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ABSTRACT

In this study, the performance (particle removal efficiency and breathing resistance) of several
commercially available face masks (KF80-certified electrostatic and nanofiber filter masks, and
an uncertified mask) was evaluated, along with their filter structure and composition. Also, the
effects of the relative humidity (RH) of incoming air, of water and alcohol exposure, and of reuse,
on the performance of face masks were examined. Monodisperse and polydisperse sodium
chloride particles were used as test aerosols. Except for the uncertified mask filter, PM;.s removal
efficiency was > 90%. The nanofiber filter mask had the highest quality factor due to its low
pressure drop and high removal efficiency, and densely packed nanofiber pore structure, and
significant amounts of fluorine, carbon and oxygen. The removal efficiency of the KF80-certified
mask was barely affected by the higher RH of incoming air. When the mask filters were soaked in
water, their removal efficiency decreased. The uncertified mask filter showed the largest decrease
in removal efficiency (26%). When the mask was soaked in alcohol, the removal efficiency
decreased to a greater degree than when soaked in water. The nanofiber mask filter showed the
strongest resistance to alcohol among the tested mask filters. During evaluation of mask reusability,
the removal efficiency of certified mask filters decreased by 4% over 5 consecutive days (2 hours
per day), and that for the uncertified mask filter decreased significantly, by 30% after 5 days.

Keywords: Face mask, Aerosols, Removal efficiency, Breathing resistance

1 INTRODUCTION

Face masks play an important role in preventing particulate matter (PM) from entering the
human respiratory system during breathing, particularly PM <10 um (PMyo) or 2.5 pm (PM_s) in
size (Langrish et al., 2009). The US Environmental Protection Agency recommends the use of
masks for workers with high potential for exposure to high levels of fine particulates in indoor
and outdoor environments (Rengasamy et al., 2004; Yang et al., 2015; Adhikari et al., 2018;
Cherrie et al., 2018). In Korea, the Ministry of Environment also recommends that a certified
mask be used in outdoor environments during periods of PM, s pollution (Yang et al., 2015; Jo et
al., 2018). However, limited information is available on the reusability of face masks, or on the
effects of relative humidity (RH) and moisture on the performance of certified and uncertified
masks.

Mask performance can be evaluated by measuring particle removal efficiency (or filtration
efficiency) and breathing resistance (Newnum et al., 2010; Ramirez et al., 2015). Particle removal
efficiency is mainly dependent on particle size and velocity, and the removal mechanism is related
to impaction, diffusion, settling, and electrostatic attraction (Ramirez et al., 2015; Yang et al.,
2015). Breathing resistance is associated with a pressure drop as the air passes through the mask,
and can be affected by air velocity, particle loading, particle type (hygroscopic or non-hygroscopic),
and RH (Miguel et al., 2003; Newnum et al., 2010; Mostofi et al., 2011; Ramires et al., 2015). Mask
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users typically stop wearing a mask when the breathing resistance increases and/or the surface
of the mask becomes dirty. Leak tests can also be performed to evaluate masks.

Particle removal efficiency, breathing resistance, and the leak rate are measured to evaluate
and grade masks (KF80, KF94, or KF99) in Korea (MFDS, 2017; Cho et al., 2019). The KF80 mask
must have a particle removal efficiency > 80% at a flow rate of 95 L min™?, breathing resistance
<6.2 mm H,0 at a flow rate of 30 L min™, and leak rate < 25%. The KF94 mask must have a
particle removal efficiency > 94% at a flow rate of 95 L min~?, breathing resistance < 7.2 mm H,0
at a flow rate of 30 L min™?, and leak rate < 11%. The KF99 mask must have particle removal
efficiency > 99% at a flow rate of 95 L min~,, breathing resistance < 10.3 mm H,0 at a flow rate
of 30 L min™}, and leak rate < 5% (MFDS, 2017). Sodium chloride (NaCl) particles are used as test
aerosols for the KF80 mask, and both NaCl and paraffin oil particles are used for KF94 and KF99
masks. The mass concentrations of the NaCl and paraffin oil particles used for these tests are 8 +
4 and 20 £ 5 mg m=, respectively. The mask is tested after conditioning at 38 + 2.5°C and 85 +
5% RH over 24 £ 1 hours. Similarly, the mask grade in the US is determined by measuring particle
removal efficiency (95%, 99%, or 100%) for the most penetrating particle size (MPPS) and resistance
level for oil (N: not resistant to oil, R: somewhat resistant to oil, P: strongly resistance to oil);
masks may be graded based on both values (e.g., N95) (Bollinger and Schutz 1987; NIOSH, 2019).
The mask grade can be obtained at a breathing resistance < 25 mm H,0 (inhalation) or <35 mm
(exhalation) at a flow rate of 85 L min~! (Janssen et al., 2018).

