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Pleated electret HVAC filters are often used in residences and commercial buildings to mitigate the par-
ticles that originate both indoors and outdoors. However, there are two concerns on the performance of
electret media: 1. Low efficiency for particles in diameter of 10–30 nm at initial filtration condition,
which represent the MPPS (most penetrating particle size), and 2. Significant efficiency reduction during
the loading process due to the shielding of fiber charge. In this study, a composite filter media composed
of a main layer of HVAC electret media on the top and a thin layer of nanofiber at the bottom was pre-
pared and tested for its PM2.5 removal. In the initial efficiency tests, monodisperse nanoparticles ranging
8–500 nm were used to challenge the media. It was found that the nanofiber layer can enhance the effi-
ciency for the MPPS (10–30 nm) of electret media significantly. In the loading performance, polydisperse
NaCl particles which mimicked the size distribution of typical atmospheric PM2.5 were used to challenge
the media. It was found the total efficiency reduction was less than 10% for particles with sizes 50–
500 nm. This reduction due to the shielding of fiber charge was much less than the electret layer
(>40%) without adding nanofibers. The observation of a decent performance over the loading process
was expected since the composite media made full use of both the mechanical forces and electrostatic
effects. Surprisingly, the overall loading FOM (figure of merit) of the composite media was close to that
of electret media, indicating that there was only a minor tradeoff of pressure drop increase when adding
the nanofiber layer. In conclusion, this type of combination provided a unique structure to take advantage
of electret media and a nanofiber layer for PM2.5 removal in the application of pleated HVAC filters.

� 2017 Published by Elsevier B.V.
1. Introduction

As a major component of outdoor air pollution, particulate mat-
ter, PM, had been classified as carcinogenic (IARC Group 1) in Octo-
ber of 2013 by the International Agency for Research on Cancer,
IARC. Noticeably, PM2.5 (particles with aerodynamic diameter
�2.5 lm) contributes the essential toxicity of ambient PM as
Hamra et al. [14] reviewed more than 200 papers and concluded
that PM2.5 was believed to be the most relevant to adverse health
effects. Besides, the relationship between PM2.5 and lung cancer
risk was robust. Some big cities in China and India, e.g. Beijing, Har-
bin, Shijiazhuang, Mumbai, New Delhi, etc., are frequently exposed
to severe PM2.5 pollution, which has aroused widespread public
concerns [24]. Therefore, to efficiently remove PM2.5 particles and
reduce human exposure is very urgent and crucial.

Filtration is widely used in buildings to mitigate the concentra-
tion of particles which can unintentionally infiltrate or transport
into indoor environment from outdoor air. In commercial build-
ings, pleated filters are typically installed in the supply airstreams
of heating, ventilating and air conditioning (HVAC) systems that
provide heated or cooled air to indoor spaces. In the US commercial
buildings, this supply airstream is usually a mixture of outdoor air
and recirculated indoor air while in many European commercial
buildings, the supply airstream is often entirely from outdoor air
[11]. Electret filter media have been widely installed in the HVAC
systems, since the fiber charge can significantly enhance the parti-
cle removal efficiency but at a low pressure drop which provides
significant savings in energy consumption [28]. Therefore, it is
not surprising that electret media filtration has recently become
f com-
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a subject of special interest [6]. To evaluate the overall perfor-
mance, a useful criterion is the figure of Merit (FOM, Pa�1) which
is defined as [3]:

FOM ¼ � lnð1� EÞ=Dp; ð1Þ
where E is the filtration efficiency (–); Dp is the pressure drop (Pa).
With high efficiency and low pressure drop, the FOM value of clean
electret media is usually larger than after it has been discharged to
become only mechanical media. It should be noted that FOM is not
the only criterion to evaluate filtration performance. Because hav-
ing a high filtration efficiency may be the priority in certain appli-
cations and a minor increase of pressure drop should be
acceptable. Besides, increasing the filter thickness could easily
achieve the goal, but a thick media may not be applicable in the
form of pleated HVAC media [26].

