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ABSTRACT: A high-efficiency, long-life cabin filter unit is required for the effective

PTFE Membrane

purification of the air inside a vehicle. However, conventional cabin air filters that utilize

electrostatic effects are less efficient and less effective owing to environmental factors.
Polytetrafluoroethylene (PTFE) membranes exhibit a high porosity and surface-to-surface

Pre-filtration layer

dust-removal performance, and maintain a stable pressure drop, indicating their good ——
potential as filter materials. Therefore, in this study, the use of PTFE membranes for the Polfl -f\,,:- Clean
fabrication of automobile filters and the filtration performance of the filters were examined. 4 3 1

To this end, first, the properties of PTFE membranes mainly used in HEPA air conditioning
filters and those of membranes used as vehicle cabin filters were compared. Next, the

thickness, weight, stiffness, pore size, and filtration performance characteristics of filter

media fabricated by blending melt-blown (MB) nonwoven, PTFE membranes, and supporting nonwoven into a total filtration layer
were compared and analyzed. Lastly, the environmental change durability performance of the automobile cabin filter based on PTFE
membrane and the results of the test after the installation of the filter in a vehicle were demonstrated.

1. INTRODUCTION

Air pollution is an ecological challenge that severely affects
human health and life, and one of the most significant
contributors to air pollution is particulate matter (PM). PM is
a mixture of small particles and water droplets suspended in
air, and it consists of various chemical components, inorganic
substances (e.g, silicates, sulfates, and nitrates), and organic
substances (e.g., organic compounds and carbon elements).
PMs are classified based on their aerodynamic diameter and
are generally divided into PM10 (diameter < 10 um), fine
PM2.5 (diameter < 2.5 pm), and ultrafine PMO0.3 (diameter <
0.3 pm). Typically, PM is produced from industrial and
automotive exhaust gases and secondary nitrogen oxides in the
atmosphere.l_6 Given the currently high levels of environ-
mental PM pollution and severe global energy crisis,
continuous and increasing research efforts have been devoted
to the development of filter materials with a high filtration
efficiency that can eliminate particles, while providing ultralow
resistance to air to conserve energy.

The adverse health effects of fine dust have attracted
attention, thus raising concerns regarding the risk of indoor
exposure to high PM concentrations. The primary factor in the
exposure to high-concentration PM in the indoor environment
of an automobile is the continuous exposure to high-
concentration PM emitted from the combustion system.
Given the high concentrations of road dust, exposure to PM
inside automobile cabins is often very high compared to other
outdoor or indoor environments.*” Accordingly, indoor air
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quality has attracted increasing interest, thus triggering further
research on air filters.'’

Filtration of extremely small contaminants is an important
indicator for evaluating the filtration performance of a filter.
Small particle contaminants (smaller than 10 gm) and ultrafine
particulate contaminants (smaller than 0.3 um), which
endanger the environment and human health, are technically
more difficult to filter from air. With the continuous progress
of membrane materials science and technology, the emergence
of new materials with excellent physico-chemical properties has
ushered in new advances in filtration technology.”

Some prominent materials, such as polypropylene (PP),
polyethylene (PE), spunbond, and polytetrafluoroethylene
(PTFE), are considered as promising materials for producing
traditional electrostatic electret filters. Among these materials,
PP, which exhibits a high wear resistance, chemical resistance,
excellent tensile properties, mildew resistance, almost no
hygroscopicity, and a negligible moisture recovery rate, is the
most commonly used. However, as the cabin air filter is only
used for a specific period, environmental factors change, the
static electricity effect gradually weakens because of the
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Figure 2. Schematic of the setup of the particulate matter (PM) filtration performance test.

decrease in fountain efficiency, and the filtering effect
decreases.””"> This is because of the gradual clogging of the
filters by PM coating during operation, which considerably
increases the air resistance during applications.'” Thus, the
durability and lifetime of filters should be evaluated.

Numerous studies have attempted to improve air filtration
technology to overcome the trade-off between the filtration
efficiency and pressure drop. Particularly, researchers have
adopted diverse approaches, such as developing filter media
using nanofibers and analyzing charge methods, to improve the
filtration performance of electrostatic filters."*™'° In addition,
filter technologies, such as filter structure optimization and
electrostatic interaction enhancement techniques, fiber mor-
phology modification, component hybridization, and inter-
action-based approaches based on multilayer stacking and
charge imposition, have been introduced to improve the
performance of air filters.'”'”"®

Tian et al. designed an electrostatically assisted air filtration
device for indoor and vehicle environment air purification and
coated a thin layer of polydopamine (PDA) on a PE
terephthalate (PET) coarse filter to substantially increase the
efficiency air resistance filter life envelope.' In addition, Tian
et al. developed a multifunctional filter that utilizes polyur-
ethane (PU) foam, which exhibits a very low pressure drop, as
a basic filter to further reduce the pressure drop and maintain a
high air pollutant removal efficiency.”’ Deng et al. proposed an
efficient and breathable air filtration method with a focus on
sustainability for the nanofiber membrane material produced
by green electrospinning, and reported on bio-based electro-
spun nanofibers used as a novel eco-friendly air filtration
membrane.>”'

