pressure drop,
filter efficiency and clogging behavior of glass fiber-based HEPA filters and reported a
model that allows predicting the clogging profiles of the filters. The model was limited to
sub-micron aerosols and to predict the filter lifetime, it used the packing density and
thickness of the filter medium, the penetration profile of the aerosols in the medium, as
well as the size of the primary particles of the aerosols and the porosity of the deposit.
Leung et al.> investigated the quality factors of filters made of nanofibers (98 and
300 nm) and microfibers (1.8 um) and developed an empirical model to determine the
distribution of aerosol residue across the filter thickness using experimental data. Ac-
cordingly, while the filter surfaces made of nanofibers exhibit high filtration efficiency,
they showed high-pressure drop due to the skin effect. They reported that pressure drop
can be improved by using a filter surface consisting of microfibers in front of the nanofiber
layer.

In this study, the filtration and clogging performances of micro/nanofibrous laminated
composite air filters were investigated with respect to various fiber diameters, pore size,
and layer configurations. Meltblown and spunbond nonwoven substrates that are widely
used on face mask and other filtration applications were employed and PA6 based
nanofibrous layers with different thickness were coated via electroblowing in which
production rate is 30 times higher than in the conventional electrospinning method.'” Tt
was also aimed to investigate the response of pressure drop with particle loading and filter
clogging, with reference to effective pore diameter. As fiber diameter decreases smaller
pores and larged solidity will be obtained at an expense of increased pressure drop and
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lower dust holding capacity. At the end of the study, the ideal filter properties were tried to
be determined by comparing the clogging results with the filter efficiency.

Experimental

Materials

Polyamide 6 (PA6, from BASF) was dissolved in the mixture of (1:1 wt. ratio) of acetic acid
(>99.8% purity, Sigma-Aldrich) and formic acid (>98% purity, Sigma-Aldrich) Three so-
lutions with different concentrations (9, 12, 15 wt.%) were prepared. The spunbond (Te-
knomelt 2892) and meltblown (Teknomelt 8397) nonwovens were provided from Teknomelt
LLC. A sample coding was used as C9E30P3-SB where C stands for concentration, E for the
applied electrical field, P for air pressure, and SB for spunbond substrate.

Nanofiber production and laminated composite formation

A lab-scale EB (Aerospinner L1.0, AREKA Group Ltd., Turkey) was used for production
of the PA6 based nanofibrous mats on the nonwovens with the help of a vacuum-assisted,
rotating collector. A nozzle with 21 gauge needles, an air pressure of 3 bar, a nozzle-to-
collector distance of 65 cm, an electrical field of 30 kV, and constant solution feeding rates
30 mL/h were employed for all productions. During the spinning period the measured
temperature and relative humidity were 22.3 &+ 2°C and 31 + 2% respectively. Schematic
of the electroblowing system was given in Figure 1.

In order to investigate the thickness of the nanofibrous layer on the filtration efficiency and
clogging feature of the filter media, the nanofibrous layer was produced at different periods of
time, lasting 4, 6, 8 min. Samples were coded with the name of the used substrate and spinning
time period similar to MB4N for meltblown (MB) nonwoven and 4 min spinning time or
SB4N for spunbond (SB) nonwoven and 4 min spinning time. The areal density of nanofiber
mats produced after 4, 6 and 8 min was found to be 1, 1.5 and 2 gsm, respectively.
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Figure |. Schematic of the electroblowing system.
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Characterization

The viscosity and conductivity of the prepared PA6 solutions were measured using a
rotational viscometer (B-One Plus, Lamy Rheology Instruments) and EC Meter (HI-
2030 edge Hybrid Multiparameter, Hanna Instruments), respectively. Fiber morphol-
ogies were investigated from scanning electron microscope (SEM, Tescan Vega 3)
images. Prior to SEM, 10 nm thick gold/palladium layer was sputter-coated on the
samples to provide conductivity. Average fiber diameters (AFD) and standard devia-
tions were calculated using 100 measurements obtained from the SEM images at 10 kX
magnification. The pore structure of the samples was investigated via capillary flow
porometer (Porolux 1000, Porometer) using Galpore 16 wetting fluid with 16 dyn/cm
surface tension and nitrogen gas. Filtration performances of the samples were measured
with TSI8130 A automated filter testing system. Aerosol particles were produced from
2 wt.% concentration NaCl solution. The average particles size was kept at 0.3 um,
while the flow rate was 95 L/min (face velocity of 15.83 cm/s). Filtration efficiency and
pressure drop values were recorded. The QF values were also calculated according to
equation (1).**
In(1 —n)

OF = T Ap (D

Clogging performance test was performed on NFS Dust Producer system (NFS
Engineering Co.). Filter samples with a diameter of 11.5 cm were placed on the sample
holder, the lid is closed by a piston and the Al Ultra Fine Test Dust (quartz particles
having size distribution between 1 — 22 pum, PTI Powder Technology INC.) was fed.
A1 test powder was transferred at 1 g/min rate till the pressure difference reached 1100 Pa.
Then, the filter was weighed to determine the mass collected per unit area.