There are two major concerns about the performance of electret
media. The first one is the low efficiency for particles with 10–
30 nm which represent the MPPS (most penetrating particle size)
for clean electret media [5,9]. It has been found that extremely
small particles, especially those smaller than 10 nm, have an
enhanced deposition in the tracheobronchial region due to rapid
Brownian motion and there is a mode around 3 nm in the tracheo-
bronchial region deposition and a mode around 20 nm in the alve-
olar deposition based on ICRP deposition model [15]. To reduce
human exposure to sub-30 nm particles, the efficiency of HVAC fil-
ter media at particle diameter of 10–30 nm should be enhanced.
The second concern is the significant efficiency reduction during,
especially in the beginning of, the loading process. That is, as more
and more particles deposit on the fiber in the loading process, the
efficiency decreases and reaches to a minimum value [2]. At that
moment, the filter presents the worst condition during the opera-
tion as only pure mechanical filtration is remaining. Then the effi-
ciency is reversely turning up as the cake filtration takes over.

The existing test standards such as ASHRAE 52.2-2012 [1] and
EN 779-2012 [4], only challenge the HVAC filters with coarse par-
ticles (mostly ISO 12103-1 [16] A2 Fine Test Dust with volume
median diameter of about 15 lm) in the loading test. The ASHRAE
standard proposes an informative and optional test condition,
Appendix J, to determine the minimum efficiency of an electret fil-
ter using finer salt particles during the particle loading. Therefore,
it’s meaningful to load the electret media with fine particles and
propose possible solutions for improving the efficiency reduction
in the loading process.

To enhance the performance of electret media, a thin nanofiber
layer was laminated to enhance the minimal efficiency of clean fil-
ter for MPPS particles and alleviate efficiency reduction in the load-
ing. Nanofibers are prepared with 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 with relatively low pressure drop
[23,20,21,17]. The US Pat. No. 7,691,168 B2 [12] disclosed a filter
media which included a charged filtration layer containing inter-
twined nanofibers and a porous support layer and the unique
design of charged nanofiber layer exhibited less efficiency reduc-
tion in loading. Since surface loading of particles is taking place
on the nanofiber layer [13], pressure drop across nanofiber filter
can rise at a much faster rate than microfiber filter [18,19]. A
microfiber filter can be placed upstream forming a dual-layer filter
and help to collect part of the particles, thus suppressing the
increase rate of pressure drop rise due to the downstream nanofi-
ber layer. Another US Pat. No. 2008/0017038 A1 [27] disclosed a
media combined charged melt-blown nonwoven media and a
nanofiber layer that prevented the nanofiber layer from surface
loading. However, it failed to exhibit significant improvement of
efficiency reduction in the loading in its example data. This might
be due to the fact that the challenging particles were coarse dusts
Please cite this article in press as: M. Tang et al., Filtration efficiency and loading
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(0.3–10 lm and above), which cannot represent the filter loading
performance for the finer PM2.5 particle size range. The above
patent only mentioned that the nanofiber layer had an efficiency
greater than 30% against 0.8 lm PSL particle, but the selection of
nanofiber layer was not further explored. The mismatch of electret
media and nanofiber layer may result in a very limited perfor-
mance improvement.

In this study, initial filtration efficiency and FOM of commercial
HVAC electret media and composite media for 8–500 nm particles
were tested under face velocities of 0.05 and 0.25 m s�1. For the fil-
ter loading characteristics, polydisperse particles which mimicked
the size distribution of typical atmospheric PM2.5 were generated
for loading tests [24,9]. The results of efficiency, FOM and pressure
drop of electret media and composite media were compared and
analyzed. The final goal is to propose a filter media design which
can obtain both a high initial efficiency and minimized efficiency
reduction in loading process against PM2.5 and nanoparticles.
2. Experimental

2.1. Filter media specification

The flat sheet electret filter media used in commercial residen-
tial HVAC filter obtained from a manufacturer, as rated with MERV
(minimum efficiency reporting value) 14, was investigated for its
initial and loading performance against polydisperse NaCl particles
which mimicked the size distribution of typical atmospheric PM2.5.
The specifications of these media are shown in Table 1. This type of
filter media is electrostatically-charged melt-spun type and has a
significant microscopic bipolar charge on the fibers. In this study,
the charging density were estimated to be about 100 lC m�2 based
on the measurement by Li et al. [22] and theoretical calculation by
Chen et al. [10]. A melt-blown nanofiber layer was laminated to the
electret filter media. The nanofiber layer was composed of 0.2–
0.3 lm diameter fine fibers which were shown to be free of charge
via the IPA vapor exposure method per ISO/TC 142. In this compos-
ite media, electret media worked as the inlet and nanofiber layer
worked as the outlet.
2.2. Initial penetration measurement

