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Abstract—Two samples of multi-layered depth filter media and single layers were prepared for this study. Filtration
performance of these samples was evaluated using lab scale test unit with KCl as test aerosol. Filter media samples were
composed of three layers, two of them of meltblown fiber layers and one of thermal-bonded microfiber layer. A com-
mercial filter media was used as reference sample to compare the filtration performance. Quality factors were calcu-
lated in addition to evaluate the overall filtration performance of the new composite filter media. The results indicate a
satisfactory filtration efficiency of the media M2U, over 90% for the studied particle size range. Compared to reference
media, new media M2U shows better performance, especially for the particle size greater than 50 nm. Charged (M2U)
and uncharged (M2U-2) composite media were tested and results compared with theory calculations. Due to upstream
layer of high packing density, the loading tests reveal a tendency of clogging for media M2U. Both media, M1U and
M2U, exhibit better filtration performance compared to the reference media RefM and could be applied for collection
of nanoparticles in HVAC system by replacing the high grade efficiency filters.
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INTRODUCTION

With accelerated development of nanotechnology, the collection,
control and removal of nanoparticles has become an increasingly
critical issue. Issues and implications due to nanoparticle produc-
tion are discussed in detail in [1]. Risk of exposure to engineered
and airborne nanoparticles is discussed in [2,3]. Especially in nano-
particle laboratories, where the concentration of nanoparticles is
high, efforts are made to bring the contamination under control
and make the lab safe for the staff. Air ventilation in these rooms
is therefore of crucial importance. Heating, ventilation, air-condi-
tioning and cooling systems (HVAC) are generally equipped with
one or more filter stages. Fine filter grades are required for separa-
tion of fine particles from air stream. Generally; these high efficiency
filters are made of synthetic fibers and can reach high efficiency
particulate arrestance (HEPA) grades. Filter media for these appli-
cations are made of thin layer with high fiber packing density backed
by a supporting layer. High packing density and small fiber diam-
eter mean that the interstitial space between packed fibers is small
and the air permeability is consequently low. This is the main rea-
son for filter media high pressure drop. High collection efficiency
is usually coupled with high pressure drop. A composite nonwo-
ven media, made of a number of layers, would be a solution to the
problem [4]. By combining various layers in a single media, opti-
mal parameters can be achieved. With proper combination of high
fiber density layers and large fiber layers, it is possible to achieve two
different filtration mechanisms, surface and depth filtration, depend-
ing on the arrangement of the high efficiency layer. If a thick sup-
porting layer is placed upstream of a thin fine fiber layer, the particles
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will be deposited inside the supporting layer. This type is called
depth filtration. If the fine fiber layer is placed upstream and the
supporting layer is attached downstream, then the particles will be
collected on the surface of the fine fiber layer. This type is called
surface filtration [6,7]. That means, if effective particle collection is
required, independent of the filtration mechanism, surface or depth
filtration, the application of fine fiber layer is inevitable. Another
method to avoid using a fine fiber layer is to enhance the perfor-
mance of a less efficient media by applying electrostatic charge [5].
According to Frederick [5], the charging of the media by high volt-
age can improve the filtration performance, reduce the pressure
drop and affect the particle collection on the surface and inside the
filter media layer. Charge decay due to dust loading, improper stor-
age and handling are just few of the issues concerning this method.
To prevent the electrostatic charge form decay, and eventually its
complete loss, in some applications an external electrical field is
applied. Such systems apply charge electrodes upstream and down-
stream of the filter element. In case of high particle loading, the
charge will be decreased as the particles cover the fiber surface by
neutralizing the fiber charge and eventually make the charge inef-
fective.

A new method is suggested in this study by combining three
different layers into two new filter media samples. Two fine fiber
layers, MB_2 and MB_5, were manufactured using the meltblown
process by applying corona charging. Supporting layer, TB, is manu-
factured using thermalbonding. By applying heat the large diame-
ter fibers melt slightly on the surface, thus creating a fixed fiber
web. These three layers are combined in two different arrangements
by laminating the layers into a composite filter media. Two media
were tested to evaluate their filtration performance. Single layers
were tested to determine their role in the composite media. A lab-
scale test unit was utilized with KCl, as test aerosol, and scanning
mobility particle sizer (SMPS), as measuring apparatus, to evalu-
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ate the fractional collection efficiency and particle loading effect on
the filtration performance. In addition, quality factor was calcu-
lated from filtration efficiency and pressure drop data as function
of face velocity and compared with reference media. A proper com-
bination of different layers would allow a filtration process where
fine particles are captured with high efficiency at low pressure drop.