In this study, a PTFE membrane, which has not been
previously used effectively in a cabin filter unit, was applied to
address the deterioration of the filter performance of
electrostatic filters. Porous PTFE membranes in organic
membranes are protected by strong C—C and C—F bonds
and a carbon backbone, and they exhibit chemical stability,
high thermal resistance, strong hydrophobicity, and high
fracture toughness. A uniform spiral cover is formed by
electron clouds of fluorine atoms. PTFE membranes can be
customized to meet the requirements of various membrane
applications, and their high porosity and specific surface area

are beneficial for gas—solid separation.”””*° A PTFE
membrane composite fiber filter material is used for surface
filtration because of its micropores, superior dust-removal
performance, and improved collection efficiency. Furthermore,
the proposed PTFE membrane filter material can maintain a
stable pressure drop compared to standard filter materials.””~>°

In this work, a PTFE membrane was applied to a cabin filter
unit, and the optimal manufacturing conditions were
determined, and the filter performance was analyzed.
Furthermore, commercially-used electrostatic cabin filter unit
and the proposed cabin filter unit with PTFE membrane were
treated in 100 °C, water, and isopropyl alcohol (IPA)
environments to evaluate changes in their filtration efliciency
and pressure drop, and compare their durability. The results of
this study provide insights into the development of high-
efficiency ePTFE-based cabin filter units with improved
durability.

2. EXPERIMENTAL SECTION

2.1. Materials. Melt-blown (MB) nonwoven media
samples were produced from commercial grade PP. PP resin
(melt index: 1200 g/10 min) was purchased from LG Chem
Co., Ltd. (Seoul, Korea). A melt-blowing pilot line obtained
from Clean and Science Co. (Seoul, Korea) was used. The
PTFE membrane used in this study was produced by Micro-
One Co. (Cheonan, Korea). Low-melting PET and a
nonwoven PE/PET blend were used as the PTFE support.
Figure 1 shows the preparation process of PTFE cabin filter.

2.2. Characterization. The physical properties of the
PTFE membrane and filter media composite, such as thickness,
pore size, and air permeability, were evaluated. The thickness
was determined using a thickness tester (no. 20465, Mitutoyo
Co., Japan) according to the ASTM D 5729-9 standard. The
pore size distributions of the specimens were measured using a
capillary-flow porometer (CFP-1500-AEX, PMI Inc., Ithaca,
NY, USA) according to the ASTM F316-03 standard. Air
permeability was measured using an air permeability tester
(FX3300, TexTest Instruments, Switzerland). Surface images
of the PTFE membrane after sputter coating with osmium
(Os) were obtained using field emission scanning electron
microscopy (FE-SEM; SU8010, Hitachi Co., Tokyo, Japan)
operated at an acceleration voltage of 10 kV.
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Figure 3. Physical and filter properties of PTFE membrane used in HEPA and cabin filters: (a) thickness, (b) mean pore diameter and air

permeability, and (c) efficiency and resistance.

2.3. Filtration Performance Test. The filtration efficiency
and resistance of the PTFE membrane were measured using an
automated particulate filtration tester (TSI Inc., Shoreview,
MN, USA). Sodium chloride (NaCl) was selected as the
experimental particle and represented aerosol dust. The tests
were based on the EN 1822 standards.

Figure 2 shows the setup of the filtration test used to
measure the PM filtration efficiency of the test cabin filter unit
according to the DIN71460 part 1 standard using a cabin air
filter test system (PAF 111; Topas GmbH, Dresden,
Germany). ISO 12103-1 A2 dust particles were generated at
a concentration of 20 mg/m?,; using a solid aerosol generator
(SAG410; Topas GmbH) and carried using filtered dry air at a
flow rate of 150 m>/h. The dust filtration efficiencies () of the
test cabin filter units were calculated using the following
equation:

n=1-C

outlet

/ Cinlet (1)
where C,. and C;,., are the particle concentrations
(particles/cm®,;,) of ISO 12103-1 A2 dust aerosols at the filter
inlet and outlet, respectively. The size and number
concentrations of the dust aerosols were measured using a
particle size spectrometer (LAP321; Topas GmbH). The
pressure drops of all test cabin filter units were measured using
pressure transmitters (FCX-AII; Fuji Electric S.A.S., Clermont-
Ferrand, France). All measurements were repeated at least
three times under each experimental condition.”

Ideally, the filter media should exhibit a high filtration
efficiency (#7) and a low pressure drop (Ap). A low pressure
drop is desirable for maintaining low operating costs. Quality
factor (QF) is the commonly used quantitative criterion for

comparing fibrous filters. The QF was calculated using the
following equation:

QF = —In(1 — 1)/Ap ()

In addition, the dust holding capacity of the filter was tested
according to the ISO 501118 standard and was obtained by
measuring the dust load up to 2.5 times of the initial
differential pressure.”’