Despite the grades, limited information is provided on the usable period or reusability of masks.
Mask performance is expected to deteriorate as the wearing time increases. However, the level
of deterioration depends on the wearing conditions, including the particle concentration, types of
particles filtered, existence of condensable vapors, RH, and so on. The performance of electrostatic
filter masks, i.e., particle removal efficiency, can reportedly be affected by the presence of
moisture and RH (Motyl and towkis, 2006). However, others have reported that the effect of RH
on particle removal efficiency is insignificant (Yang and Lee, 2005). Breathing resistance can also
be affected by RH (Roberge et al., 2010).

In this study, we evaluated the performance of various commercially available masks by
measuring particle removal efficiency, breathing resistance, and leak rate. The effects of the RH of
incoming air, and water and alcohol exposure on mask performance, and its reusability was also
examined. Electrostatic filter masks (certified), nanofiber filter masks (certified), and uncertified
masks were tested. The surface characteristics and composition of the mask filters were analyzed
using a scanning electron microscope/energy dispersive X-ray analyzer (SEM/EDX) (S-4700, Hitachi,
Japan). Monodisperse NaCl particles (50, 100, 200, and 300 nm) and polydisperse NaCl particles
were used to measure particle removal efficiency. The RH of incoming air was controlled to examine
the effects of RH on mask filter performance. Additionally, the mask filter was soaked in water
and alcohol, dried, and then tested for deterioration of the mask filter under exposure to moisture
and organic materials. To evaluate mask reusability, particle removal efficiency and breathing
resistance were continuously measured after using the masks for 2 hours per day for 1-5 days.

2 METHODS

2.1 Target Masks

Commercially available KF80 grade and uncertified masks were tested, as summarized in
Table 1. Samples A, B, C, and E are electrostatic filter masks, and sample D is a nanofiber filter
mask. All mask filters were cut into 47-mm-diameter circles, and the mask filter weights (g m™)

Table 1. Summary of the commercial face masks tested in this study.

Sample A Sample B Sample C Sample D Sample E
Certification grade KF80 KF80 KF80 KF80 Uncertified
Number of layers 4 4 4 3 3
Filter type Electret filter Electret filter Electret filter Nanofiber filter Electret filter
Mask filter weight (g m=) 253.6 184.4 144.1 98.0 69.2
Price (won) 1,900 1,200 1,800 2,000 171
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were then measured using an electronic scale (Cubis, Sartorius, Germany). Among those tested,
the E mask filter was the lightest. We also counted the number of layers in each mask.

2.2 Assessment of Mask Filter Structure and Composition

The structure, surface characteristics, and elemental composition of the mask filters, which
consisted of several layers, were determined using SEM/EDX. Mask filters A—C consisted of four
layers, with the third layer being that mainly responsible for removing particles. The D and E mask
filters had three layers, and the second layer was the filter layer.

2.3 Evaluation of Mask Filter Performance

Fig. 1 shows a schematic of the experimental setup for evaluating mask performance. Tests of
particle removal efficiency, breathing resistance, and leak rate were performed. The experimental
setup comprises aerosol generation, RH control, and measurement systems. The polydisperse
aerosols were generated from 1 wt% NaCl solution using an atomizer (3076, TSI, USA) and dried
by passage through a diffusion dryer before being introduced into the mask filter. The polydisperse
aerosols were used to determine particle removal efficiency based on the measured mass
concentration (i.e., the PM, s mass concentration). The mask filter was cut to form a 47-mm-diameter
circle and mounted on a filter holder.