In this study, initial penetration of filter media was tested using
silver particles of 8–20 nm and NaCl particles of 30–500 nm. The
experimental setup for this measurement is shown in Fig. 1. For
particles in the range of 8–20 nm, an electric furnace (Lindberg/
Blue M, Thermo Fisher Scientific Inc, Waltham, MA, USA) was used
to generate silver nanoparticles from a pure silver rod (purity: 5N,
ESPI Metals, Ashland, OR, USA). The nitrogen gas (Ultra high purity
99.999%) was used as the carrier gas with a flow rate of
1.5 L min�1. The size distribution and concentration of the silver
nanoparticles was controlled by varying the furnace temperatures.
Two different temperatures at 1100 and 1150 �C were used in the
experiments and the obtained size distributions are shown in
Fig. S1 of Supplementary Material. Monodisperse silver nanoparti-
cles with mobility diameter of 8, 10, 15, 20 nmwere classified from
these two different distributions by a nano-differential mobility
analyzer (nano-DMA, Model 3085, TSI Inc., Shoreview, MN, USA)
and used to challenge the filter media. To be mentioned the 8–
15 nm particles were from 1100 �C temperature and 20 nm was
from 1150 �C.

For particles in the range of 30–500 nm, a collision-type atomi-
zer (Model 3079, TSI Inc., Shoreview, MN, USA) was used to gener-
ate NaCl particles from NaCl solutions. The NaCl (assay 99.2%) was
well dispersed in the high purity water (HPLC-grade). Compressed
air with pressure of 30 psi was applied to atomize the NaCl
characteristics of PM2.5 through composite filter media consisting of com-
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Table 1
Specifications of electret and nanofiber filter media.

Filter media Thickness (mm) Fiber diameter (lm) Pressure drop at 5 cm s�1 (Pa) Charging intensity (lC m�2)

Electret media 1 ± 0.2 10 ± 3 10 ± 1 100
Nanofiber 0.1 ± 0.02 0.3 ± 0.1 23 ± 1 zero

Fig. 1. Experimental setup of particle generation and filter initial efficiency tests.
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solutions. Then the aerosolized droplets were dried by the diffu-
sion dryer and turned from liquid to solid particles. The size distri-
bution and concentration of the NaCl particles was controlled by
varying the NaCl solution concentration. Similarly, two different
mass concentrations of 0.01% and 1% were used in the experiments
and the obtained size distributions are shown in Fig. SI. Monodis-
perse NaCl nanoparticles with mobility diameter of 30, 50, 80,
100, 150, 200, 300, 400, 500 nm were classified from the two dif-
ferent distributions by a long differential mobility analyzer (long
DMA, Model 3081, TSI Inc., Shoreview, MN, USA) and used to chal-
lenge the filter media. The 30–80 nm particles were from the 0.01%
solution and 100–500 nm particles were from 1% solution.

As shown in Fig. 1, before introducing the monosized particles
into the filter holder to challenge the filter, the particles were neu-
tralized by a neutralizer to bring particles to be Boltzmann equilib-
rium to minimize the effect of electrostatic depositions. The
filtration efficiency for each tested particle size was determined
by the ratio of the downstream particle concentration of the filter
media to that of upstream measured by the ultrafine condensation
particle counter (UCPC, Model 3776, TSI Inc., Shoreview, MN, USA)
with high flow (1.5 L m�1) as:

EðdxÞ ¼ 1� CdownðdxÞ
CupðdxÞ ð2Þ

where E(dx) is filtration efficiency for each tested particle size (–);
Cdown(dx) is the downstream particle concentration (# cm�3); Cup(dx)
is the upstream concentration (# cm�3).
2.3. Loading test

The loading performance of electret filter media was evaluated
by challenging with polydisperse NaCl particles which mimicked
Please cite this article in press as: M. Tang et al., Filtration efficiency and loading
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the size distribution of typical atmospheric PM2.5. The experimen-
tal setup developed for loading test is shown in Fig. 2. The electric
furnace (the same as initial penetration measurement) was used to
generate polydisperse particles from NaCl powder and the filtered
compressed air was used as the carrier gas. The size distribution
was controlled by varying the furnace temperature and flow rate
of carrier gas.