EXPERIMENTAL SECTION

1. Experimental Set-up and Test Procedure

Dry high pressurized air (1) was applied for generation of solid
KCI particles inside the atomizer (2). A diffusion dryer (3) was
applied. Particle charge was removed while passing the air through
neutralizer (4). Circular flat filter samples (5) of the effective diam-
eter 42mm were cut and placed between two clamps with rubber
gaskets which hold the filter sample air-tight. Pressure drop trans-
mitter (6) was connected to up- and downstream ports for contin-
uous record of the pressure drop values. Particle concentration
measuring ports were also placed upstream and downstream of
the filter sample and connected to a spectrometer (7) from where
the data were further processed using a personal computer (8) as
displayed in the Fig. 1. These two ports were connected alternately
to measure the up- and downstream particle concentration. The
time difference between two measurement runs was 6 minutes. Time
duration for one complete run with measurement of inlet and out-
let particle concentration was 12 minutes. The entire range of par-
ticles (measured by the unit SMPS, TSI, model 3936) was between
10 and 700 nm. Air flow was regulated through the control unit
which included vacuum pump (11), Mass Flow Controller (MFC)
(9) and the control unit (10). Absolute filter (12) was installed to
prevent particles from contaminating the lab space.

2. Filtration Performance Evaluation Method

Initial filtration performance of the filter media and that of sin-
gle layers was evaluated using standard test units. Air permeability
was measured at the pressure of 125 Pa using the air permeability
tester TEXTEST (model FX3300). Initial pressure drop, and initial
particle collection efficiency were measured using the automated
filter tester TSI (model 8130) with NaCl as testing particles. The
specifications are summarized in the Table 1.

Lab scale filter test unit was prepared for the purpose of evalu-
ating the filtration performance as function of the test parameters.
Flow rate was varied between 2.9 and 11.6 L/min. During the pres-
sure drop tests, clean filter media and single layer samples were
examined without injection of test particles, and the pressure drop
values were recorded continuously.

Particle collection efficiency was evaluated by injecting the KCI

Table 1. Properties of the composite filter media layers
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Fig. 1. Experimental set-up with essential functional units.

particles at constant rate and measuring their concentration upstream
(C) and downstream (C,) the filter samples. After the tests, the
recorded data were processed to find out the particle collection
efficiency using the following equation

C,-C,

E= e 100 1)
Particle loading test was conducted by fixing the flow rate and the
particle injection rate. The samples of media M1U, M2U and ref-
erence media RefM were tested with this method. The particles
were injected into the system for 60 minutes and the particle con-
centration was measured continuously, by switching alternatively
upstream and downstream of the filter media. Pressure drop data
were recorded simultaneously with the particle measurements.

In addition to experimental study, theoretical calculations were
performed using the well-established calculation method. These
calculations are usually performed to predict the initial filtration
performance. These calculations represent a set of empirical equa-
tions developed by various research studies. Filtration efficiency
(7) is calculated by using the expression:

—4aFEt ) 2)

U:l—exp(m

where E is the single fiber collection efficiency, t is the thickness of
filter media; d; is the fiber diameter and ¢ is the solidity of filter.
Single fiber efficiency is a sum of efficiency due to Brownian diffu-
sion (Ep), interception (Eg), impaction (E;) and the gravity (E).
Empirical equations and the mechanisms are described in detail in

Properties and single layers MB-5 MB-2 TB
Specific weight [g/m’] 14 10 70
Thickness [mm)] 0.17 0.07 0.3
Air permeability (At 125 Pa and sample size 20 cm’) [m’/m?/min] 106.7 47.8 2134
Initial pressure drop (3.2 m/min and sample size 100 cm”) [Pa] 0.4 1.0 -
Initial efficiency (Challenged with NaCl particles) [%] 60 97 -
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[5-8]. For the particle range of the interest in this study; only diffu-
sion and interception are considered. Single fiber efficiency due to
Brownian diffusion is a function of Peclet number defined as

dU
s
Pe=— ®3)
where d; is the fiber diameter, U is the aerosol approaching veloc-
ity and D is the diffusion coefficient. Diftusion coefficient is inversely
proportional to particle diameter (d,) and is expressed as

