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Abstract

Conventional, mechanical fibrous filters made of microfibers exhibit a local minimum of fractional collection efficiency in the aerosol particle
size-range between 100 and 500 nm, which is called the most penetrating particle size (MPPS). Simple theoretical calculations predict that this
efficiency may be significantly increased using nanofibrous media. The main objective of this paper is an experimental verification of these
expectations and simultaneously checking whether this anticipated gain in the filtration efficiency is not overpaid with an excessive pressure
drop. For this purpose we developed a modified melt-blown technology, which allowed us to produce filters composed of micrometer as well as
nanometer sized fibers. One conventional microfibrous filter and five nanofibrous filters were examined. The complete structural characteristics,
pressure drop and efficiency of removal of aerosol particles with diameters 10-500 nm were determined for all media. The results of the
experiments confirmed that using nanofibrous filters a significant growth of filtration efficiency for the MPPS range can be achieved and the
pressure drop rises moderately. Simultaneously, we noticed a shift of the MPPS towards smaller particles. Consequently, the quality factor for
bilayer systems composed of a microfibrous support and a nanofibrous facial layer was considerably higher than this one for a conventional
microfibrous filter alone. Additionally, it was found that utilization of many-layer nanofibrous filters combined with a single microfibrous
backing layer is even more profitable from the quality factor standpoint. Comparing experimental results with theoretical calculations based
on the single-fiber theory we concluded that for microfibrous filters a fairly good agreement can be obtained if the resistance-equivalent fiber
diameter is used in calculations instead of the mean count diameter determined from the SEM images analysis; in the latter case, filtration
efficiency computed theoretically is slightly overestimated. This is even more evident for nanofibrous media, suggesting that in such case a
structural filter inhomogeneity has a strong influence on the filter efficiency and its resistance and one should strive for minimization of this
effect manufacturing nanofibrous filters as homogeneous as possible. We can finally conclude that fibrous filters containing nanofibers, which are
produced using the melt-blown technique, are very promising and economic tools to enhance filtration of the most penetrating aerosol particles.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction achieves a minimum at so-called the most penetrating parti-
cle size (MPPS), which is usually between 0.1 and 0.5 pm

Fibrous filters are typically manufactured with the fibers of for mechanical filters. Theoretical predictions and preliminary

diameters about a few dozen micrometers, and the filter poros- investigations indicate that significant increase of the filter effi-
ity is usually 80-90%. Such structure allows removing sub-  ciency for the MPPS, accompanied by only a slight rise of the
micrometer and micrometer particles with a high efficiency, pressure drop, may be achieved by using the nanometer fibers
maintaining a relatively low resistance to the air flow. How-  to produce the fibrous filters (Hinds, 1999; Grafe et al., 2001).

ever, there is the size-range of the particles that are not filtered =~ Nomenclature concerning objects with the size of nanometers

out as efficiently as other particles. The fibrous filter efficiency 18 still not clearly defined and may be somewhat confusing.
In the case of particles, these that have diameter smaller than

* Corresponding author. Tel.: +4822 66063 51; fax: +48 22 825 14 40. 0.1 pm (100 nm) are considered as nanoparticles (Aitken et al.,
E-mail address: podgorski@ichip.pw.edu.pl (A. Podgérski). 2004). However, some authors define the term “nanoparticles”
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in a different manner, limiting the upper size of nanoparticles
to 50 nm (Hinds, 1999) or even 40 nm (ISO, 2004). Contrary to
these definitions, as “nanofibers” generally fibers with diameter
less than 1 pm are considered (Grafe et al., 2001; Graham et al.,
2002). In this paper, the filters that have at least some fraction
of fibers with diameter below 1 pm will be called “nanofibrous
medium”.

Nanofibers are characterized by a very large surface area to
volume ratio, which significantly increases the probability of
the aerosol particles deposition on the fiber surface and thereby
improves the filter efficiency (Huang et al., 2003; Park and
Park, 2005). Filters composed of nanofibers provide high fil-
tration efficiency of the particles with the MPPS at relatively
low pressure drops.

In addition to a large surface area to volume ratio, the nanofi-
brous media have low basis weight, high permeability, and tight
pore size that make them appropriate for a wide range of fil-
tration applications. There are three major processes for pro-
ducing nanofibers for filtration media: electrostatic spinning,
melt-blown technique, and multicomponent fiber spinning or
the ‘islands-in-the sea’ method (Ward, 2005). Currently, the
nanofibers are mostly produced using electrospinning technol-
ogy. The fibers made by electrospinning have in general diame-
ter in the range 0.04-2 pm (Grafe and Graham, 2002; Kosmider
and Scott, 2002; Park and Park, 2005); however, it may be
found in the literature that using electrospinning method fibers
less than 3 nm can be produced (Huang et al., 2003). The diam-
eter of the fibers depends, among other things, on the polymer
solution concentration. The thinner fibers may be achieved us-
ing less concentrate solution. However, decrease of the solution
concentration increases the amount of hazardous vapors emit-
ted from electrospinning solution while forming the fibers that
need to be recovered or disposed of, and this involves addi-
tional equipment and cost (Jaroszczyk et al., 2005). The draw-
backs of this process, besides the hazardous vapors emission,
are that the production rate is very slow, thus the product is
expensive (Jaroszczyk et al., 2005; Kalayci et al., 2005), some
polymers are difficult to dissolve (Ward, 2005), the fiber di-
ameters obtained are seldom uniform (Demir et al., 2002), and
nanofibers may have defects like beads and pores (Huang et al.,
2003).