Results and Discussions

Solution Properties

Viscosity and conductivity values of PA6 solutions prepared at different weight ratios
are given in Table 1. Accordingly, as the solution concentration increased, it was
observed that both viscosity and conductivity values increased. Additionally, the in-
crease rate of viscosity was higher especially when the concentration value increased
from 12 to 15. A similar situation was also seen in the conductivity results. As the

Table I. The viscosity and conductivity of the prepared solutions.

Solution Viscosity (mPa.s) Conductivity (uS/cm)
9 wt.% 176.4 + 14.8 298.7 + 2.6
12 wt.% 251 +13.8 3363 % 1.2

15 wt.% 5372 £ 293 393.6 £ 34
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concentration increases, the denser macromolecular ratio in solvents provides minor
increase in conductivity.

Morphology of nanofibrous mats

The fiber morphologies were investigated from SEM micrographs (Figure 2) Accord-
ingly, the electroblown nanofibrous mats consist of randomly distributed fibers. It is
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Figure 2. SEM images of a) C9E30P3-SB, b) C12E30P3-SB, c) CI15E30P3-SB and d) CI5E30P3-MB
samples (scale bars are 20 and | pm for first and second columns).
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observed that the solution concentration had serious effects on the fiber diameter and
morphology. In the SEM images with low magnification, a high number of droplets were
seen in the PA6 nanofibrous mats produced from the solution with 9 wt.% concentration.
Additionally, the amount of the droplets was decreased by increasing solution con-
centration. Since the insufficient evaporation of the solvent causes droplet formation, the
higher amount of droplets in the sample can be attributed to higher solvent content and
lower viscosity values of the solution with low concentration. However, increasing
PA6 solution concentration up to a certain value (15 wt.%) increases the solution
conductivity, as well. Since an increase in solution conductivity and viscosity causes an
increase in fiber diameters in the electrospinning method, similar behavior was observed
for the electroblown samples.

The AFD values were found as 65.0 £19.4 nm, 79.2 £22.5 nm and 135.9 + 33.8 nm for
the samples produced from the solutions with 9, 12, 15 wt.% concentrations, respectively.
While an increase in the solution concentration resulted in thicker fibers, it lowered the
level of dispersion around the mean as seen in the coefficient of the values of the variation
in Table 2. Since the thicker fibers negatively affect the particle capture efficiency,
samples produced from the 9% solution concentration at which the smallest fiber diameter
is obtained were chosen to be used in the rest of the study. On the other hand, change in
substrates and their basis weight did not result in an abrupt change in nanofiber diameter.
The AFD was found as 132.7 £ 56.3 nm for the sample produced from 15 wt.%
PAG6 solution on the MB substrate, which was very close to its SB counterpart. However,
the CV value was increased which indicated that both the substrate and the vacuum
collection has also an effect on the fiber diameter.

Figure 3 shows the SEM images of the MB and SB nonwoven substrates and the their
AFD values. While MB nonwoven fabric has finer fibers (1.17 + 0.38 um), SB nonwoven
fabric has fiber diameters up to 20 um. According to Figure 2, when the MB nonwoven
fabric is used, the bead structure formed in production is less. This can be explained by the
fact that the droplets that reached the nonwoven surface encounter more surface area,
enhancing the chance to change the morphology from droplet to fiber as a result of the
continuous shear force from the pressured air. In addition, the small pore structure of
meltblown substrates reduces the vacuum efficiency of the collector. This relatively
extends the time of the produced fibers to reach the collector and ensures that the residual
solvent in the fiber is evaporated more effectively and thus reduces the number of droplets
on the mats.

Table 2. Average fiber diameter, their standard deviation (STD) and coefficient of variation (CV)
values.

Samples AFD (nm) STD (nm) CV (%)
9-30 kV-3 bar - SB 65.0 19.4 29.85
12-30 kV-3 bar - SB 792 225 2841
15-30 kV-3 bar - SB 135.9 33.8 24.87

15-30 kV-3 bar - MB 132.7 56.3 42.43
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Figure 3. The SEM images of a) MB and b) SB nonwoven substrates at 0.5 (left) and | kX (right)
magnification (scale bars are 50 and 20 um for left and right images, respectively).