K, TC,

~ 3mud, @)

where K, is the Boltzmann constant, T is the temperature, z is the
air viscosity and C is the Cunningham slip correction factor. The
single fiber efficiency due to Brownian diffusion [9] is expressed as
in the equation below

E,=0.86Pe " ©)

Single fiber efficiency due to interception is suggested by authors
Lee and Liu [10] and is expressed as

_ I—_a)i
ER_( Ku/1+R ©)
where R is the interception parameter and Ku is the Kuwabara
hydrodynamic factor. Interception parameter R is expressed as

d
R=-L @)
d;
Kuwabara hydrodynamic factor is expressed as function of solid-
ity factor &

Ku=d-0.5ln@—0.75-0.25 + « (8)

Pressure drop is defined as the resistance of the filter media to air
flow. According to Lee and Mukund [11], theoretical pressure drop
(APy,) is expressed as

16uaUt
AP, = _Lz ©
Kudf
For filter media composed of layers with different fiber diameter, it
is necessary to define the effective fiber diameter, Dy. The expres-
sion for calculation of the effective fiber diameter is

Dfd: 8[Ma3/z(x%j;)}1/z 10)

where AP, is the experimentally measured filter pressure drop.

Filter media M2U was made of two meltblown layers. These
layers, as explained in the introduction section, were electrostati-
cally charged. The corona charge of media was removed to evalu-
ate the pure mechanical performance of the samples and to compare
with theoretical calculated results. Then these samples free of elec-
trostatic charge were tested and the data were compared with the-
oretical calculations. Samples of M2U media were dipped in iso-
propanol for 10 minutes to remove the charge. Hereafter, these sam-
ples are referred to as M2U-2. After drying for 24 hours, M2U-2
samples were examined under the same experimental conditions
as charged media M2U. This method was used to simulate the case
where the charge decay occurs and the filter performance would
be the same as the one of the media M2U-2.

Quality factor is defined as a relation between filter particle col-
lection efficiency and the pressure drop [8,] as described in the
equation below:

—In(1-E)

QF= TAP, (11)
where E is the particle collection efficiency and is calculated using
the Eq. (1). AP,,, represents the measured pressure drop value.
Usually, the quality factor is taken as a measure of how good a fil-
ter media is compared to other products. Good quality factor means
the media will exhibit high collection efficiency and low pressure
drop.

3. Test Material

Three filter layers, meltblown layer with an mean fiber diame-
ter of 2 um (MB-2), meltblown layer with an mean fiber diameter
of 5um (MB-5), and thermalbond layer with mean fiber size of
35 um (TB) were used for design of composite filter media M1U
and M2U. Due to its mechanical strength, TB can be considered
only as a substrate. Commercial filter media RefM was used for
comparison of filtration performance. Scanning electron micro-
scope (SEM) images of M1U and M2U are displayed in the Fig. 2,
showing the layer arrangement and their fibrous structure.

KCI particles were generated using the atomizer, TSI model
9302. A 1%wt KCI solution was used to generate particles with a

S-4800 5.0kV 8.5mm x100 SE(M) 500um

Fig. 2. Cross section SEM image (x100) of filter media (a) M1U and (b) M2U.
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Test aerosol: KCI (1%wt)
Particle density: 1.98g/cm3
1 Mean particle size: 72nm
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Fig. 3. KCl particle size distribution (normalized).

mean particle size of 72 nm. Size distribution is displayed in the
Fig. 3. Particles were passed through diffusion dryer and neutral-
izer to remove the particle charge and water content.