In this study, the furnace temperature was set at 790 �C and the
carrier gas flow rate was 1.5 L min�1. The size distribution of the
mimicked PM2.5, shown in Fig. 3(a), was measured by the Scanning
Mobility Particle Sizer (SMPS, Model 3936, TSI Inc., Shoreview, MN,
USA) for particles with 0.02–0.8 lm and by the Optical Particle
Sizer (OPS, Model 3330, TSI Inc., Shoreview, MN, USA) for particles
larger than 0.8 lm. To be noted, the error bars represent the 95%
confidence interval in Fig. 3(a) as well as for all other figures in this
paper. The distribution had a number median diameter and mass
median diameter of 85 nm and 300 nm, respectively. It is to be
mentioned that the mimicked PM2.5 has a mass concentration cut
at around 2.5 lm, which meets the set of requirement. To observe
the morphology of the particles, the particles were collected on the
1 lm track-etched polycarbonate membrane filter and analyzed by
SEM. As shown in Fig. 3(b) and (c), the particles generated by this
method were well-dispersed and not agglomerated. For achieving
a more realistic loading scenario in the filter application, a suffi-
cient low mass concentration with �7.0 mg m�3 of mimicked
PM2.5 was prepared for the tests.

The face velocity for the loading test was 0.25 m s�1, which
was close to the operation face velocity through media in real
application according to the filter media provider. A Magnehelic
gauge was used to measure the pressure drop of the filter media
at different loading stages. The efficiency against different particle
size was measured by the Scanning Mobility Particle Sizer (SMPS)
during loading. Before and after the loading tests, the mass of the
characteristics of PM2.5 through composite filter media consisting of com-
, http://dx.doi.org/10.1016/j.seppur.2017.03.040
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Fig. 2. Experimental setup of PM2.5 NaCl particle generation and loading tests.

Fig. 3. Size distribution (closed symbols: SMPS; open symbols: OPS) of NaCl particles for loading test and SEM images of NaCl particles collected by 1 lm track-etched
polycarbonate membrane filter.
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filter media was weighed by an electrical balance (Type B 120S,
Sartorius AG, Göttingen, Germany) with readability down to
0.1 mg. Thus the overall particle mass deposited, M, on the filter
media was calculated by subtracting the weight of clean media
Please cite this article in press as: M. Tang et al., Filtration efficiency and loading
mercial HVAC electret media and nanofiber layer, Separ. Purif. Technol. (2017
from that of loaded media. Assuming the starting time of loading
was t0 (t = 0) and the ending time was tn, the time interval for
each SMPS and pressure measurement was ti (i = 0, 1, . . . , n).
The total mass concentration given by SMPS for upstream and
characteristics of PM2.5 through composite filter media consisting of com-
), http://dx.doi.org/10.1016/j.seppur.2017.03.040
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downstream were mup,i and mdown,i at ti. Then the deposited par-
ticle mass mi (g m�2) on filter media at ti (min) can be calculated
by Eq. (3) as:

mi ¼
Pi

j¼0ðmup;j �mdown;jÞ � ðtj � tj�1Þ
Pn

j¼0ðmup;j �mdown;jÞ � ðtj � tj�1Þ
�M ð3Þ

The final mass deposited for the loading test was controlled to
be about 6 g m�2 when the pressure drop reached 2–3 times that
of the initial condition. The total time required to complete a cycle
of loading test was about 2.0 h and 1.5 h for the electret media and
composite media, respectively. There was a total of 5 repeated
experiments conducted using five different media from different
pieces for both electret and nanofiber media to obtain a represen-
tative and reliable data set.
3. Results and discussion