Pore structure of the composite webs

The mean flow pore (MFP) size of the samples obtained from pressure-flow graphs was
given in Figure 4. The lowest MFP size was obtained from MNS8 samples which were 30%
lower than SN8. Although similar relation was also observed between the MN6 and
SN6 samples, the pore size of the MN4 was 10% higher than the SN4. While it is a known
fact that meltblown samples have finer pore structures, MN4 sample is expected to have a
lower pore size. However, the obtained results were just the opposite and this result can be
attributed to thinner nanofibrous mat structure with completely inhomogeneous fiber
distribution. Additionally, since the MB substrates have lower pore size and therefore
lower air permeability, the efficiency of the vacuum collector is expected to be lower than
the obtained in SB. Therefore, the higher pore size might have been explained by ob-
taining a fluffy nanofibrous layer on the MB substrate, especially for the 4 min
production time.
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Figure 4. Mean flow pore size distribution of the composite filter media.

The pore size of the samples decreased by 50% due to thicker nanofibrous layer and an
increase in thickness resulted in samples with even lower pore size. Similar tendency was
obtained from the decrease in average pore size of the samples produced in 6 and 8 min
(55% for MN6 and 44% for SN6) than PRR of the samples produced in 8 min (13% for
MNS and 0.4% for SN8). In SN configurations, a more compact nanofiber layer was
obtained with a higher vacuum collector effect, which caused the value of the pore sizes to
not change much with further increased production time. These results showed that the
final pore sizes of the filter samples depend on the thickness of nanofibrous layer and their
fiber distribution which was a function of deposition time.

Filtration properties of composite filter media

The filtration performance of all samples was examined and results were given in
Figure 5. As expected MB nonwoven exhibited higher filtration efficiency than the SB
nonwoven due to its finer fiber structure (~1.2 pm) compared to SB (~17 pm). Although
the increase in the deposition time from 4 to 8 min resulted in higher filtration efficiency
(from 97.98 to 99.49%), it lowered the quality factor as a result of a larger increase in
pressure drop. Moreover, the double-layered MB4N sample exhibited the lowest QF
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among the MB-based ones due to higher pressure drop as a result of doubled MB
substrate.

On the other hand, nanofiber-coated SB fabrics exhibited lower filtration efficiencies
(88.75-95.51%) than their MB-based counterparts. The filtration efficiency was also more
affected by the nanofiber depositing time. The maximum filtration efficiency (98.55%),
one of the lowest QF (0.0122) values, was obtained from the double-layered SB4N
sample due to a larger pressure drop. To summarize all these results, high-quality filters
are obtained when MB is used as a substrate in productions made under the same
conditions. While filtration efficiency improves with increasing nanofiber thickness in
both groups, the double-layered structure resulted in better quality factor only in SB-based
ones. This difference is attributed to larger pressure drop difference between SB and MB.
The results obtained from the filtration test for each sample were also tabulated in Table 3.

The MFP sizes and quality factors of the produced composite filter samples were
compared in Figure 5 and the rate of change that each series showed within itself de-
pending on the nonwoven change was given. The % change in the MFP ratio indicated by

(a) 77/ Efficiency ® Pressure drop (b)

100 4 Y 7

[=2]
=1
=]

N

% Z 0014
.

o
=3
o

@
t=]

&

=]

=]
o
=
b

3
w
8
Pressure drop (Pa)

Y
o

%
%, |
4%
%.
%,
G

Efficiency (%)
N
8

Quality Factor (1/Pa)

o
=3

%

—8—X=S

o

\\\\\\\\\\\\\\\\\\i\\\\\\\\\\\\\

AT TR

S
%

8

-

%

X8 XBAN  XBO6N  XBEN XBdNx2
Samples

RZD AN

&
)
6“9"
%, ¥

e

1,

)

%,

Samples
Figure 5. Filtration efficiency, pressure drop and quality factor of the samples.

Table 3. Filtration efficiency, pressure drop and quality factor values of the samples.

Samples Efficiency (%) Pressure drop (Pa) Quality factor (1/Pa)
MB 32.819 84 0.0047
MB4N 97.979 273 0.0143
MB4N x2 99918 533 0.0133
MB6N 98.581 298 0.0143
MB8N 99.493 391 0.0135
SB 4.005 5 0.0082
SB4N 88.751 162 0.0135
SB4N x2 98.546 345 0.0123
SB6N 94.731 222 0.0133

SBSN 95.507 254 0.0122
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the yellow arrows was calculated as 100*(MFPMB4N - MFPSB4N) and the % change in
the QF values indicated by the blue arrows was calculated with the formulas
100*(QFMBA4N - QFSB4N). In general, it is seen that samples with larger MFP size
within the same series show a lower QF value. However, the XB4N series does not
comply with this generalization, which can be attributed to the fact that the amount of
nanofibers present is not sufficient to form a homogeneous layer on the MB, and the MB
fabric with a higher initial pressure drop causes a looser nanofibrous structure by reducing
the vacuum effect of the collector. It is seen that the nanofiber production period has a
greater effect on the MFP change rate of MB-based samples. The MFP value showed a
faster decrease with increasing time, which can be explained by the low surface roughness
of MB, which consists of fine fibers, and a smoother nanofibrous layer on top of it. In
terms of QF, however, a greater reduction was seen in SB-based samples for the same time
periods. The reason for this may be that although the total pore change is less, the amount
of nanofibers affects the pressure drop values more in SB-based samples (Figure 6).