RESULTS AND DISCUSSION

1. Pressure Drop Characteristics of Clean Filter Media
Pressure drop characteristics of media vary according to the fil-
ter media structure and the arrangement of the layers. Media M1U
consists of the upstream fine fiber meltblown layer MB-5 supported
by thermalbond layer and MB-2 layer as the final layer (Fig. 2(a)).
Fine meltblown fibers have a dense packing structure, which is
considered as a major contributor to pressure drop. Thermalbond
layer is made of large diameter fibers bonded to each other ther-
mally, which and suits well as a good substrate. Thermally bonded
fibers make a fixed web with certain stiffness. Media M2U (Fig.
2(b)) is composed of three meltblown layers, MB-5 in the middle
and MB-2 up- and downstream. Thermal-bond layer is placed as
substrate layer. From Table 1 we can read the air permeability which
is directly related to pressure drop of the media. It is generally
known that the layer with high air permeability will exhibit low
pressure drop. Based on the air permeability of the layer TB, it is
expected that this layer will have a less significant contribution to

=
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-0-RefM d
<-MB-2 7

Pressure drop [Pa]
N w B (3} [} ~ [o+] ©

N

(=}

Face velocity [m/min]

Fig. 4. Pressure drop characteristics of clean filter media M1U and
M2U.
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Fig. 5. Fractional collection efficiency vs. particle size for media and
layers.

particle retention. The layer MB-5 exhibits also a low pressure drop
due to thin layer of fiber packing.
2. Particle Collection Characteristics

Both filter media, M1U and M2U, exhibit higher collection effi-
ciency compared to the reference media even though the media
RefM exhibits higher pressure drop than the other two filter media.
One reason for this phenomenon is that RefM is three times thicker
than media M1U and M2U. As expected, the layers MB-5 and TB
exhibit low collection efficiency. The layer MB-2 is the main con-
tributor to the high particle collection efficiency of the new com-
posite media M1U and M2U. Adding the layers MB-5 and TB
does not contribute significantly to increase in particle collection
efficiency, as shown in Fig. 5.
3. Filtration Performance According to Particle Loading

The change in layer arrangement shows the effect on the pres-
sure drop. When a high efficiency layer is placed upstream, most
of the particles are collected on its surface. This leads to fast increase
of the pressure drop starting from a point known as the clogging
point. It describes the stage when the void space between fibers is
filled with particles and the further collection of particles occurs
predominately on its surface. That is why the pressure drop of media
M2U increases faster than that of other two test media (Fig. 6).

90
80
70
g 6o
Q
S 50
©
@
5 40
g
& 30
Sample size: 42mm
20 Test aerosol: KCI (1%wt) oMU
Particle density: 1.98g/cm?® ~M2U
10 Mean particle size: 72nm
Filtration velocity: 4.2m/min O-RefM
0
0 20 40 60 80

KClI particle loading time [min]

Fig. 6. Pressure drop characteristics of filter media M1U, M2U and
RefM as function of loading time.
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Fig. 7. Overall collection efficiency of filter media M1U, M2U and
RefM as function of loading time.

Generally, the filter media of moderate efficiency exhibit gradual
increase of efficiency with continuous particle loading, as can be
seen in case of the reference media RefM in the Fig. 7. For media
M1U and M2U, the particle collection efficiency increases slowly
with loading of particles. As can be seen from SEM images, taken
after the loading test (Fig. 8), the dendrite structure advances to
the stage where they collide and block the inter-fiber space inside
the layer. As the dust cake is formed on the surface of the media,
collection of particles is regarded as particle cake filtration. This is
the reason why the pressure drop increase has a sharper slope from
the point where depth filtration turns to surface filtration mechanism.
4. Comparison of Experimental Data with Filtration Theory
Calculations

Single fiber collection efficiency calculations have been largely
used for prediction of the filter media. Theory calculations were
done using the equations described for single fiber efficiency due
to Brownian diffusion [11] and due to interception [12]. These two
mechanisms are the most influential for the particle range observed
in this study. Effective fiber diameter [13] was calculated for given
experimental pressure drop value AP,,, and the filter media prop-
erties such as thickness, specific weight and fiber density. In this
study, for effective fiber diameter Dy of 10 um, theory calcula-
tions of single fiber collection efficiency due to Brownian diftu-
sion and interception agree well with the experimental results and
deviate slightly for the particles larger than 0.2 um (Fig. 9). The dif-
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0 .
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Fig. 9. Theory calculation and experimental results for media M2U

and M2U-2.
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Fig. 10. Quality factor vs. particle size at face velocity 2.1 m/min.