3. RESULTS AND DISCUSSION

3.1. Physical and Filter Properties of PTFE Mem-
brane. Figure 3 shows the physical and filter properties of the
PTFE membrane for HEPA and cabin filters. The properties
and filter performance of the PTFE membrane for cabin filters,
which were sufficiently thin for increased efficiency without an
excessive increase in the differential pressure, were confirmed
by comparing them to those of a PTFE membrane for HEPA
filters (most commonly used). The thicknesses (Figure 3a) of
the HEPA and cabin PTFE filters were 4.44 and 1.44 um,
respectively (i.e., the latter was approximately 68% thinner). In
addition, the average pore sizes (Figure 3b) of the HEPA and
cabin PTFE filters were 0.318 and 2.407 pum, respectively,
whereas the corresponding air permeability values were 8.606
and 68218 ccs, respectively. These values were inversely
proportional to the filter thickness and directly proportional to
the pore size, which may be attributed to the “stretching
process” performed to reduce the thickness of the cabin
membrane.*>*?

Based on the results of the filter performance evaluation
conducted using a TSI 8130 automated filter tester (Figure 3c,
TSI, Inc.), the efficiencies of the HEPA and cabin PTFE
membranes were 99.2275 and 95.3886%, respectively,
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indicating that the efficiency of the HEPA membrane was
slightly higher. However, in terms of resistance, the PTFE filter
exhibited improved filter performance, in which the membrane
pressure of the cabin filter (2.91 mmH,0) was approximately
80% lower than that of the HEPA filter (13.98 mmH,0).
Table 1 summarizes the SEM results of the HEPA and cabin
PTFE filter membranes. The surface structures of these

Table 1. SEM Images of Various Types of PTFE Membranes

_HEPA cabin

x300

x1000

%2000

x5000

membranes were observed using SEM to identify the
membrane shape, node, and fibrillation tendency.

Both membrane types were observed to exhibit porous
structures, as well as fibrils and nodes, which were formed
through stretching.23"34’35 However, the nodes and fibrils
formed in the cabin membrane were thicker than those formed
in the HEPA filter (dense thin fibrils were formed in the HEPA
filter membrane).

3.2. Analysis of Cabin Filter Media Composites. A
filter media composite was prepared using MB nonwoven as a
prefiltration layer to improve the cabin filter performance. The
optimal filter media composite manufacturing conditions were
identified by comparing the dust filtration effect as a function
of the MB weight (10, 18, and 30 gsm).

With an increase in the MB weights, the weight and
thickness of the filter media composite increased proportion-
ally (Figure 4a). Stiffness is one of the primary physical
characteristics of cabin filter units.*® In terms of stiffness
(Figure 4b), the 18-gsm composite exhibited the highest value
in the machine direction (MD) and cross direction (CD),
regardless of weight.

Typically, permeability increases with an increase in
porosity. In this study, both the average pore size and air
permeability decreased with an increase in the MB weight to
10, 18, and 30 gsm (Figure 4c). Pore size affects air

permeability.”” Furthermore, the comparison of the filter
performance of the three types of filter media composites
revealed that their efficiency exceeded 99% (Figure 3d). The
differential pressures of the 10, 18, and 30 gsm samples were
34, 2.9, and 5.5 mmH,0O, respectively, indicating that the 18-
gsm MB filter medium exhibited the lowest differential
pressure. Differential pressure affects the filter performance—
the filter performance and filter lifesspan increase with a
decrease in the differential pressure.”” ** Thus, the most
suitable filter medium for manufacturing the cabin filter unit
was the 18-gsm MB composite, which was characterized by the
lowest differential pressure and high stiffness.

3.3. Filtering Performance of PTFE Cabin Filter Unit.
3.3.1. Environmental Durability and Filter Property. In this
study, a PTFE membrane-based cabin filter unit was fabricated,
and its filtration efficiency after exposure to low temperature
and high humidity was evaluated to determine the effect of
incoming air conditions on its performance. Figure Sa shows a
photograph of the manufactured PTFE-based cabin filter unit,
and the environmental conditions of this circulation test were
set by referring to the environmental stability test method
outlined in SPS-KACA014—0144, a Korean cabin air filter test
standard (Figure Sb). The test standards specified a minimum
filtration efficiency of S0% for dust particles (0.3—0.5 ym) for
cabin air filters.

For commonly used electrostatic filters, the presence of
water molecules or exposure to various air conditions reduces
the number of ions and electrons not properly bound to the
surface and reduces the filtration efficiency with a change in the
environmental condition.**' Our PTFE-based cabin filter
exhibited 100% efliciency in the particle range of 1.0—10.0
pum and high efficiency of above 99.8% after three cycles in the
environmental durability performance evaluation test (Figure
5¢).

Figure 5d shows the QF values of the cabin filter and filter
after three cycles. The cabin filter device exhibited high QF
values in the particle range of 1.0—10.0 pm. After three cycles
in this range, the manufactured sample (MS) exhibited a QF of
approximately two times higher. This result indicates that the
PTFE membrane most consistently achieved the best air
purification performance in the coarse filtration process.