3.1. Filtration performance of clean media

Fig. 4(a) and (b) showed the initial filtration efficiency curves of
the electret media, nanofiber layer and composite media at face
velocities of 0.05 and 0.25 m s�1, respectively. It can be seen the fil-
tration efficiency decreases with increasing face velocity for the
tested particle sizes. For the electret media, the most penetrating
particle size (MPPS) was seen to be �30 nm and there was a deep
U shape efficiency curve, meaning the efficiency increased signifi-
cantly both with increasing and decreasing sizes from the MPPS.
This is typical and was because that the sub-30 nm particles were
difficult to be polarized by charges on fibers while the depositions
of particles larger than �30 nm were enhanced by Columbic effect
[5]. So the remaining primary removal mechanism for sub-30 nm
nanoparticles was only the diffusion effect. As mentioned, the elec-
tret media was rated with MERV 14 which was regarded as med-
ium to high grade HVAC filter media. However, the standard test
method ASRAE 52.2 only considers the efficiency of particles larger
than 300 nm. So the high MERV value does not necessarily reflect
high removal efficiency for nanoparticles, which was clearly
evidenced.

In comparison, the nanofiber layer has a MPPS of about 100–
150 nm and similarly a deep U shape is seen as that of electret
media. The nanofiber layer did not have electrostatic charge so
the mechanical mechanisms employed by the filter media for
100–150 nm particles were weak, which led to the lowest filtration
efficiency. Nevertheless, the nanofiber layer had a significantly
higher efficiency around the MPPS of electret media. Therefore,
by combining these two types of filter media, the MPPS of the com-
posite media moved from �30 nm of electret media to 50 nm and
expectedly the efficiency curve of overall size ranges was improved
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significantly. The new minimal efficiency was only slightly lower
than that of other particle sizes as a less deep U curve is seen. In
conclusion, the electret media enhanced the filtration efficiency
at the MPPS of nanofiber layer and the nanofiber layer increased
the efficiency at the MPPS of electret media. This combination
made full use of both the mechanical and electrostatic forces and
resulted in a much higher and more flat efficiency curve. However,
it is to be mentioned, the comparison between the different media
shown in Fig. 4 was made based on the same face velocity, but the
more realistic comparison for their filtration performance should
be made under the same pressure drop. This kind of comparison
will be discussed in the following section.

Fig. 5(a) and (b) shows the comparison of the FOM (efficiency
based on the same pressure drop) among the electret media, nano-
fiber layer and composite media for 8–500 nm particles at face
velocities of 0.05 and 0.25 m s�1, respectively. The FOM of
0.05 m s�1 was higher than that of 0.25 m s�1. When particles are
larger than 30 nm, clearly the electret media showed higher FOM
than the composite media and then followed by the nanofiber
layer. However, for sub-30 nm nanoparticles, the FOMs were close
to each other between different types of media, especially at
0.05 m s�1 face velocity. This reflects that the addition of a nanofi-
ber layer does help to achieve the improvement of nanoparticle
efficiency but without paying too much of a tradeoff with the
resulting pressure drop increase. A more detailed comparison
revealed that although the combined media showed advantage
against nanofiber layer in terms of FOM, the electret media still
had the highest FOM. But, as mentioned in the introduction sec-
tion, the filtration performance of electret media would deteriorate
quickly in the loading process. Therefore, the initial FOM was not
adequate enough to assess the performance in the whole course
of filtration whereas it is more important to evaluate their perfor-
mance over the loading process which will be shown in the follow-
ing section.

3.2. Filtration efficiency of loaded media

Fig. 6 shows the comparison of efficiency evolution between
electret and composite media during loading with polydisperse
NaCl particles which mimicked the size distribution of typical
atmospheric PM2.5, in which the results for particles of 50, 80,
100, 200, 300 and 500 nm were depicted. These particle sizes were
selected because most of atmospheric PM2.5 particles were in the
range of 50–500 nm based on number distribution of particle size.