Electrospun fibers have diameters smaller than that of melt-
blown fibers; however, currently there are investigations aimed
at improving of the latter technique to produce nanofibers. The
melt-blown technique may allow making large quantities of
such fibers at low cost, which will considerably increase their
commercial applications.

In our study the filters containing fibers of diameter as small
as 0.2 pm were manufactured by the melt-blown method. Since
nanofibrous media have weak mechanical properties, they
were used with additional microfibrous support. We investi-
gated the performance of self-manufactured filters composed
of the fibers, which some fraction had diameter below 1 pm
(nanofibrous filters). The filtration efficiencies of the sets of

microfibrous filter covered by layer of nanofibrous media were
tested against liquid particles with diameter from 10 to 500 nm.

2. Materials and methods

This section begins with a simple theoretical analysis of
the performance of microfibrous and nanofibrous filter media,
which suggests that a significant increase in a filter quality
factor for the range of the most penetrating particles can be
achieved if nanofibrous filters are used. Then, the method of
production of such media and the experimental protocol used
to study their performance are briefly described.

2.1. Preliminary theoretical analysis

Properly designed fibrous filter should first of all assure a
high efficiency of aerosol particles removal, #, maintaining
simultaneously the pressure drop, Ap, at a level as low as
possible. Both these crucial parameters depend, although in a
different way, on such filter’s properties, like its thickness, L,
porosity, ¢, and the fiber diameter, dr. The quality factor, QF,
which is defined as

)

F
Q Ap

ey
is the commonly used quantitative criterion to compare vari-
ous fibrous filters, see, for example, Dorman (1966) or Brown
(1993). A more realistic rating should take into consideration
variation in the pressure drop and in the filtration efficiency
during continuous loading of a filter with deposits. The ap-
propriate criterion based on economic rules that accounts for
these phenomena, the filter utility factor FUF, was proposed by
Podgorski (2002). The filter efficiency, 7, is calculated based
on the upstream, cyp, and downstream, cqown, a€rosol concen-
tration as follows:
n= M. )
Cup

The aim of this section is to estimate theoretically whether
the use of ultrafine fibers would be profitable for the process
of filtration of submicrometer and nanometer aerosol particles.
Especially, we would like to check if it is possible to gain a
substantial improvement in the filtration efficiency for the most
penetrating particles and simultaneously to assess whether the
use of ultrafine fibers is favorable for this size-range from the
QF criterion standpoint. For this purpose we made some simple
estimates using the commonly known equations formulated in
the classical theory of depth filtration. Since we consider only
particles smaller than 500 nm in diameter, we limited our anal-
ysis to two predominating then mechanisms of deposition, i.e.,
the Brownian diffusion (labeled “D”) and the direct intercep-
tion (“IR”). The single-fiber deposition efficiencies for these
two mechanisms, Ep and ErR, respectively, were calculated
from the following formulae, see Gougeon et al. (1996):

1.6((1 — o) /Ku)'3Pe=2/3[1 4 0.388Kn (1 — o) Pe/Ku)'/3]

3)

D=

T 1+ 1.6((1 — o) /Ku) 3 Pe=2/3[1 + 0.388Knp (1 — a)Pe/Ku) 3]’
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Table 1
Structural characteristics of the analyzed filters

Filter no. L drp o Psr arp
(mm) (Km) [dimensionless] (g/mz) (mz/m3)
1 3 10 0.1 273 4% 10*
2 1 2 0.05 455 10°
3 1 0.7 0.02 18.2 1.14 x 10°
4 0.2 0.1 0.005 0.91 2 % 10°
1 —u« IR2 1.996Kn

Er=0.6 1+ —). 4

R <Ku)(l+IR)( TR ) @

In the above equations o denotes the filter packing density,
oa=1—¢, and the dimensionless numbers are defined as follows:

e Peclet number Pe = ng ;

Knudsen number for fiber Knp = Zd}_Fq,

_ 2
Kuwabara number Ku = 1; % _ ?—1 +a—%;

: d
Interception parameter IR = ﬁ.

U denotes here face gas velocity, D the coefficient of Brownian
diffusion for a particle, 4, the gas mean free path, and dp the
aerosol particle diameter.

Assuming that Brownian diffusion and direct interception are
independent mechanisms of deposition, the total single-fiber
deposition efficiency, E, due to the action of both of them was
calculated as

E=1-(-Ep)1— ER). &)

In the next step the single-fiber efficiency E was recalculated
into the filter efficiency, #, according to well-known formula

) —4aEL
= — X —_— .
1 P\ rdr =2

To calculate the pressure drop across a filter we used the the-
oretical equation reported in Brown’s (1993) handbook, which
is based on the Kuwabara flow model with a gas slip:
Ap UouL(1+ 1.996Knr)

L d2[Ku+1.996Knp(Ku — o+ 0.5(1 + 2))]’

(6)

(N

Alternatively, Ap may be estimated from the commonly used
empirical correlation developed by Davies (1973):