3.3.2. Comparison between Fabricated PTFE Cabin Filter
and Commercial Electric Cabin Filter. A durability test was
performed to evaluate the effects of high temperature and
solvents on the filtration efficiency of the MB electret fabric
composite (i.e.,, commercial sample (CS)) and PTFE
membrane composite (i.e, MS). The results demonstrated
that the filtration efficiency decreased as the temperature
increased (100 °C), and decreased in the presence of water
and IPA (Figure 6a).

The efficiency of the cabin filters constructed using PTFE
membranes was above 99% across all particle size ranges, even
at 100 °C.** In contrast, commercial electrostatic cabin filters
exhibited an efficiency of 84.7% for the dust particle range of
0.3—0.5 pm at 100 °C, indicating a degradation in its
efficiency. The results of the electrostatic filter are similar to
those reported in the literature, indicating that the filtration
efficiency decreased as the temperature increased, which may
be related to changes in the surface structure of the filter
material due to the electret temperature.” After immersion in
water, both filters maintained a high efficiency with a negligible
decrease in the filtration efficiency. However, after immersion
in IPA, the filtration efficiency of the filters decreased sharply
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Figure 4. Physical and filter properties of filter media composites: (a) weight and thickness, (b) stiffness, (c) mean pore diameter and air

permeability, and (d) efficiency and resistance.

in the particle range of 0.3—0.5 ym, and the efliciencies of the
cabin filter and commercial cabin filters stabilized at 82.5 and
41%, respectively. The considerable decrease in the filtration
efficiency of the electret filter layer could be attributed to the
weakening of the electrical effect when it was immersed in a
solvent,****¢

Figure 6b shows the calculated QF while considering the
filtration efficiency and differential pressure after the durability
evaluation. The QF of the MS under high-temperature
conditions was approximately 0.05 higher than that of the
CS. The QF of the MS in water was approximately twice that
of CS in the 1.0-5.0 pm particle range. The IPA results
revealed that the QF of the MSs increased with an increase in
the particle size. Consequently, samples manufactured at a high
temperature, and in water and IPA, exhibited higher QFs than
CSs. These results suggested that the cabin filter unit
constructed using the PTFE membrane was more durable
against high temperature, water, and IPA than commercially
available electrostatic cabin filters.

3.3.3. Filter Properties after Driving by Installing PTFE
Cabin Filter. Figure 7 shows the efficiency (a), QF (b), and
differential pressure of the PTFE cabin filter after one month
of operation, and its dust loading capacity measurement. To
determine whether the PTFE cabin filter maintained an
excellent filter performance even in real-world environments,
the cabin filter performance was evaluated after installing it on
a real vehicle and driving a distance of 2336 km for one month.

The cabin filter maintained efficiency of above 99% in all
particle ranges (0.3—10.0 um) even after operation for one
month. Particularly, the efficiency was maintained close to
100% in the 3.0—10.0 ym particle range. The performance
degradation of the PTFE cabin filter was 0.6% for the 0.3—0.5
um particle range, 0.4% for the 0.5—1.0 ym particle range, and
0.1% for the 1.0—3.0 um particle range. It was confirmed that
almost no deterioration in filter efficiency occurred. A previous
study reported a decrease in the performance of the filter to
58.7% under weak conditions when driving on road for up to
10 months with the existing blackout cabin filter installed.*T-
Table 2 shows the dust holding capacity of the PTFE cabin
filter. The dust holding capacity of the PTFE cabin filter unit
decreased by about 27% after one month of driving. It was
believed that this could be attributed to various dust and
foreign matter accumulated in the filter while driving. Even
after running for one month, the differential pressure increased
by only approximately 14.6% compared to that of the
conventional filter, confirming that it maintained an excellent
performance.

Although it is difficult to make an absolute comparison
because it was not driven in the same period, it was confirmed
that the PTFE cabin filter exhibited improved performance
than the existing electrostatic cabin filter. Therefore, it is
expected that PTFE membranes can be used as a long-life,
high-efficiency filter if applied in cabin filters.
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4. CONCLUSIONS

The PTFE membrane used in existing HEPA filters for air
conditioning and the PTFE membrane manufactured in this
study for application in a cabin filter both exhibited high air
permeability and low differential pressure. The properties of
the filter media composites composed of MB, support, and
membrane were compared based on the MB weight. The

43743

results revealed that the sample containing 18-gsm MB was the
most suitable composite for manufacturing a cabin filter unit
because of its low differential pressure, high efliciency, and
high rigidity. The manufactured cabin filter unit exhibited
stellar filter performance even in low-temperature and high-

humidity environments.
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Figure 7. Durability of cabin filter unit: (a) efficiency, (b) QF, and (c) differential pressure during dust loading capacity test.

Table 2. Dust Holding Capacity of PTFE Cabin Filter

after 1 month

114

cabin filter unit

dust holding capacity (g/m?) 15.6

Furthermore, the comparative durability test of the
fabricated filter and existing commercial electrostatic filter
revealed that the efficiency of the fabricated PTFE-based cabin
filter exceeded 99% in high temperature and water and 80% in
IPA. In contrast, the efficiency of the electrostatic cabin filter
exceeded 97% in water but decreased to 84% at high
temperatures and 40% in IPA. Thus, this study confirmed
the high performance of the proposed PTFE membrane-based
cabin filter unit as a high-efficiency, long-life filter for
automotive air purification.

