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ABSTRACT

In this study, filtration efficiency of different respirators, face masks, and a 2-ply cotton
handkerchief bandana was compared for particles in the size range of 60 nm—4 pm under a
“perfect fit” condition. The filtration efficiency at the most penetrating particle size of 0.3 um on
average ranged from 83-99% for N95 and KN95 respirators, 42—-88% for surgical masks, 16-23%
for cloth masks, and 9% for bandana. We also investigated the effects of using double surgical
masks or layering a cloth mask over various surgical masks in terms of their filtration characteristics.
In most of these combinations, the filtration efficiency improved by ~25% for particles 0.3—1 um
in diameter without any substantial change in the filter quality factor when compared to the
highest of the individual mask results. To investigate the reusability of cotton cloth masks, 2-layer
cotton fabric sample coupons were machine washed and dried for 52 cycles leading to an increase
in inhalation resistance (~20 Pa) without affecting size-resolved filtration efficiency. Scanning
electron microscopy revealed that washing and drying led to the gradual deconstruction of cotton
fibers at the scale of several micrometers to hundreds of nanometers in the form of delamination
of the fiber wall and fibrillation of the nanofiber constituents. Results indicate that cloth masks may
be layered over surgical masks for additional benefits, and that cloth masks made out of cotton
fabric can be washed and reused numerous times without a significant loss in filtration efficiency.

Keywords: COVID-19, Wildfire, Filter quality factor, PPE

1 INTRODUCTION

The coronavirus disease (COVID-19) worldwide pandemic, caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), led to a widespread healthcare supply and
personal protective equipment (PPE) shortage, especially in terms of N95 respirators and surgical
masks, for healthcare workers and the broad community (Ranney et al., 2020). This severe
shortage led essential workers to reuse disposable PPE and for the public to turn to new suppliers
and products, such as bandana and cloth masks, surgical masks, and KN95 respirators for
everyday use.

Face coverings are now required or encouraged in many locations around the world (Rab et al.,
2020; Yan et al., 2021). This stems from the important role that airborne transmission plays in the
spread of COVID-19, as shown by empirical evidence in recent studies describing “super spreader
events”. A chorale rehearsal in which 53 of 61 members contracted COVID-19 demonstrated
that the air was the most likely route of transmission (Miller et al., 2021). The investigation of an
outbreak in a large German meat processing complex showed that transmission likely occurred
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via airborne route, over long distances (~8 m) in a poorly ventilated space (Glinther et al., 2020).
Additionally, the ventilation system was shown to play a key role in an outbreak in a restaurant
in China (Lu et al., 2020b).

There are several important aspects associated with the use of face coverings in the context
of reducing respiratory disease transmission, namely: (1) inward filtration efficiency, providing
protection to the wearer, (2) outward filtration efficiency, preventing the exhaled virus spread
from the wearer, (3) inhalation resistance, or pressure drop across the material, and (4) how well
the mask or face covering fits the wearer, preventing air shortcuts along the sides of the material.

Recent studies have demonstrated that the use of face masks reduces respiratory aerosol/droplet
emissions and respiratory virus shedding (Asadi et al., 2020; Howard et al., 2021; Leung et al.,
2020). Face masks, if worn consistently and correctly can also reduce the risk of respiratory virus
transmission by acting as personal protection devices that filter out infectious respiratory droplets
containing the virus (Sung et al., 2016; Zhang et al., 2013). However, the filtration performance
of face masks depends on a variety of factors including number of filter material layers and their
overall filtration efficiency, conditions in which they are being worn, and the fit or air seal that
can be achieved on the wearer's face (Tcharkhtchi et al., 2021).

Face masks and respirators can also be useful for reducing PMa.s exposure in regions affected
by wildfires. Face masks with higher filtration efficiencies in the fine and ultrafine size ranges
would be preferred in this scenario. Also, since the aerosol transmission of SARS-CoV-2 virus is
likely to take place via respiratory droplets in the 1-4 um size range, it is important to study the
filtration performance of different face coverings over a large size range for their usage in the
context of protection against fine PM exposure in addition to reducing COVID transmission (Chia
etal., 2020; Pan et al., 2021; Santana et al., 2020).