AL—p = 64—‘;%3/2(1 +5600). (®)
F

Theoretical calculations were made for four various fibrous
filters, which characteristics are collected in Table 1. The filter
#1 is the thickest one (L = 3 mm), made of the most coarse
fibers (dr =10 um) and it is the most densely packed (z=0.1).
The filters #2 and #3 have the same, smaller than the filter #1,
thickness (L =1 mm). Among them the filter #3 is more porous
and contains finer fibers than the filter #2. Finally, the filter #4
is the thinnest one (L =0.2 mm), extremely porous («=10.005)
and made of the thinnest fibers (dr =0.1 pm). In addition to the
filter thickness, fiber diameter and the filter packing density, the

Fractional efficiency, n [-]

1 T T T T T T LI | T T T
10 100 500
Particle diameter, d, [nm]

Fig. 1. Calculated fractional efficiency for four considered filters (subscript in
the legend denotes filter number) as a function of aerosol particle diameter.

filter surface density (basis weight, i.e., mass of the filter per its
surface area), ps -, and the filter specific area (i.e., the total area
of fibers per filter volume), ar, are also reported in Table 1.
These parameters were calculated as follows: pgr = Lopp and
ar =4o/dF, assuming that the density of the fibers’ material is
the same as for polypropylene, pr =910 kg/m3. Note that the
filters containing finer fibers, although being thinner and more
porous, have greater specific area but simultaneously smaller
surface density.

All theoretical calculations presented in this section were
done for superficial air velocity U = 0.1 m/s. Fig. 1 shows
fractional efficiency for four analyzed filters determined in ac-
cordance with Egs. (3)—(7) for the range of aerosol particle
diameters 10-500 nm, i.e., the same as that one in the experi-
mental studies discussed henceforth. The MPPS was found to
be 366 nm for the filter #1, 199 nm for the filter #2, 140 nm for
the filter #3, and 54 nm for the filter #4. This shift of the MPPS
towards smaller particle sizes observed for filters composed of
thinner fibers may be easily explained by the fact that in the
case of finer fibers a net with much smaller meshes is formed,
thus the efficiency of particle removal due to direct interception
is significantly increased for submicrometer particles. And sec-
ondly, one can observe in Fig. 1 a very promising growth of the
fractional efficiency in the entire range of particle sizes, but es-
pecially meaningful in the vicinity of the MPPS. The maximal
value of the aerosol penetration, Py, for the filter #1 made of
10 um fibers is as high as 0.747 and it gradually decreases for
filters composed of finer fibers, reaching only 3.28 x 10~ for
the filter #4 consisting of 100 nm fibers, cf. Table 2. Therefore,
we can conclude that utilization of nanofibers to manufacture
air filters seems to be an excellent solution from the standpoint
of the filter efficiency improvement, especially if the process
target is removal of submicrometer-sized aerosol particles, usu-
ally being the hardiest to filter out. However, a question arises
whether such a solution is profitable since a gain in filtration
efficiency in nanofibrous media will be paid with an increase
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Table 2

Calculated filters’ performance at air face velocity U =0.1m/s

Filter no. MPPS Prnax QF pin Ap
(nm) [dimensionless] (Pa—!) (Pa)

1 366 0.747 1.69 x 1073 173

2 199 0.293 2.85 x 1073 431

3 140 0.0222 4.32 x 1073 882

4 54 3.28 x 107 6.20 x 1073 1295

Quality factor, QF [Pa™]

10 100 500
Particle diameter, d,, [nm]

Fig. 2. The filter quality factor computed for four analyzed filters (QF;—QFy)
and for the bilayer system (QF14) as a function of aerosol particle diameter.

in the filter resistance. Actually, the pressure drop for the fil-
ter #4 calculated from Eq. (8) is seven-and-a-half-fold greater
than the pressure drop for the filter #1, see Table 2. Thus, to
judge which of the analyzed filters is the best one, we calcu-
lated the values of the fractional quality factor according to
Eq. (1) and these results are presented in Fig. 2. The final as-
sessment depends on the size distribution of aerosol particles
to be filtered. As seen in Fig. 2, the quality factor for the fil-
ter #4 is lower than for the other ones for particle diameters
below 60-70 nm. This means that use of nanofibrous media is
unjustified if only such small nanoparticles are contained in
the challenging aerosol stream. The explanation of this find-
ing is rather obvious. Very small nanoparticles are effectively
filtered even in conventional, microfibrous filters due to very
efficient mechanism of Brownian diffusion, therefore the use
of a nanofibrous layer with an elevated pressure drop makes no
sense in this case. However, this is rather unlike scenario—in
reality, a polydispersed aerosol usually undergoes separation,
ergo, one should pay a special attention to effective removal of
the most penetrating particles. From this point of view, the use
of nanofibrous media seems to be irreplaceable. We can observe
in Fig. 2 that the quality factor for the filter #4 is nearly an or-
der of magnitude higher than QF for the conventional filter #1
for the particle size-range 300—-400 nm, commonly considered
to be the MPPS. Note also that the calculated minimum value
of the quality factor, QF,,;,, decreases with the increase of the

fiber diameter, being 3.7 times higher for the filter #4 than for
the filter #1, see Table 2. A weak point of thin, porous, nanofi-
brous media may be their mechanical strength and durability.
Thus, we recommend combining a layer containing nanofibers
with a thicker layer composed of micrometer-sized fibers, serv-
ing as a support. Results of calculations of the quality factor for
such a bilayer system with the filter #1 placed at the rear of the
composite and the filter #4 mounted in front are also shown in
Fig. 2. It can be observed that the quality factor for the set of
filters #1 and #4 is almost as high as for the filter #4 alone for
particle diameters greater than 70 nm, while for smaller parti-
cles it is substantially higher than for the single layer of the fil-
ter #4. Therefore, the use of nanofibrous filters in combination
with conventional microfibrous support is especially profitable
in the case of filtration of a polydispersed aerosol containing
nanosized and submicrometer-sized particles.