A differential mobility analyzer (DMA) (3081, TSI, USA), which can select particles of a
predefined size, was used to generate monodisperse aerosols. Size is classified according to the
DMA as electrical mobility equivalent (Wang et al., 1990; Kelly et al., 1992). The aerosol flow from
the DMA was mixed with clean air to achieve the desired flow rates before the air was introduced
into the mask filter. The particle number concentration and mass concentration before and after
the air passed through the mask filter were measured with a concentration particle counter (CPC)
(3772, TSI, USA) and dust monitor (DustTrak, TSI, USA), respectively. The particle removal efficiency
of size-resolved particles (50, 100, 200, and 300 nm) was determined from the particle number
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Fig. 1. Schematic of the experimental setup to measure the particle removal efficiency of size-
resolved NaCl particles (50, 100, 200, and 300 nm) and polydisperse NaCl particles under various
RH conditions. Pressure drop, breathing resistance, and leak rate were measured.
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concentration. The particle removal efficiency of polydisperse particles was determined based on
the PM, s mass concentration (i.e., PM, s removal efficiency). The measured PM, s mass concentration
in the aerosol flow ranged from 4.3-6.1 mg m=3,

The pressure drop before and after applying the mask filter was measured using a differential
pressure gauge (DPM, Sensys, Korea). The flow rate through the mask filter was 20 L min™™. The
effective diameter of the mask filter mounted on the filter holder was 34 mm, the area of the
mask filter was approximately 9.1 cm?, and the filtration speed was 37 cm s~

A quality factor (gs) was determined for the mask filter (Cho et al., 2011; Huang et al., 2013)
using the following equation:

1
In| ——
Ppenetration

=% (1)

pressure

where Ppenetration IS particle penetration (= 1 — particle removal efficiency), and APgressure is the
pressure drop through the filter. A high-quality filter should have high particle removal efficiency and
a low pressure drop, yielding a high gr. Hence, the gs can be a good measure of filter performance.

To determine particle removal efficiency under humid conditions, wet air was produced from
a saturation chamber, as shown in Fig. 1. The wet air was mixed with dry air to create air with the
desired RH. The humid air flow was mixed with aerosol flow in the Nafion tube (MH-110-24S-4,
Perma Pure, USA), where the water vapor molecule exchange took place. The RH of the aerosol
flow was measured at the inlet of the mask filter holder (Fig. 1). The measurement uncertainty
for RH was about 2%. The experiment was conducted at RH < 10% (dry), 40%, and 70% (humid)
conditions. The maximum RH was set to 70% because NaCl particles can grow by absorbing water
at RH > 75%. Particle concentrations before and after the mask filter was applied were measured
three times for 30 seconds each time, and the average value was used to determine particle
removal efficiency.

2.4 Measurement of Breathing Resistance and Leak Rate

The mask was placed on a face model, as shown in Fig. 1, and breathing resistance was determined
by measuring the pressure drop through the face model at a flow rate of 30 L min~'. The leak rate
test was performed with both men and women wearing the mask. The measurement tube was
inserted inside the mask at the location of the mouth. The leak rate was determined by measuring the
particle concentrations in room air and inside the mask for 30 seconds. The particle concentration
inside the mask (lower 30%) was divided by that in room air to calculate the leak rate.

2.5 Evaluation of Mask Reusability

Three types of experiments were conducted to evaluate mask reusability. First, particle removal
efficiency was measured after exposing the mask filter to humid air at RH 90 &+ 9% for 2—6 hours.
Second, particle removal efficiency was measured after soaking the mask filter in deionized (DI)
water or isopropyl alcohol (IPA) for 3 hours and drying it at 70°C for 12 hours. The IPA was used
to evaluate the effects of organic materials on filter performance. Electrical attraction in the
electret filter could be reduced under water and alcohol exposure. Third, the reusability of masks
B and E was tested during wearing in real-life conditions. The mask was used for 5 consecutive
days (2 hours per day). After use, it was sprayed with water and dried for 12 hours, and then reused
by the same person on the next day. The particle removal efficiency and breathing resistance
were measured in a manner similar to that described earlier.