Clogging performance

In order to assess the clogging performance, the pressure drop was continuously measured
during the particle loading and collected mass during the test period was plotted against
the pressure drop in Figure 7. Considering the figures, it is observed that the composite

~-[H-X=M ) X=M
0.0145 4 |-~ X=S Ry X=S

€ == == e 6.0

B /’E;k B

58.1% ;4 ]0.08% 1 455
—.0.0140 )
= _
o § {50
: 0.1% 4 g
. | 45 3.
&5 00135 =
S o
9 - 40 N
('8 \ @
.é.,omso . § 35 &
g \ s0=
O 00125 \

\ 25
\ 2.0
0.0120 &

XB4N XB6N
Samples

Figure 6. Comparison of the QF and MFP values of the samples.
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Figure 7. Clogging performance of (a) MB and SB nonwoven fabrics, (b) MB/nanofibrous and
(c) SB/nanofibrous composite samples.

samples showed a faster-rising pressure drop than the substrates due to smaller pore sizes
that clogged quickly. Therefore, quicker cake formation on the filter surface and sub-
sequently more difficult airflow, and lower dust holding capacity were observed.

In Figure 7(a), the evolution graph of pressure drop during clogging of the substrates
was given. The two different slopes were obtained as a common observation for both
samples. Among these regimes, the lower one corresponds to depth filtration while the
higher one is for surface filtration, and the intersection of the tangents of the two linear
portions corresponds to cake formation points.'® Due to the larger fiber diameter and pore
size of the SB fabrics, the cake formation was late, and the depth filtration stage took
longer than the MB. The collected mass until the cake formation was nearly 10 times
higher for the SB substrate.

According to Figure 7(b), among the MB/nanofibrous samples, the MB4N sample
showed the maximum mass loadings and it was followed by double-layered MB4N with
very small differences. However, the MB4N exhibited a higher pressure drop at the
beginning of the test where the loaded mass was very low, which is consistent with the
results of the filtration test. An increase in depositing time and therefore thicker nano-
fibrous layer resulted in quicker cake formation and lower mass loading for the sample
MB6N and MB8N. As shown in Figure 7(c), similar results were obtained in the clogging
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tests performed on SB/nanofibrous composite samples. However, due to SB nonwoven
was consisted of larger fibers and thus pores than MB one, the amount of dust holding was
higher in SB-based composite filters at an intermediate pressure drop with the help of
more effective deep filtration. The reason why the curves with two different slopes could
not be obtained in the pressure drop graph as a function of the collected mass in Figures
5(b) and (c) is that the MB and SB/nanofibrous composite filters exhibited quicker cake
formation. This is a result of the reduction of the pore size, trapping the particles on the
surface of the filter before they can move through the filter.

In Figure 8, clogging, pore size, and QF values of all samples are shown in comparison.
As seen in the figure, while the QF is higher in composite samples, they resulted in lower
mass loading in the clogging test due to reduced pore size. This situation is more obvious
for the samples produced on SB substrates. Although the highest mass loading was
obtained from the SB nonwovens, this media can only be used as prefiltration applications
due to its lowest efficiency (4%). Additionally, as shown in Figure 9, MFP has an positive
relation with mass loading, thus, low MFP resulted in lower mass loading in the
composite samples. To sum up, the MB4N will be the best of the choice for the ap-
plications that require a higher initial filtration efficiency of >97%, and the maximum
mass loading.

Conclusions

The effect of different composite configurations on nano-/microfibrous were investigated
from different aspects, ie pore size, submicron particle filtration performance, and dust
holding capacity. The PA6 based nanofibrous layers with different thicknesses were
produced via the EB technique. Among them the lowest AFD (65.0 = 19.4 nm) was
obtained from the 9 wt.% PAG6 solution and the substrate material used did not have a
significant effect on the AFD. As the thickness of the nanofibrous layer increased, the pore
size of the samples decreased which resulted in these samples being clogged easily and
increased pressure drop. The clogging tests showed that cake formation occurred after
larger particle loading, and the depth filtration stage took longer in SB than the MB ones
due to the larger fiber diameter and pore size of the spunbond fabrics. On the other hand,
although the QF was found slightly higher in composite samples, especially in the
samples produced on MB substrate, low particle loading was observed due to their
reduced pore size. Finally, the MB4N will be the best of the choice for the applications that
require a higher initial filtration efficiency of >97%, and the maximum mass loading.
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