Calculations presented in this section are based on the sim-
plest single-fiber theory that assumes the same size of all fibers
and perfectly homogeneous filter structure. Real filters are al-
ways more or less inhomogeneous and are composed of poly-
disperse fibers. This results in a lower pressure drop and a lower
efficiency of a real filter than predicted by the theory.

2.2. Method of production of nanofibrous filter media

The scheme of the stand for obtaining fibers by blowing a
melted polymer is shown in Fig. 3(a), and in Fig. 3(b) some
details of the die construction are shown (a polymer stream is
denoted there by 1 and the air stream by 2).

Granulated polymer placed in a container 1 is taken by the
screw of the extruder 2 and pressed into the die 6. During trans-
portation the polymer is heated from outside in three steps by an
electronic heater 3. The flow rate of melted and homogenized
polymer is determined by the rate of the screw rotation con-
trolled via inverter through an electronic motor with the gear
system 4. The power transmission system is protected from the
heating zone by the cooling system 5. The melted polymer is
extruded through the row of the die nozzles (Fig. 3(b)). Pres-
sure and temperature of the polymer in the die are measured
with the sensing elements 9. In the die structure the polymer
nozzles are surrounded by the air nozzles. The stream of hot
air from compressor 7 flowing along melted polymer filaments
extends them to the desired diameter. The solidified fibers are
collected on the mandrel of fibers receiver 8. This mandrel ro-
tates and moves to-and-from to form a proper filter structure,
defined by the fiber diameter and the local packing density of
fibers.

It would be desirable to model the process of single-fiber for-
mation in the melt-blown technology for better understanding
of its principles and for optimization of the operating conditions
of the fiber manufacture to get finally expected filter structure.

Let us consider a single hole of the die, Fig. 4, and polymer
flowing with volumetric flow rate Q through it. After leaving
the hole a melted fiber of radius R is formed.

The basic information describing formation of a thin fiber
in the melt-blown technology are derived under the following



6808

A. Podgorski et al. / Chemical Engineering Science 61 (2006) 6804—6815

1
2 \
7
4 3
B ;
—_— | v
— S
i T l
5\
o
o
(a) )} (b)

Fig. 3. Production line of nanofibrous material.
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Fig. 4. Schematic of a single-fiber formation.

assumptions: a fiber has a cylindrical shape, a polymer has the
same density for melted and solid phases, an axial velocity
within a melted fiber is uniform in the fiber cross-section, poly-
mer is a Newtonian liquid with Arrhenius type of dependence

of viscosity on temperature, the heat capacity of the polymer
is constant, the temperature distribution is uniform in the fiber
cross-section, the heat conduction in the axial direction is neg-
ligible.

Taking into account constancy of the polymer volumetric
flow rate, balancing the momentum, and using the stress-
strain relations and energy balances, we were able to estimate
the influence of the process parameters on the properties of the
final product (Gradon et al., 2005). Theoretical analysis of the
single-fiber formation gives the quantitative information about
the radius R of the solidified polymer fiber at the distance x
from the nozzle hole of radius Ry for precisely fixed model
parameters, i.e., polymer constitutive properties, flow rates
and temperatures of polymer and air, and polymer pressure in
the die.

With these information the process parameters for the melt-
blown technology were defined. For a fixed set of process pa-
rameters the desired filter layers were produced and used in the
filtration testing procedure.

2.3. Characteristics of the filter media and experimental setup

Six polypropylene fibrous filters were produced using the
technology described in the previous section and the complete
structural characteristics of these filters were determined. We
intended to manufacture one conventional microfibrous filter (it
will be called the backing layer, BL, hereinafter) and five filters
consisting predominantly of much finer, preferably nanometer-
sized fibers (these five filters will be consecutive labeled as
nanofibrous layer #1, NL1,..., nanofibrous layer #5, NL5).

A few rectangular samples of each filter with sizes around
4 x 4 cm were prepared and all their dimensions were mea-
sured using a precise vernier caliper. In this way the filter
thickness, L, and the surface area, Ar, of each sample were
determined. In addition, mass of each sample, m r, was mea-
sured with a precision balance. The surface density (basis
weight), pgr, was calculated as: pgr =mp/AF, and then the
filter porosity, &, was determined according to the formula:
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Fig. 5. SEM pictures of the backing layer (a) and the nanofibrous layer #5 (b).