3 RESULTS AND DISCUSSION

3.1 Mask Filter Structure and Elemental Composition

Table 2 shows the structure and elemental composition of the mask filters (A—E) measured
using SEM/EDS. The D and E mask filters had three layers, whereas the A—C mask filters had four.
The shapes of the first (outer) layer and last (inner) layer were similar among the B, D, and E mask

Aerosol and Air Quality Research | https://aaqr.org 4 of 12 Volume 22 | Issue 2 | 210370


https://doi.org/10.4209/aaqr.210370
https://aaqr.org/

ORIGINAL RESEARCH

https://doi.org/10.4209/aaqr.210370

€1 uadAxo
L'86 uoqg.e)

§ seunuogmna =

3 9|dwes

T'T¢
€81
9'09

auuon|4
uadAxp
uogJed

uadAxp
uogJe)

o) W,_,m_x:mm

uadAxo L'T uadAxQ Xd3 uo paseq
uogJe) €86 uogJde) (%) o1woly

1 sy uagioia wrigg

(xa3/nas)
BEVNIBEMIE

(N3S)
J9Ae| Jauu|

(N3s)
BEVNIBEMIE

(N3S)
Jahke| s21nQ

.mjw_aEmm v 9|dwes

"sysew adey Jo sadAl aAly 4oy elep XA3/INIS “Z dlqel

Volume 22 | Issue 2 | 210370

5 of 12

Aerosol and Air Quality Research | https://aaqr.org


https://doi.org/10.4209/aaqr.210370
https://aaqr.org/

ORIGINAL RESEARCH
https://doi.org/10.4209/aaqr.210370

filters, as shown in Table 2. The first and last layers were constructed from nonwoven filter materials.
The middle layer (i.e., filter layer) was made from very fine, dense fibers. Most of the incoming
particles were removed by the filter layer. A filter layer consisting of thin and dense nanofibers
was observed in the D mask filter. The nanofiber filter had a more densely packed pore structure
compared to the other types of filters, leading to high potential for physical contact with incoming
particles.

As shown in Table 2, the mask filters consist primarily of carbon and oxygen elements. This is
because the filters were typically made of polymers with low electrical conductivity, such as
polypropylene, polycarbonate, polyurethane, and polyethylene oxide (Motyl and towkis, 2006).
The D mask filter also contained a significant amount of fluorine. This suggests that the method
and materials for making nanofiber filters should be different from those used for electret filters.
The nanofibers containing fluorine should comprise a mixture of polyvinylidene fluoride (PVDF)
and polytetrafluoroethylene (PTFE), and the pore size of nanofiber filters can be controlled by
adjusting the amount of PTFE (Lolla et al., 2016; Wang et al., 2016). The nanofiber filter has often
been reported to have higher filtration efficiency, lower pressure drop, and higher specific surface
area and charge stability than other types of filters (Lolla et al., 2016; Wang et al., 2016).

3.2 Mask Filter Performance

Fig. 2(a) shows the removal efficiency of size-resolved particles (50, 100, 200, and 300 nm) for
mask filters. The particle removal efficiency was determined from the particle number concentration
under the dry condition (< 10% RH). The removal efficiency of 200-nm particles was lowest
among the tested particle sizes for the A, B, C, and E mask filters, whereas it was the highest for
50-nm particles. Because the A, B, C, and E mask filters were electret, both electrostatic attraction
and diffusion played important roles in removing nanoparticles by filtration. The MPPS was 200 nm
for these electret filters. In contrast, the MPPS of the D mask filter was smaller than that of the
electret filters, because the removal efficiency for small particles decreased, possibly due to the
relatively low electrostatic attraction of the nanofiber filter.

Differences in flow rates, filter types, filter media sizes, and electrostatic forces might have led
to the difference in MPPS (~200 nm except for a nanofiber mask) and penetration compared to
previous results (Eshbaugh et al., 2008; Rengasamy et al., 2009; Shaffer and Rengasmy, 2009;
Rengasamy et al., 2013). The flow rate of 20 L min~ used here was relatively low compared to
previous studies that used a flow rate of 85 L min™ (Rengasamy et al., 2009; Li et al., 2012);
similarly, the current filter size was smaller, and the filtration velocity higher, than in previous
studies. The calculated filtration velocity was 37 cm s™1. With higher filtration velocity, the particle
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Fig. 2. (a) Particle removal efficiency of 50-, 100-, 200-, and 300-nm NaCl particles based on the particle number concentration;