It is seen the filtration efficiency of EM decreased dramatically
with an overall reduction of 20–40% efficiency, and quickly right
after 0.5 g m�2 of loading, for all particle sizes. In comparison,
the EM + NL media have only a slight reduction of efficiency by
3–10% after 0.5 g m�2 of loading. The occurrence of early stage
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efficiency reduction was because that when particles began to
deposit on the charged fibers of electret media, the fiber charges
were quickly shielded [25]. For the minimal efficiency along the
loading process, the EM reached the minimum at around 2 g m�2

with a total efficiency reduction of 30–45% from the initial effi-
ciency while that of the EM + NL occurred earlier at about 0.5–
Please cite this article in press as: M. Tang et al., Filtration efficiency and loading
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1 g m�2 and only with 4–10% of reduction. Table S1 of Supplemen-
tary Material summarizes the initial and minimum efficiency val-
ues during loading tests for both electret and composite media.
According to the data obtained, it is to be emphasized that the
MERV 14 electret media had a severe efficiency reduction and
led to a significantly low efficiency with PM2.5 loading. It is
characteristics of PM2.5 through composite filter media consisting of com-
), http://dx.doi.org/10.1016/j.seppur.2017.03.040
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meaningful to add the thin layer of nanofiber to enhance the
removal of small particles.

After reaching the minimal efficiency, the increase of efficiency
was initiated due to the cake formation when only a pure mechan-
0 2 4 6 8 10
0

100

200

300

400

500

600

P
re

ss
ur

e 
D

ro
p,

 P
a

Mass Deposited, g/m2

 EM+NL
 EM

Fig. 7. Comparison of pressure drop between electret media (EM) and composite
media (EM + NL) during loading with PM2.5 polydisperse NaCl particles under face
velocity of 0.25 m s�1.
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ical filtration is taking place. From that point onwards, mechanical
filtration dominates the loading process, and the efficiency started
to continue increasing. But even after about 7 g m�2 of mass depo-
sition, the efficiency of different particle size was still lower than
the initial efficiency. In the composite media, as the efficiency of
electret media layer continues to decrease, its efficiency reduction
may be compensated by the nanofiber layer. Before the buildup of
massive dendrites on electret fibers, the nanofiber layer and the
growing particle chains on nanofibers can keep the overall effi-
ciency from reducing significantly. It is concluded that with a
proper design, the composite media showed a great improvement
in term of minimizing the efficiency reduction during loading, as
well as maintaining a high efficiency for PM2.5.
3.3. Pressure drop and FOM of loaded media

Since the composite media performed at a high efficiency along
the loading process, it is important to evaluate its capacity for
holding the PM2.5. Therefore, the pressure drop growth versus
the deposited mass of PM2.5 between the electret and composite
media were compared in Fig. 7. Despite the fact that overall
efficiency of the composite media was much higher than that of
electret media, surprisingly, its pressure drop increase rate was
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close to that of electret media (similar slope). By gravimetric
analysis, the final mass deposition for the composite media
was 5.94 ± 0.25 g m�2, in which particles deposited in the
electret media and nanofiber layer were 3.26 ± 0.11 and
2.68 ± 0.25 g m�2, respectively. The electret media layer held
�55% of PM2.5 particles and kept the pressure drop of nanofiber
layer from increasing too quickly, because electret media were
composed of more open structure with coarse fibers, which can
provide less susceptible to clogging than the nanofiber layer. If
the composite media continued to be tested after loading
6.08 g m�2 of mimicked PM2.5, it is expected that the electret
media layer would have an increasing efficiency (acting as a loaded
mechanical filter as shown in Fig. 6) and would hold a higher per-
centage of particles, which would help the nanofiber layer to have
less clogging. It is concluded that this type of combination pro-
vided a unique structure to take advantage of electret media and
a nanofiber layer in a long term filtration application for the
removal of PM2.5.

It is very important to further examine and compare the FOM
between electret and composite media during loading with mim-
icked PM2.5 to ensure that the new composite media is able to per-
form nicely in the application of PM2.5 removal in HVAC filters.
Fig. 8 shows the FOM evolution of electret media and composite
media for particles at diameter of (a) 50 nm, (b) 80 nm, (c)
100 nm, (d) 200 nm, (e) 300 nm and (f) 500 nm during loading
with polydisperse PM2.5 particles. To be noted, since the compar-
ison was made for the FOM, one can treat the results are applicable
for the comparison between the composite media and the electret
media with 3–4 layers when they have the same pressure drop.
From the figure, basically, it is seen the FOM decreases with
decreasing particle size for the both media because their MPPSs
were smaller than 50 nm.