Table 3
Macroscopic structural characteristics of the manufactured filters

Type of filter Thickness  Porosity Basis weight
L (mm) € [dimensionless]  Pgp (g/m?)
Backing layer (BL) 2.1 0.851 284.9
Nanofibrous layer 1 (NL1) 1.4 0.965 444
Nanofibrous layer 2 (NL2) 2.5 0.967 75.1
Nanofibrous layer 3 (NL3) 3.1 0.971 79.4
Nanofibrous layer 4 (NL4) 5.5 0.980 100.5
Nanofibrous layer 5 (NL5) 4.3 0.986 53.0

e=1— pgp/(ppL), wherein pp is the fibers’ material den-
sity (910kg/m? for polypropylene was used). Results of such
macroscopic analysis are summarized in Table 3. Amongst the
nanofibrous filters, the NL1 (L = 1.4 mm) was the thinnest
one and the NL4 (L = 5.5mm) was the thickest one; the
backing layer BL had an intermediate thickness (L =2.1 mm).
On the other hand, the BL was the most densely packed filter
(its porosity was only 0.851), while all the nanofibrous layers
were much more porous (¢ ranged from 0.965 for the NL1 to
0.986 for the NLS). Consequently, the basis weight of the BL
(284.9 g/m?) was significantly higher than that for all NLs
(which varied between 44.4 g/m2, for the thinnest filter NL1,
and 100.5 g/m? for the NL4, being the thickest one).

To characterize the fiber size distribution, SEM photographs
of all filters were taken and then the diameters of all fibers visi-
ble on the pictures were measured. Fig. 5 shows two exemplary
SEM pictures for the BL and for the NL5. Determined distri-
butions of the fiber diameters are shown for all filters in Fig. 6
and essential parameters of these distributions, like arithmetic
mean (count mean) fiber diameter, drc, median, dr med, stan-
dard deviation, SD, and coefficient of variation, CV, of the dis-
tributions, and observed range of fibers diameters, are collected
in Table 4. The backing layer BL was composed of fibers with
diameters in the range 10.2-37.5 pm, while all nanofibrous lay-
ers contained fibers with diameters between a few hundreds
of nanometers and a few micrometers. The mean diameter of
the BL was equal to 18 um and the median diameter 16 pm.
Among the nanofibrous layers the NL1 and the NL2 had rela-

of fiber diameters [-]

Normalized, cummulative distribution

10 20 30

Fiber diameter, d_ [um]

Fig. 6. Fiber size distributions of the manufactured filters.

tively largest fraction of fibers with drc < 1 um. The NL1 had
the smallest value of the mean fiber diameter (740 nm), but the
median fiber diameter was the smallest for the NL2 (600 nm),
which also contained the finest fibers amongst of all analyzed
filters, with diameters starting from 210 nm. On the other hand,
the size distribution of fibers for the NL2 was broader compared
to that one for the NL1. Three other nanofibrous layers, NL3,
NL4 and NLS, were characterized by almost the same median
fiber diameter (~ 1.1 um), larger than these for the NL1 and
the NL2; the mean fiber diameter ranged between 1.18 um for
NL4 and 1.41 pm for the NL5, which was the highest value
for all nanofibrous layers. A degree of the fibers’ polydispersity
can be characterized by the coefficient of variation, CV, defined
as the ratio of the standard deviation of fibers size distribution,
SD, to the mean fiber diameter. From this viewpoint, the least
polydisperse filters were the BL and the NL1, having values of
CV equal to 0.38 and 0.41, respectively. The most polydisperse
filter was the NL2 (i.e., the one that had the biggest fraction of
the finest fibers), which was characterized by CV =0.72. Other
nanofibrous layers, NL3, NL4 and NLS5, were also relatively
highly polydisperse with CV ranging between 0.5 and 0.6.
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Table 4
Main parameters of the fibers’ size distributions

Type of Mean fiber Median fiber Coefficient of Size range of Equivalent diameter Equivalent diameter
filter diameter diameter variation the fibers’ for Kuwabara for Davies
dpc = SD dF med CV =SD/dFc diameters model, drg model, drp
(Km) (Wm) [dimensionless] (Wm) (Km) (Km)
BL 18.0 - 6.84 16.0 0.38 10.2-37.5 23.1 18.4
NL1 0.74 +0.30 0.68 0.41 0.38-1.67 8.70 7.44
NL2 0.87 £ 0.63 0.60 0.72 0.21-3.16 7.80 6.66
NL3 1.30 £ 0.77 1.10 0.59 0.42-3.68 6.36 5.42
NL4 1.18 £0.59 1.08 0.50 0.31-2.37 5.97 5.01
NL5 1.41+0.84 1.10 0.60 0.35-4.03 4.68 3.83

Air inlet Air outlet

Fig. 7. Experimental setup for filters’ testing.

Fig. 7 presents the experimental setup used in this study to
determine the filter efficiency that contains the elements utilized
commonly in the air-conditioning and ventilation systems. Dur-
ing experiments the desired aerosol flow rate was obtained us-
ing two fans (model VENT-100L, Venture Industries, Sp. z o.0.,
Poland), which were placed at the inlet (1) and outlet (13) of
the system, respectively. Their rotational speeds were adjusted
utilizing the electronic speed controllers 2 and 12 (model REB,
Venture Industries, Sp. z 0.0., Poland). The air flow was deter-
mined indirectly on the basis of the pressure drop across a cal-
ibrated throttling valve 11 with controllable clearance (model
IRIS-100, Venture Industries, Sp. z o.0., Poland), which was
measured by an electronic manometer 10 (model 506, Testo
AG, Germany). The sebacic acid-bis (2-ethylhexyl) ester parti-
cles (DEHS, Sigma-Aldrich, Germany) were used as the chal-
lenge aerosol. The aerosol particles were generated by a liquid
nebulizer with internal air supply pump 4 (model AGF 2.0 IP,
Palas GmbH, Germany). The aerosol generator has a cyclone
built-in in order to remove particles larger than 2 pm in diame-
ter. After generation, the aerosol was diluted by the air purified
by passing it through the filter 3.