(b) PM3 s removal efficiency and quality factor based on PM, s mass concentration for five types of face mask filters under the
dry condition (< 10% RH).
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residence time is shortened, and the removal efficiency of small particles is reduced more
dramatically than that of large particles, leading to smaller MPPS (Balazy et al., 2006; Alderman
etal.,2008; Jung et al., 2013). The removal efficiency of the tested filters was relatively low compared
to previous results obtained using high-grade electrostatic filters (Eshbaugh et al., 2008; Alderman
et al., 2008). Although the E mask was uncertified, its removal efficiency of size-resolved particles
(50 and 100 nm) based on particle number concentration was comparable to those of other mask
filters.

Fig. 2(b) shows the particle removal efficiency based on PM,s mass concentration for mask
filters. The mask grade and certification procedure to determine the particle removal efficiency
were based on the PM, s mass concentration. The PM,s removal efficiency of the E mask filter
(uncertified mask) was the lowest (74%); the other mask filters (KF80-certified masks) had removal
efficiency values > 90%, consistent with the certified grade. Measures of removal efficiency based
on the particle number concentration of monodisperse particles and removal efficiency based on
the mass concentration of polydisperse particles reportedly differed (Martin and Moyer, 2000;
Rengasamy et al., 2009). In the determination of PM,.s removal efficiency, all particles > 2.5 um
were included. Thus, the PM, s removal efficiency for the E mask filter may be lower than values
based on the number concentrations of particles (50, 100, 200, and 300 nm). As shown in Table 1,
the filter weight of the E mask was lower compared to the other types of mask filters (i.e., those
not having a dense filter structure), which also contributed to the lowest particle removal efficiency.
The electrostatic and material properties of the filters were not investigated in details in this
study. The g values for the mask filters are shown in Fig. 2(b). The D mask filter had the highest
o¢ because, among the mask filters, it had relatively high particle removal efficiency and a low
pressure drop.

Fig. 3(a) shows the breathing resistance of the masks. The flow rate in the breathing resistance
test was 30 L min~2. All of the masks met the KF80 grade requirement (< 6.2 mm H,0). The breathing
resistance values of the A and B masks were somewhat higher than those of the C, D, and E masks.
As shown in Fig. 3(b), the A mask had the lowest leak rate (1.6 + 0.5%), and the E mask had the
highest leak rate (44 + 13%). The C and E masks had higher standard deviations compared to the
other masks. Differences in gender, face size and shape, and wearing patterns could affect the
leak rate. The leak rate of masks worn by men was <30%, which was lower than that of the masks
worn by women. The leak rate of the E mask filter (uncertified) worn by women was > 60%.

Fig. 4 compares the particle removal efficiency among mask filters under humid (40% and 70%
RH) and dry conditions (< 10% RH). The average removal efficiency was calculated for 50-, 100-,
200-, and 300-nm particles. The particle removal efficiency of the E mask filter at 40% RH decreased
by approximately 5% compared to that at 70% RH. No significant changes in particle removal
efficiency with RH conditions (40% and 70% RH) were found for any of the certified mask filters.
Also, the pressure drop was not affected by the RH condition.

3.3 Mask Reusability Evaluation

Fig. 5(a) compares particle removal efficiency among the mask filters after exposure to humid
(90% RH) and dry conditions for 2 hours. No significant difference in particle removal efficiency
before and after exposure to the humid condition was observed. The particle removal efficiency
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Fig. 3. (a) Breathing resistance (mmH,0) and (b) leak rate (%) for five types of face masks under the dry condition (< 10% RH).
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Fig. 4. Comparison of the particle removal efficiency (%) with incoming air flow among five types
of face mask filters under different RH conditions (< 10%, 40%, and 70%). The average particle
removal efficiency is based on 50-, 100-, 200-, and 300-nm particles.
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Fig. 5. (a) Comparison of the particle removal efficiency (%) among five types of face mask filters exposed to dry (< 10% RH) and
wet (90% RH) conditions for 2 hours (particle removal efficiency is based on 50-, 100-, 200-, and 300-nm particles). (b) Particle