B AUTHOR INFORMATION

Corresponding Author
Yeonsang Kim — Advanced Textile R&D Department, Korea
Institute of Industrial Technology (KITECH), Ansan-si,
Gyeonggi-do 15588, Republic of Korea; © orcid.org/0000-
0003-2237-1825; Email: yskim@kitech.re.kr

Authors
Euijin Shim — Advanced Textile R&D Department, Korea
Institute of Industrial Technology (KITECH), Ansan-si,
Gyeonggi-do 15588, Republic of Korea; © orcid.org/0000-
0002-1276-0846

43744

Jungwoo Noh — Advanced Textile R&D Department, Korea
Institute of Industrial Technology (KITECH), Ansan-si,
Gyeonggi-do 15588, Republic of Korea

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c04758

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This research was funded by the Technology Innovation
Program (20010674, Development of ultrahigh performance
(6N) HEPA filter using ePTFE membrane for energy
efficiency improvement) funded by the Ministry of Trade,
Industry & Energy (MOTIE, Korea).

B REFERENCES

(1) Kadam, V. V.; Wang, L.; Padhye, R. Electrospun nanofibre
materials to filter air pollutants—A review. J. Ind. Text. 2018, 47,
2253-2280.

(2) Lv, D.; Zhu, M,; Jiang, Z.; Jiang, S.; Zhang, Q.; Xiong, R.; Huang,
C. Green electrospun nanofibers and their application in air filtration.
Macromol. Mater. Eng. 2018, 303, No. 1800336.

(3) Li, X,; Wang, X. X;; Yue, T. T,; Xu, Y.; Zhao, M. L; Yu, M,;
Ramakrishna, S.; Long, Y. Z. Waterproof-breathable PTFE nano-and
microfiber membrane as high efficiency PM2. S filter. Polymer 2019,
11, 590.

(4) Song, J; Liu, Z.; Li, Z; Wu, H. Continuous production and
properties of multi-level nanofiber air filters by blow spinning. RSC
Ady. 2020, 10, 19615—19620.

https://doi.org/10.1021/acsomega.2c04758
ACS Omega 2022, 7, 43738—-43746


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yeonsang+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2237-1825
https://orcid.org/0000-0003-2237-1825
mailto:yskim@kitech.re.kr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Euijin+Shim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1276-0846
https://orcid.org/0000-0002-1276-0846
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jungwoo+Noh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04758?ref=pdf
https://doi.org/10.1177/1528083716676812
https://doi.org/10.1177/1528083716676812
https://doi.org/10.1002/mame.201800336
https://doi.org/10.3390/polym11040590
https://doi.org/10.3390/polym11040590
https://doi.org/10.1039/D0RA01656J
https://doi.org/10.1039/D0RA01656J
https://pubs.acs.org/doi/10.1021/acsomega.2c04758?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04758?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04758?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04758?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04758?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(5) Deng, Y.; Ly, T.; Cui, J.; Samal, S. K.; Xiong, R.; Huang, C. Bio-
based electrospun nanofiber as building blocks for a novel eco-friendly
air filtration membrane: A review. Sep. Purif. Technol. 2021, 277,
No. 119623.

(6) Yang, S. H.; Chen, J. M. Air Pollution Prevention and Pollution
Source Identification of Chemical Industrial Parks. Process Saf.
Environ. Prot. 2022, 159, 992—995.

(7) Wang, S; Zhao, X; Yin, X; Yu, J; Ding, B. Electret
polyvinylidene fluoride nanofibers hybridized by polytetrafluoro-
ethylene nanoparticles for high-efficiency air filtration. ACS Appl.
Mater. Interfaces 2016, 8, 23985—23994.

(8) Heo, K. J.; Noh, J. W,; Kim, Y.; Jung, J. H. Comparison of the
service life of an automotive cabin air filter under dust loading
conditions of the laboratory environment and on-road driving. J.
Aerosol Sci. 2022, 162, No. 105972.

(9) Xu, B; Liy, J.; Ren, S;; Yin, W.; Chen, Q. Study of the PTFE
multi-tube high efficiency air filter for indoor air purification. Process
Saf. Environ. Prot. 2021, 151, 28—38.

(10) Wei, S.Study on Performance of Cabin Air filters Under
Different Work Conditions. In Journal of Physics: Conference Series;
IOP Publishing, 2021; Vol. 1885(2), p. 022054.

(11) Tartakovsky, L.; Baibikov, V.; Czerwinski, J.; Gutman, M,;
Kasper, M.; Popescu, D.; Veinblat, M.; Zvirin, Y. In-vehicle particle air
pollution and its mitigation. Atmos. Environ. 2013, 64, 320—328.

(12) Zhang, H; Liu, J.; Zhang, X.; Huang, C.; Jin, X. Design of
electret polypropylene melt blown air filtration material containing
nucleating agent for effective PM2. 5 capture. RSC Adv. 2018, 8,
7932—7941.