The tested filters were fastened to the wire mesh to give
them a form of pleated filters and then they were placed inside
the chamber 5. The pressure drops across these filters were

measured using an electronic manometer 6 (model 511, Testo
AG, Germany). Furthermore, the dependences of the pressure
drop across the tested filters on the air velocity were determined
utilizing the modular filter test system (model MFP-2000, Palas
GmbH, Germany) containing a precise differential electronic
manometer, since this setup allows for measurements in a wider
range of the air velocity.

The probes for aerosol sampling were located before and af-
ter the chamber 5 and with the use of them the aerosol upstream
and downstream of the tested filter were sampled and then fed
to the wide-range particle spectrometer 8 (WPS, model 1000
XP, Configuration B, MSP Corp., USA). Inside the WPS a frac-
tion of the particles with desirable size-range is extracted by
the differential mobility analyzer (DMA) and then these parti-
cles are counted using the condensation particle counter (CPC),
which is also part of the WPS. This instrument allows mea-
suring the particles in the size-range from 10 to 500 nm in up
to 96 channels. From the aerosol stream sucked into the WPS
the particles larger than 500 nm are removed by a built-in in-
ertial impactor. Before the DMA, the distribution of electro-
static charges of the remaining aerosol fraction is brought to
the Boltzmann equilibrium state with the use of a closed Po-
210 radioactive source. The experimental data of the number of
particles’ counts in each channel were saved on the disc of a PC
9. The outlet aerosol, which was not sampled for analysis, was
purified by the filter 7 and then carried to the ventilating hood.

3. Results and discussion

In Section 2.1 it has been shown, using classical theory of
depth filtration, that decrease of the fiber diameter may consid-
erably increase the filter efficiency. In order to examine in prac-
tice how the addition of a thin nanofibrous layer modifies the
performance of a standard microfilter, we coated the backing
layer BL with a single nanofibrous layer of each of NL1-NL5.

The efficiencies of the DEHS particles removal (in the
size-range from 10 to 500 nm) passing through the sets of the
backing layer and one of the nanofibrous layers are shown in
Fig. 8. In all experiments the superficial air velocity was
8.94 cm/s and the same filter was used as the backing layer;
however, with each nanofibrous layer a new piece of the back-
ing filter was taken. The test protocol was as follows. First,
the set of the filters composed of the backing and nanofibrous
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Fig. 8. The efficiencies for one and two backing layers and for the sets of
the backing layer and one nanofibrous layer.

layer was tested, then the nanofibrous layer was removed and
the experiment was carried out for the backing layer. The
measurements of the aerosol concentration and the size distri-
bution were repeated three times upstream of the filter, four
times downstream of the filter and again three times at the
aerosol inlet to assure that the particle concentration was sta-
ble during the entire experiment. The filters’ efficiencies were
determined on the basis of the mean values of the aerosol
concentration of the particles with given diameter, calculated
using data obtained in four samples upstream of the filter and
three samples downstream of the filter (the first sample in
each series was excluded since it could be influenced by the
aerosol remained in the instrument or tubes after the previous
sample). In the case of the backing layer, each point in Fig. 8
represents the mean value of the filter efficiency obtained from
five such tests and the error bars are the standard deviations.
The results shown in Fig. 8 indicate that using additional layer
of the filter composed of nanofibers considerably increases the
filter efficiency, especially in the range of the MPPS, where
the efficiency achieves the lowest values. Only for one nanofi-
brous media (NL1) the efficiency of the set of this layer and
the backing layer was lower than that observed for two layers
of the backing filter for the particle diameters up to 100 nm.
However, the NL1 was much thinner than the backing layer
and, as all other nanofibrous layers, it was very porous.

The pressure drop across the filter is linearly dependent on
its thickness. Fig. 9 depicts the pressure drop per unit filter
thickness versus air face velocity, which was the highest for the
backing filter, whereas the lowest values were observed for the
most porous nanofibrous filters (NL4 and NL5).

On the basis of the experimental data of the filters’ efficien-
cies and the pressure drops across the filters, the quality factor
was calculated using Eq. (1). Fig. 10 shows the comparison of
the QF values of the tested filters. It indicates that using the
filter with the micrometer fibers is the least profitable, since
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Fig. 9. Pressure drop per unit filter thickness obtained for micro- and
nano-fibrous layers versus the air face velocity.
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Fig. 10. The quality factor determined for the backing filter and the sets of
the backing and the nanofibrous filters.

the QF values obtained for the backing filter were generally
the lowest. Only using one nanofibrous layer (NL3), the qual-
ity factor for the particles smaller than about 30 nm had lower
values than that for the BL. However, the pressure drop across
the backing filter was relatively high comparing to others lay-
ers with nanofibers. The QF values indicate that the best so-
lutions were the sets with nanofibrous layers NL4 and NLS5,
which resistances to the air flow were the lowest and their ef-
ficiencies were the highest in entire measured size-range. The
count mean fiber diameters of the filters NL4 and NL5 were
not the smallest among the tested nanofibrous filters; however,
their equivalent fiber diameters, determined on the basis of the
measured pressure drop, were the lowest. (Detailed informa-
tion about the methods of evaluation of various equivalent fiber
diameters may be found below).
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Fig. 11. Comparison of the fractional efficiency of the microfibrous filter
covered with different numbers of the nanolayer NLI1.