For the electret media, the FOM decreased dramatically and
quickly in the beginning of the loading stage as the enhancement
of electrostatic deposition from fiber charges deteriorated. This is
similar with that observed for the efficiency reduction shown in
Fig. 6. After about 1.0 g m�2 of mass deposition, the FOM became
very stable. The reduced and more stable FOM was more represen-
tative than the initial high FOM when the long term real filtration
performance was considered. In comparison, the FOM of composite
media decreased only slightly at first and then became stable.
Excluding the initial loading stage, the FOM of composite media
were pretty close to, or in a few instances slightly higher than
the electret media, meaning that the resulting pressure drop
increase of the composite media could be neglected. In real filtra-
tion applications such as HVAC filters and air cleaners, filter media
are often pleated to increase the total surface area and reduce the
face velocity compared to that of a flat sheet of media. With much
lower face velocity, assuming many pleats are made, the pleated
Please cite this article in press as: M. Tang et al., Filtration efficiency and loading
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filter would also have enhanced filtration efficiency and reduced
pressure drop. To further explain the performance advantages of
composite media compared to triple-layer electret media, the pres-
sure drops of clean HVAC filters made by triple-layer electret
media and composite media were calculated based on models of
Chen et al. [7] and Chen et al. [8]. In the calculation, the size of
HVAC filter was 610 � 610 mm and airflow rate was 0.93 m3/s
according to examples in ASHRAE 52.2-2012 [1]. The selected pleat
heights were 0.875 inches and 1.875 inches based on commercial
HVAC filters. Both the rectangular pleat [7] and triangular pleat
[8] were considered in the modelling. The results were shown in
Fig. 9 and the detailed values were shown in Table S2 of SI. As
can be seen, the composite media can achieve a 30–40% lower
pressure drop at optimal pleat count condition than that of
triple-layer electret media under both rectangular (a) and triangu-
lar (b) pleat designs. It becomes clear that, in term of pleat config-
uration, the large thickness of 2.4 mm by using three layers of
electret media can lead to higher filter pressure drop as revealed
in Fig. 9 and Table S2. Therefore, the more reasonable way of load-
ing characteristics evaluation is to compare performance the one-
layer electret media and composite media whose thickness is
similar.

To be concluded, although the composite media performed just
similarly well as the electret media according to the FOM, the real
filter application should be taken into account, i.e. the application
for pleated filter. Besides, it is expected that the performance of the
currently proposed composite media can be further improved after
an optimization design for the nanofiber layer has been further
made.
4. Conclusions

This study proposed a composite filter media composed of com-
mercial HVAC electret media and a nanofiber layer in order to
enhance the efficiency of the clean filter for small particles with
diameters of 10–30 nm and to alleviate the efficiency reduction
in the loading process. The initial filtration efficiency and FOM of
electret media and composite filter media for particles of 8–
500 nm were tested under the face velocities of 0.05 and
0.25 m s�1. The MPPS of electret media was found to be around
30 nm, while the MPPS of the nanofiber layer was 100–150 nm.
By combining these two types of filter media, the electret media
can enhance the efficiency at the MPPS of nanofiber layer, and
the nanofiber layer can increase the efficiency at the MPPS of elec-
tret media. This combination made a full use of both the mechan-
ical and electrostatic forces and resulted in a much more flat and
high efficiency curve. The electret media showed higher FOM than
composite media only for particles larger than 30 nm.
characteristics of PM2.5 through composite filter media consisting of com-
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The loading performance of the two filter media was evaluated
by polydisperse NaCl particles which mimicked the size distribu-
tion of typical atmospheric PM2.5. The electret media showed an
efficiency reduction of 30–45% compared with initial efficiency.
In comparison, the efficiency of the composite media declined
much less than that of the electret media. The efficiency reduction
of electret media layer can by compensated by the nanofiber layer
with proper design. The comparison of efficiency and FOM evolu-
tion between the two media showed that except the higher initial
FOM, the electret media and the composite media performed
nearly equivalently, however because the composite media is
inherently thinner, it may have potential benefits when applied
towards pleated HVAC filters requiring high pleat counts. The com-
posite media is not only compatible with electret media in terms of
pressure drop but also performing better PM2.5 removal over the
loading process during the loading process. This type of composite
media provided a unique structure that takes advantage of electret
media and a nanofiber layer.
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