(13) Gao, Y.; Tian, E,; Zhang, Y.; Mo, J. Utilizing electrostatic effect
in fibrous filters for efficient airborne particles removal: Principles,
fabrication, and material properties. Appl. Mater. Today. 2022, 26,
No. 101369.

(14) Haider, A. J.; Sukkar, K. A.; Abdalsalam, A. H.; Ali, A. F.; Jaber,
S. H,; Ridha, T. T. A. Enhancement of the air quality and heat transfer
rate of an air-conditioning system using a hybrid polypropylene
nanofilter. Process Saf. Environ. Prot. 2021, 149, 56—66.

(15) Kerner, M.; Schmidt, K; Schumacher, S.; Puderbach, V.;
Asbach, C.; Antonyuk, S. Evaluation of electrostatic properties of
electret filters for aerosol deposition. Sep. Purif. Technol. 2020, 239,
No. 116548.

(16) Pu, Y,; Zheng, J.; Chen, F,; Long, Y.; Wu, H; Li, Q; Yu, S;
Wang, X,; Ning, X. Preparation of polypropylene micro and
nanofibers by electrostatic-assisted melt blown and their application.
Polymer 2018, 10, 959.

(17) Feng, Z.; Pan, W.; Zhang, H.; Cheng, X; Long, Z; Mo, J.
Evaluation of the performance of an electrostatic enhanced air filter
(EEAF) by a numerical method. Powder Technol. 2018, 327, 201—
214.

(18) Han, S.; Kim, J; Ko, S. H. Advances in air filtration
technologies: Structure-based and interaction-based approaches.
Mater. Today Adv. 2021, 9, No. 100134.

(19) Tian, E; Yu, Q; Gao, Y.; Wang, H,; Wang, C; Zhang, Y.; Li,
B,; Zhu, M,; Mo, J; Xu, G.; Li, J. Ultralow Resistance Two-Stage
Electrostatically Assisted Air Filtration by Polydopamine Coated PET
Coarse Filter. Small 2021, 17, No. 2102051.

(20) Tian, E; Xia, F.; Wy, J; Zhang, Y.; Li, J.; Wang, H.; Mo, J.
Electrostatic air filtration by multifunctional dielectric heterocaking
filters with ultralow pressure drop. ACS Appl. Mater. Interfaces 2020,
12, 29383—-29392.

(21) Deng, Y.; Lu, T.; Zhang, X; Zeng, Z.; Tao, R;; Qu, Q.; Zhang,
Y; Zhu, M,; Xiong, R; Huang, C. Multi-hierarchical nanofiber
membrane with typical curved-ribbon structure fabricated by green
electrospinning for efficient, breathable and sustainable air filtration. J.
Membr. Sci. 2022, 660, No. 120857.

(22) De Jong, J.; Lammertink, R. G.; Wessling, M. Membranes and
microfluidics: a review. Lab Chip 2006, 6, 1125—1139.

(23) Feng, S.; Zhong, Z.; Wang, Y.; Xing, W.; Drioli, E. Progress and
perspectives in PTFE membrane: Preparation, modification, and
applications. J. Membr. Sci. 2018, 549, 332—349.

(24) Song, H.; Yu, H,; Zhu, L.; Xue, L.; Wy, D.; Chen, H. Durable
hydrophilic surface modification for PTFE hollow fiber membranes.
React. Funct. Polym. 2017, 114, 110—117.

(25) Mortazavi, M.; Fazeli, A.; Moghaddam, S. Scalable bonding of
nanofibrous polytetrafluoroethylene (PTFE) membranes on micro-
structures. J. Micromech. Microeng. 2017, 28, No. 015001.

(26) Wang, K;; Hou, D.; Wang, ]J.; Wang, Z.; Tian, B; Liang, P.
Hydrophilic surface coating on hydrophobic PTFE membrane for
robust anti-oil-fouling membrane distillation. Appl. Surf. Sci. 2018,
450, 57—65.

(27) Lou, C. W,; Lin, C. W,; Lei, C. H.,; Chen, H. C.; Li, Y. M,; Lin,
J. H. Weaving technology and mechanical properties of extended-
PTFE fabrics. J. Mater. Process. Technol. 2007, 192—193, 319—322.

(28) Wang, Y.; Xu, Y.; Wang, D.; Zhang, Y.; Zhang, X; Liu, J.; Zhao,
Y.; Huang, C,; Jin, X. Polytetrafluoroethylene/polyphenylene sulfide
needle-punched triboelectric air filter for efficient particulate matter
removal. ACS Appl. Mater. Interfaces 2019, 11, 48437—48449.

(29) Xie, B; Li, S.; Chu, W.; Liu, C; Hu, S; Jin, H,; Zhou, F.
Improving filtration and pulse-jet cleaning performance of meta0l web
filter media by coating with polytetrafluoroethylene microporous
membrane. Process Saf. Environ. Prot. 2020, 136, 105—114.

(30) Zhang, W.; Deng, S.; Wang, Y.; Lin, Z. Modeling the surface
filtration pressure drop of PTFE HEPA filter media for low load
applications. Build. Environ. 2020, 177, No. 106905.