Since the filter efficiency depends on the filter thickness, the
increase of the number of nanofibrous layers added to the back-
ing layer should increase the filter efficiency. The experiments
with one, two and three layers of NL1 (which is the thinnest
filter among the tested ones) placed on the backing layer were
carried out. The efficiencies measured for many-layer systems
are presented in Fig. 11. Considerable increase of the efficiency
with addition of the consecutive layers may be observed, par-
ticularly for the range of the most penetrating particles.

Comparison of the pressure drops across such sets of the
filters indicates that the pressure drop for double layer of the
backing filter was even a little higher than that one observed
for the set of three layers—the backing layer covered with
two layers of the NL1. The values of the quality factor versus
particle diameter, calculated for the backing layer and the sets
of the backing layer plus one and plus two nanofibrous layers,
are shown in Fig. 12. These results indicate that addition of a
thicker layer of the filter composed of nanofibers is profitable,
therefore the bilayer filters containing the nanofibrous layers
should have relatively thin backing layer and thicker layer with
nanofibers. However, to avoid a fast clogging of very efficient
nanofibrous layer and a rapid increase of the pressure drop, an
additional layer with micrometer-sized fibers should be placed
in front of the nanofibrous filter in order to capture the larger
particles.

Theoretical calculations allowed anticipating an increase of
the filter efficiency with decrease of the fibers diameter, which
was confirmed experimentally. On the basis of experimental
results, we examined how precisely the performance of the real
filters composed of nanofibers may be predicted using classical
theory of depth filtration.

One of the key assumptions of the classical theory of depth
filtration is that the filter is homogeneous. However, the analysis
of the filters’ structure, presented above indicates that the tested
filters were not composed of the fibers with exactly the same
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Fig. 12. The quality factor versus particle diameter, calculated for the backing
layer and for the sets of the backing layer plus one and two nanofibrous
layers NLI1.
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Fig. 13. Comparison of the experimental data with the results of theoretical
calculations of the efficiency of the backing layer determined for the mean
count fiber diameter, drc, and for the resistance-equivalent fiber diameters
dpp and dpg. (Dashed and dotted lines show the efficiency for dpc plus
and minus standard deviation, respectively).

diameter. The commercial filters also usually contain the fibers
of various sizes.

If the fibrous filter is composed of the fibers with vari-
ous diameters it is uncertain which one should be used in the
model equations. The simplest possibility is the use of the
count mean (arithmetic mean) diameter, dpc, to calculate the
filter efficiency. Fig. 13 shows the comparison of the experi-
mental results and theoretical predictions of the efficiency of
the backing layer determined for the count mean fiber diam-
eter (the solid line). The dashed and the dotted lines are the
efficiencies of the BL calculated for drc & SD. The agreement
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Fig. 14. Comparison of the experimental data of the efficiency for the set of
filters containing BL and NLI1 in series with theoretical results obtained for
mean count, drc, and for the resistance-equivalent diameters dpp and dpg.

between experimental and theoretical data obtained for the
mean count fiber diameter was not very good, although, with
the exception of a few the smallest particle diameters, all exper-
imental points are contained between the lines determined for
drpc £ SD. Another fiber diameter, commonly used in calcula-
tions, is the resistance-equivalent diameter determined on the
basis of the pressure drop values measured experimentally. The
values of the efficiency calculated using the equivalent fiber di-
ameters of the backing filter, obtained utilizing Davies’ corre-
lation, Eq. (8), drp, and determined from the Eq. (7) based on
the Kuwabara flow model, drg, are also shown in Fig. 13. The
best agreement between theoretical and experimental data was
achieved in this case for the equivalent fiber diameter based on
the Kuwabara cell model with slip. Thus, this diameter was used
then for the calculations of the efficiency of the backing layer
combined with nanofibrous layers. To calculate the resultant
efficiency for a bilayer system, the count mean fiber diameters
were used first in the model equations for nanofibrous layers.
However, the values of the efficiency calculated on the basis of
these diameters were much higher than the results of the exper-
iments in entire measured particles size-range in the case of all
tested nanofibrous filters. Further calculations were done using
the resistance-equivalent diameters drpc and drpg. The values
of the fiber diameters determined using different methods de-
scribed above are listed in Table 4. For all nanofibrous filters the
equivalent fiber diameters obtained on the basis of the exper-
imental measurements of the pressure drop were much larger
than the mean diameters evaluated using the SEM micrographs.
The theoretical efficiencies were estimated for all kinds of the
above-mentioned values of the fiber diameters. For two of the
tested filters with nanofibers—NL1 (see Fig. 14) and NL3—a
relatively good agreement between theoretical and experimen-
tal data was observed in some measured particles size ranges,
when the resistance-equivalent fiber diameters calculated from
Egs. (7) and (8) were taken into consideration. However, the
theoretical values of the efficiency of other filters were consider-

ably underestimated for such determined resistance-equivalent
diameters of fibers, suggesting that the effective fiber diameter
to be used in the filter efficiency calculations is smaller. These
results indicate that when the filter contains the polydisperse
nanofibers it is difficult to find one equivalent fiber diameter,
which could be used for theoretical prediction of the filter effi-
ciency. Moreover, the polydispersity of the filter pores, which
was not investigated in this study, has also the influence on the
obtained filter efficiency. The inhomogeneity of the fibrous fil-
ter was discussed by, e.g., Kirsch and Stechkina (1973), Kirsch
et al. (1973, 1974), Shapiro (1996), Dhaniyala and Liu (1999,
2001a, 2001b), and Chernyakov (2004). Nevertheless, the issue
of the modeling of inhomogeneous filters made of polydisperse
nanofibers needs a further effort.