Disposable surgical masks are more effective in reducing fine particulate matter (PMzs)
exposure than cloth masks (Shakya et al., 2017). Previous studies demonstrated that face masks
made out of layered fabrics are 35-45% efficient in removing submicron PM and in some cases,
material combinations had higher filtration efficiencies than N95 respirators and surgical masks,
albeit the substantially lower breathability of such combinations makes them an unsuitable
option (O’Kelly et al., 2020). A similar study tested the penetrations levels of cloth masks and
other filters against 20-1000 nm sized polydisperse Sodium Chloride (NaCl) aerosols and reported
filtration efficiencies in the 40-90% range (Rengasamy et al., 2010).

Although cloth masks may only provide marginal protection against submicron PM exposure,
they are a reusable and potentially more sustainable approach than disposable masks and have
been used widely by the public during the COVID-19 pandemic. The filtration efficiency of cloth
masks can be optimized by layering different filter materials while maintaining similar breathability
levels as commercially available masks. A study tested four cloth masks made using different
combinations of Cotton, Lycra, and PTFE membrane layers and reported filtration efficiency for
particles in the 0.1-1 um size range in the 23-88% range (Lu et al., 2020a). Cloth masks made out
of polyester, nylon, polypropylene or silk fabrics can even be triboelectrically charged to enhance
their filtration efficiency (Zhao et al., 2020). Moreover, layering multiple masks, i.e., double-
masking, has become popular in the later months of the COVID-19 pandemic and is suggested to
improve fit and filtration efficiency, although quantitative assessments of filtration efficiency and
breathability lack in the current literature (Brooks, 2021).

The sustainability, reusability, and end-of-life of face coverings are important aspects of
increased mask usage during the COVID pandemic. The increase in demand for disposable surgical
masks (containing polymer nanofibers as filters) contributes to the already existing issue of
microplastic pollution in terrestrial and aquatic environments (Aragaw, 2020). Cloth masks made
out of cotton on the other hand can be reused by washing, are cheaper to make, can be produced
locally in the absence of manufacturing facilities, and are biodegradable in the natural environment
(Park et al., 2004; Salter, 2020). Regular washing of cloth masks also serves an important role in
reducing the risk of infection due to increased moisture retention in case of their prolonged and
repeated use (Asadi et al., 2020; Macintyre et al., 2009).

In this work, we compare the filtration performance of different classes of respirators, face
masks, and a 2-ply cotton handkerchief bandana in terms of PM-number based concentrations,
PM-mass based filtration efficiency at the 300 nm particle diameter, and the resulting filter
quality factor (QF). We also quantify the benefits of using double surgical masks or a combination
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of surgical mask and cloth mask compared to the filtration performance of a single mask. In order
to investigate the potential for long-term reusability of cloth masks made out of cotton fabric,
we characterize the effects of washing and drying these masks regularly on their filtration
characteristics.

2 METHODS

2.1 Materials Tested

In this study we investigated N95 and KN95 respirators, surgical mask samples from 4 different
manufacturers, 3 different types of commercially available cloth masks (one made entirely of
cotton, and two that included a top layer made of polyester), a 2-ply cotton handkerchief bandana,
as well as separate 2-layer cotton coupons prepared specifically to investigate wash/dry cycles
(Fig. S1). We also investigated the use of double masks as a measure to achieve better filtration
characteristics as compared to wearing a single mask. Surgical mask samples from three different
manufacturers were mounted on the testing apparatus in duplicates. Additionally, identical cloth
mask was also layered over these three different surgical mask brands to evaluate the improvement
in filtration efficiency from this combination strategy. All samples were pre-conditioned in a
chamber at 85 + 5% relative humidity and 38 + 2.5°C for 25 + 1 hours before testing, according
to the testing conditions and requirements of the NIOSH N95 filtration efficiency procedure
(NIOSH, 2019a). After conditioning, samples were either tested immediately or sealed in an air-
tight container and tested within 10 hours.