(31) Shim, E; Eom, H,; Kim, Y. Fabrication of a carbon/
polytetrafluoroethylene nanoparticle-coated antistatic bag filter using
air-assisted electrospraying. Adv. Powder Technol. 2022, 33,
No. 103706.

(32) Sakai, Y. Correlations between air permeability coefficients and
pore structure indicators of cementitious materials. Constr. Build.
Mater. 2019, 209, 541—547.

(33) Gibson, P.; Schreuder-Gibson, H.; Rivin, D. Transport
properties of porous membranes based on electrospun nanofibers.
Colloids Surf. A Physicochem. Eng. Asp. 2001, 187-188, 469—481.

(34) Guo, Y.; Chen, J.; Hao, X;; Zhang, J.; Feng, X.; Zhang, H. A
novel process for preparing expanded Polytetrafluoroethylene
(ePTFE) micro-porous membrane through ePTFE/ePTFE co-
stretching technique. J. Mater. Sci. 2007, 42, 2081—208S5.

(35) Saffarini, R. B.; Mansoor, B.; Thomas, R.; Arafat, H. A. Effect of
temperature-dependent microstructure evolution on pore wetting in
PTFE membranes under membrane distillation conditions. . Membr.
Sci. 2013, 429, 282—-294.

(36) Dayyani, L; Shaw, A. D.; Flores, E. S.; Friswell, M. 1. The
mechanics of composite corrugated structures: A review with
applications in morphing aircraft. Compos. Struct. 2015, 133, 358—
380.

(37) Shim, E; Jang, J. P.; Moon, J. J.; Kim, Y. Improvement of
Polytetrafluoroethylene Membrane High-Efficiency Particulate Air
Filter Performance with Melt-Blown Media. Polymer 2021, 13, 4067.

(38) Tian, E,; Mo, J. Toward energy saving and high efficiency
through an optimized use of a PET coarse filter: The development of
a new electrostatically assisted air filter. Energy Build. 2019, 186, 276—
283.

(39) Feng, Z,; Cao, S. J. A newly developed electrostatic enhanced
pleated air filters towards the improvement of energy and filtration
efficiency. Sust. Cities Soc. 2019, 49, No. 101569.

(40) Xu, B; Liu, J.; Ren, S.; Yin, W.; Chen, Q. Investigation of the
performance of airliner cabin air filters throughout lifetime usage.
Aerosol Air Qual. Res. 2013, 13, 1544—1551.

(41) Pei, C.; Ou, Q.; Pui, D. Y. Effects of temperature and relative
humidity on laboratory air filter loading test by hygroscopic salts. Sep.
Purif Technol. 2021, 255, No. 117679.

(42) Sabirova, A.; Wang, S.; Falca, G.; Hong, P. Y.; Nunes, S. P.
Flexible isoporous air filters for high-efficiency particle capture.
Polymer 2021, 213, No. 123278.

(43) Cheng, S.; Muhaiminul, A. S.; Yue, Z.; Wang, Y.; Xiao, Y.;
Militky, J.; Prasad, M.; Zhu, G. Effect of temperature on the structure
and filtration performance of polypropylene melt-blown nonwovens.
Autex Res. J. 2021, 21, 207-217.