removal efficiency (%) and pressure drop (mmH,0) for type C face mask filters exposed to wet conditions (90% RH) for up to
6 hours.
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of the uncertified E mask filter decreased by 5% after exposure to the humid condition. Fig. 5(b)
shows the particle removal efficiency and pressure drop of the C mask filter after exposure to
humid condition (90% RH) for up to 6 hours. The particle removal efficiency was reduced by up
to 4% under the humid condition, with a decreasing rate of 0.6% h™. Our data suggest that the
effect of humidity on the particle removal efficiency of the mask filters tested here was small. In
the case of electret filters, particle removal efficiency reportedly decreased under the humid
condition because the surface charge decreased as humidity increased (lkezaki et al., 1995; towkis
and Motyl, 2001). It is possible that the filters tested here had surface treatments that provided
strong water resistance (Yang and Lee, 2005).

The particle removal efficiency of mask filters soaked in water for 3 hours is shown in Fig. 6.
Particle removal efficiency decreased for all mask filters, with the particle removal efficiency of
the E mask (uncertified) decreasing by 26%. The particle removal efficiency of mask filters soaked
in alcohol (IPA) for 3 hours decreased by 13-37%, suggesting that the filters are not as resistant
to alcohol as to water. The particle removal efficiency of the D mask filter decreased by 13%, and
that of the E mask filter decreased by 37%. These data suggest that the D mask filter (nanofiber
filter) had higher resistance to organic materials than the electret filters.

Fig. 7 shows the particle removal efficiency and breathing resistance of the B and E mask filters
after 5 consecutive days of real-life use (2 hours per day). After each use, the mask was sprayed
with water and dried over 12 hours before use on the next day. After 5 consecutive days, the
particle removal efficiency of the B mask filter decreased by 4% compared to the new one, while
the particle removal efficiency of the E mask filter decreased by 18-30%. The particle removal
efficiency of the E mask filter significantly decreased relative to the B mask filter after 1 day of
use. The E mask filter was less resistant to water than the other mask filters (see Fig. 6). Since the
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Fig. 6. Comparison of the particle removal efficiency (%) among five types of face mask filters
after soaking in water and alcohol. The average particle removal efficiency is based on 50-, 100-,
200-, and 300-nm particles.
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Fig. 7. Particle removal efficiency (%) and breathing resistance (mm H,0) for type B and E face
mask filters after real-life use for 5 consecutive days (2 hours per day). The average particle
removal efficiency is based on 50-, 100-, 200-, and 300-nm particles.

mask was sprayed with water and dried after use, a greater reduction of particle removal
efficiency was seen for the E than B mask filters. However, little difference in breathing resistance
after reuse was found between the two masks. Under the current experimental conditions, the
increase in breathing resistance due to increased particle collection (i.e., aerosol loading effect)
was not significant. The level of indoor and outdoor PM, s mass concentrations was approximately
25 ug m= on average, which was much lower than in highly polluted workplaces. More diverse
exposure conditions, to simulate those in real life should be employed in future studies testing
the reusability of masks.

4 CONCLUSIONS

The particle removal efficiency and breathing resistance of electret filter masks (KF80),
nanofiber filter masks (KF80), and uncertified masks were evaluated using monodisperse and
polydisperse NaCl particles. The PM, s removal efficiency of all masks except the uncertified mask
was above 90%. The mask with the nanofiber filter had the highest g, with high removal efficiency
and a low pressure drop. The mask filter structure and elemental composition data showed that
the nanofiber filter had nano-sized fibers with many pores, and contained significant amounts of
fluorine, carbon and oxygen. The particle removal efficiency of KF80 mask filters under humid air
conditions was not significantly different from that under dry air conditions. However, the particle
removal efficiency of all mask filters decreased after they were soaked in water. The highest
performance degradation was found for the uncertified mask. In addition, the particle removal
efficiency for mask filters decreased by 13—-37% after they were soaked in alcohol. The nanofiber
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filter had higher resistance to organic materials compared to the electret filter. Reusability tests
suggested that the particle removal efficiency of the uncertified mask decreased more significantly,
by 18-30%, than that of certified masks after real-life use for 5 consecutive days (2 hours per day).
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