4. Conclusions

An improved melt-blown technique for manufacturing fi-
brous media was developed, which allowed us to produce a wide
variety of fibrous filters with controlled, well-defined struc-
tures, including conventional filters made of micrometer-sized
fibers and also very porous ones composed of fibers as small as
200 nm in diameter. This technology is very competitive com-
pared to the electrospinning method for nanofibers production
since it enables one to achieve higher production rates and
eliminates formation of a huge amount of toxic vapor wastes.
Theoretical analysis indicates that use of nanofibrous media
should be very favorable solution to filter out submicrometer-
sized aerosol particles, especially these ones which penetrate
the most through conventional filters composed of microfibers.
Simultaneously, the theory predicts that the MPPS can be sig-
nificantly reduced with the use of nanofibrous media. Experi-
mental investigations fully confirmed these expectations. The
minimum value of the quality factor determined for a combi-
nation of microfibrous backing layer and the best (from the
QF criterion viewpoint) nanofibrous layer (NL4) was 2.6 times
greater than the minimum value of QF for two layers of mi-
crofibrous support. Among the nanofibrous layers the fractional
efficiency of the NL1 was found to be the lowest in the entire
range of particle diameters. Although this filter had the lowest
count mean fiber diameter, it was simultaneously the thinnest
one and therefore the undesirable phenomenon of “tunneling”
of the aerosol flow through zones of a higher local porosity,
caused by inhomogeneous filter structure, resulted in a greater
penetration of submicrometer-sized particles. For a thicker fil-
ter this effect is expected to be less important since fewer “di-
rect passages” with large pores through the entire filter are an-
ticipated to exist. This presumption seems to be confirmed by
the fact that experimentally determined quality factor for two
NLI1 layers placed on the BL support was remarkably higher
than that one for single NL1 filter covering the BL layer. Note
also that the best nanofibrous filter (NL4) was the thickest one.
Therefore, we may conclude that preferably high homogeneity
of the filter structure is one of the key parameters of nanofi-
brous media and it can be hardly achieved in the case of too
thin layers. Comparing experimental data with the predictions
of the classical single-fiber theory of depth filtration we found
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that this theory worked fairly well for microfibrous support but
it tremendously overestimated filtration efficiency (and pres-
sure drop, too) for nanofibrous media. This again may be at-
tributed to the inhomogeneity of the filter structure and to the
polydispersity of fiber sizes. A better estimate of the filtration
efficiency may be obtained using the resistance-equivalent fiber
diameter determined from the measurements of the pressure
drop. Finally, we can recommend the triple-layer design of fi-
brous filters dedicated to removal of polydisperse aerosol con-
taining among others nanoparticles. The backing support layer
should be rather thin, relatively densely packed and made of
larger fibers with dozens of micrometers in diameter. Its role
is to assure a proper mechanical strength and endurance of the
entire filter. The middle layer, composed of nanofibers, may be
thicker and much more porous and it is intended for precise
collection of the most penetrating, submicrometer-sized parti-
cles. The front layer can be made of fibers with intermediate
sizes (of the order of a few micrometers) and it should be also
rather porous and thicker than the support. This layer serves
not only as the mechanical shield of the delicate nanofibrous
media, but it also plays an important role in collecting larger,
micrometer-sized particles, protecting in such a way the middle
layer against too fast clogging.

Notation

ar filter specific area, m?> m—3

Afp surface area of a filter sample, m?

Cdown aerosol concentration downstream of a filter, # par-
ticles cm ™3

Cup aerosol concentration upstream of a filter, # parti-
cles cm 3

D coefficient of Brownian diffusion for a particle,
m?s™!

dr fiber diameter, m

drc mean count fiber (arithmetic mean) diameter, m

drp resistance-equivalent diameter from Davies’ corre-
lation, Eq. (12), m

drg resistance-equivalent diameter based on the
Kuwabara model with slip, Eq. (8), m

dp aerosol particle diameter, m

E total single-fiber efficiency, dimensionless

Ep single fiber efficiency for diffusional mechanism,
dimensionless

ERr single fiber efficiency for interception mechanism,
dimensionless

IR interception parameter, dimensionless

Kn Knudsen number, dimensionless

Knp Knudsen number for a fiber, dimensionless

Ku Kuwabara number, dimensionless

L filter thickness, m

mg mass of a filter sample, kg

QF quality factor, Pa~!

P particle penetration through a filter, dimensionless

Pe Peclet number, dimensionless

R fiber radius, m

Ry radius of a nozzle hole, m
U face gas velocity, ms™!

Greek letters

o filter packing density, dimensionless

Ap pressure drop, Pa

& filter porosity, dimensionless

n filter efficiency, dimensionless

Ag gas mean free path, m

PF density of fiber’s material, kgm ™3

PsF filter surface density (basis weight), gm—2
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