ference in particle collection efficiency is due to the electrostatic
charge. Especially for the particle size of round 0.3 mm, known as
most penetrating particle size (MPPS), the difference is significant.
5. Quality Factor

Quality factor is often introduced for comparison of the various
media with other reference samples. It also brings the two most
important filtration parameters into one expression. By designing
the composite filter media, the aim is to reduce the pressure drop
and increase the efficiency, which would lead to higher quality fac-

$-4700 5.0kV 11.8mm x5.00k SE(U) 10.0um

Fig. 8. Particle collection on the fibers of the upstream layer of (a) media M1U, (b) media M2U and (c) RefM.
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Fig. 11. Quality factor vs. particle size at face velocity 4.2 m/min.
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Fig. 12. Quality factor vs. particle size at face velocity 8.4 m/min.

tor values.

As the face velocity is increased, the quality factor of media
M1U almost equals the media M2U. Reference media shows an
almost steady quality factor for the measured range of particles and
even started decreasing at the face velocity of 8.4 m/min (Fig. 10-
12). The gap between the new composite media, M1U and M2,
and the reference media increased as the filtration velocity increased
due to the pressure drop characteristics displayed in the Fig. 4.

CONCLUSIONS

Two new composite filter media were designed for application
in an HVAC system aiming at the efficient collection of nanoparti-
cles. These media were made of meltblown and thermalbond lay-
ers. These tests show how significant the layer composition and
the placement of the fine fiber layer inside the media can be for the
media filtration performance.

Media M1U and M2U exhibited lower pressure drop than the
media RefM and higher particle collection efficiency. This would
not be possible without the electrostatic charge applied to MB lay-
ers. The single layers were treated by a corona charging of 40 kV
high voltage. The charge causes the particles to form dendrite struc-
tures along the surface of the fibers and prevents the particles from
directly blocking the inter-fiber void space. But the charge effect

decreases the further the particles are from the fiber.

Dust loading tests reveal two significant phenomena: first, at the
initial stage the high efficiency filter media M2U performs better
than the other two media. With further loading of particles, the dust
cake is formed, and the pressure drop curve indicates the clog-
ging of the media M2U expressed in a sharp rise of pressure drop.
This would be a problem for high particle concentration environ-
ment. Due to thickness of the media, RefM pressure drop increased
slowly. This is related to less effective particle collection as well as
high particle holding capacity.

Tests with media M2U and M2U-2 demonstrated how poor
would be the collection efficiency without electrostatic charge. We
can conclude that the theory calculations agree well with the media
without charge but underestimate the efficiency of the charged
media, as these calculations do not consider the electrostatic effect.
Even without the charge, the media exhibit high particle collec-
tion efficiency. This would be advantageous compared to the exist-
ing HVAC filter media. High efficiency grade media generally are
composed of electrospinning nanofibers characterized by high col-
lection efficiency and high pressure drop. A solution then would
be media like M2U, composed of meltblown fibers. These fibers
are larger than those made by the electrospinning method and
compensate the efficiency through the electrostatic charge.

We plan to apply these media for collection of nanoparticles in
an HVAC system by combining the fine fiber filtration unit with
ionization unit placed upstream of the filter. As future work we
plan to challenge these composite media with unipolar and bipo-
lar charged particles and observe their filtration performance.
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NOMENCLATURE

C, :upstream particle concentration [mg/m’]
C, :downstream particle concentration [mg/m’]
Cc  :cunningham slip correction factor

D  :diffusion coefficient

Dy :effective fiber diameter [m]

APy, :theoretical pressure drop [Pa]

: measured pressure drop [Pa]

d,  :fiber diameter [m]

d,  :particle diameter

E  :particle collection efficiency [%)]

E, :efficiency due to Brownian diffusion

Ep :efficiency due to interception

E, :efficiency due to impaction

E; :efficiency due to gravity

g :gravity acceleration [m/s’]

K, :boltzmann constant [J/K]

Ku :Kuwabara hydrodynamic factor

Pe  :Peclet number
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\O
(o7
o

i

:filter quality factor
:interception parameter
:filter media thickness [m]
: temperature [K]
:approaching velocity [m/s]
: solidity factor

: filtration efficiency [%]

air viscosity [Pa s]

: pi number
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