https://doi.org/10.1021/acsomega.2c04758
ACS Omega 2022, 7, 43738—-43746


https://doi.org/10.1016/j.seppur.2021.119623
https://doi.org/10.1016/j.seppur.2021.119623
https://doi.org/10.1016/j.seppur.2021.119623
https://doi.org/10.1016/j.psep.2022.01.040
https://doi.org/10.1016/j.psep.2022.01.040
https://doi.org/10.1021/acsami.6b08262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b08262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b08262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jaerosci.2022.105972
https://doi.org/10.1016/j.jaerosci.2022.105972
https://doi.org/10.1016/j.jaerosci.2022.105972
https://doi.org/10.1016/j.psep.2021.05.007
https://doi.org/10.1016/j.psep.2021.05.007
https://doi.org/10.1016/j.atmosenv.2012.10.003
https://doi.org/10.1016/j.atmosenv.2012.10.003
https://doi.org/10.1039/C7RA10916D
https://doi.org/10.1039/C7RA10916D
https://doi.org/10.1039/C7RA10916D
https://doi.org/10.1016/j.apmt.2022.101369
https://doi.org/10.1016/j.apmt.2022.101369
https://doi.org/10.1016/j.apmt.2022.101369
https://doi.org/10.1016/j.psep.2020.10.041
https://doi.org/10.1016/j.psep.2020.10.041
https://doi.org/10.1016/j.psep.2020.10.041
https://doi.org/10.1016/j.seppur.2020.116548
https://doi.org/10.1016/j.seppur.2020.116548
https://doi.org/10.3390/polym10090959
https://doi.org/10.3390/polym10090959
https://doi.org/10.1016/j.powtec.2017.12.054
https://doi.org/10.1016/j.powtec.2017.12.054
https://doi.org/10.1016/j.mtadv.2021.100134
https://doi.org/10.1016/j.mtadv.2021.100134
https://doi.org/10.1002/smll.202102051
https://doi.org/10.1002/smll.202102051
https://doi.org/10.1002/smll.202102051
https://doi.org/10.1021/acsami.0c07447?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c07447?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.memsci.2022.120857
https://doi.org/10.1016/j.memsci.2022.120857
https://doi.org/10.1016/j.memsci.2022.120857
https://doi.org/10.1039/b603275c
https://doi.org/10.1039/b603275c
https://doi.org/10.1016/j.memsci.2017.12.032
https://doi.org/10.1016/j.memsci.2017.12.032
https://doi.org/10.1016/j.memsci.2017.12.032
https://doi.org/10.1016/j.reactfunctpolym.2017.03.010
https://doi.org/10.1016/j.reactfunctpolym.2017.03.010
https://doi.org/10.1088/1361-6439/aa8185
https://doi.org/10.1088/1361-6439/aa8185
https://doi.org/10.1088/1361-6439/aa8185
https://doi.org/10.1016/j.apsusc.2018.04.180
https://doi.org/10.1016/j.apsusc.2018.04.180
https://doi.org/10.1016/j.jmatprotec.2007.04.064
https://doi.org/10.1016/j.jmatprotec.2007.04.064
https://doi.org/10.1021/acsami.9b18341?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b18341?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b18341?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.psep.2020.01.002
https://doi.org/10.1016/j.psep.2020.01.002
https://doi.org/10.1016/j.psep.2020.01.002
https://doi.org/10.1016/j.buildenv.2020.106905
https://doi.org/10.1016/j.buildenv.2020.106905
https://doi.org/10.1016/j.buildenv.2020.106905
https://doi.org/10.1016/j.apt.2022.103706
https://doi.org/10.1016/j.apt.2022.103706
https://doi.org/10.1016/j.apt.2022.103706
https://doi.org/10.1016/j.conbuildmat.2019.03.068
https://doi.org/10.1016/j.conbuildmat.2019.03.068
https://doi.org/10.1016/S0927-7757(01)00616-1
https://doi.org/10.1016/S0927-7757(01)00616-1
https://doi.org/10.1007/s10853-006-1214-1
https://doi.org/10.1007/s10853-006-1214-1
https://doi.org/10.1007/s10853-006-1214-1
https://doi.org/10.1007/s10853-006-1214-1
https://doi.org/10.1016/j.memsci.2012.11.049
https://doi.org/10.1016/j.memsci.2012.11.049
https://doi.org/10.1016/j.memsci.2012.11.049
https://doi.org/10.1016/j.compstruct.2015.07.099
https://doi.org/10.1016/j.compstruct.2015.07.099
https://doi.org/10.1016/j.compstruct.2015.07.099
https://doi.org/10.3390/polym13234067
https://doi.org/10.3390/polym13234067
https://doi.org/10.3390/polym13234067
https://doi.org/10.1016/j.enbuild.2019.01.021
https://doi.org/10.1016/j.enbuild.2019.01.021
https://doi.org/10.1016/j.enbuild.2019.01.021
https://doi.org/10.1016/j.scs.2019.101569
https://doi.org/10.1016/j.scs.2019.101569
https://doi.org/10.1016/j.scs.2019.101569
https://doi.org/10.4209/aaqr.2012.11.0330
https://doi.org/10.4209/aaqr.2012.11.0330
https://doi.org/10.1016/j.seppur.2020.117679
https://doi.org/10.1016/j.seppur.2020.117679
https://doi.org/10.1016/j.polymer.2020.123278
https://doi.org/10.2478/aut-2019-0067
https://doi.org/10.2478/aut-2019-0067
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04758?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
(44) Barhate, R. S.; Ramakrishna, S. Nanofibrous filtering media:

filtration problems and solutions from tiny materials. J. Membr. Sci.

2007, 296, 1-8.
(45) Lam, T. N.; Wy, C. H,; Huang, S. H,; Ko, W. C,; Huang, Y. L,;

Ma, C. Y,; Wang, C; Huang, E. W. Multi-scale microstructure

investigation for a PM2.5 air-filter efficiency study of non-woven

polypropylene. Quantum Beam Sci. 2019, 3, 20.

(46) Ou, Q; Pei, C.; Kim, S. C.; Abell, E.; Pui, D. Y. Evaluation of

decontamination methods for commercial and alternative respirator

and mask materials—view from filtration aspect. J. Aerosol Sci. 2020,
150, No. 105609.

43746 https://doi.org/10.1021/acsomega.2c04758

ACS Omega 2022, 7, 43738—-43746


https://doi.org/10.1016/j.memsci.2007.03.038
https://doi.org/10.1016/j.memsci.2007.03.038
https://doi.org/10.3390/qubs3040020
https://doi.org/10.3390/qubs3040020
https://doi.org/10.3390/qubs3040020
https://doi.org/10.1016/j.jaerosci.2020.105609
https://doi.org/10.1016/j.jaerosci.2020.105609
https://doi.org/10.1016/j.jaerosci.2020.105609
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04758?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