2.2 Wash/Dry Sample Coupons

The wash/dry sample coupons were made of 2 layers of Kona cotton broadcloth, a 120-thread
count, 100% cotton fabric commonly used for quilting. The reported fabric weight is 147.5 g m™.
The fabric underwent one hot wash and hot dry cycle before cutting, to pre-shrink the cotton.
The fabric was then cut into 20 x 20 cm squares, and 2 squares (1 light and 1 dark side) were
placed right sides together and sewn around the edges with a %4” seam, leaving a 5 cm gap to flip
the raw edge to the inside. Before flipping the coupon right side out, the corners were clipped to
reduce bulk. The coupon was then flipped right side out, pressed into shape, and finally top-
stitched to seal up the hole left for flipping the raw edge in and reinforce the seams (Fig. S2).

2.2.1 Wash/Dry Procedure

Washing and drying was performed using a washer and dryer system (High-Efficiency Duet
Steam, Whirlpool Corp., Benton Harbor, MlI). For the wash cycle, the normal/casual setting was
used, with the temperature adjusted to the hot wash/cold rinse option, to maximum temperature
of around ~50°C. The laundry detergent used was a non-enzymatic (non-cellulase) detergent that
contains biodegradable anionic and nonionic surfactants (Xtra Lasting ScentSations, Church &
Dwight Co., Inc.). For the dryer cycle, the heavy-duty setting was used, which automatically set
the dry cycle temperature to Hot.

2.3 Experimental Design
Two experimental setups (Setup 1 and Setup 2) were used to investigate the filtration
performance of the different masks and respirators over a wide range of particle sizes.

2.3.1Setup 1

Setup 1 was used to characterize filtration efficiencies for particles in the size range of 60 nm—
450 nm. Tests were performed in a 37.8 m? test room (Fig. S3) and the testing conditions were
adapted from the NIOSH N95 filtration efficiency procedure (NIOSH, 2019a). A fan was keptinside
the room to ensure well-mixed conditions. The testing chamber was maintained at ~22°C and
~37% relative humidity. All instruments, the aerosol generation system and accessories, and
pumps were kept outside the room. Copper (ID: 3 mm) sample lines of equal length and diameter,
but one with and one without a mask, ran in parallel to ensure that particle losses were equal in
both the lines. A solution of 10% by weight of ammonium sulfate [(NH4),SO4] in deionized water
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was prepared and placed in a Collison-type atomizer, operated at ~32 psi to generate an aerosol
with a median diameter of 75 + 20 nm. We used ammonium sulphate instead of sodium chloride,
which is recommended by NIOSH (2019a), to avoid the risk of corrosion in stainless steel parts of
the test setup. The aerosol stream passed through a diffusion dryer to remove water and an X-ray
neutralizer to neutralize electrical surface charge before being injected into the testing chamber.
Measurements in this setup were performed by a Scanning Mobility Particle Sizer (SMPS 3080,
TSI Inc., MN, USA) outfitted with a water-based Condensation Particle Counter (CPC 3788, TSI
Inc., MN, USA) and an Aerosol Particle Sizer Spectrometer (APS 3321, TSI Inc., MN, USA). The
measurements from SMPS and APS were both exported at a resolution of 32 channels/decade
for better agreement.

For each test run, which lasted 60 minutes, the atomizer operated for the first 15 minutes
followed by 45 minutes of filtration efficiency test leading to ~0.1 mg particle loading on mask.
During this period, particle concentrations in the test room and downstream of the sampling
material were measured multiple times by switching between the blank line and the mask line
with the help of a 3-way valve to generate a filtration efficiency over time with four replicates.

2.3.2 Setup 2

Setup 2 (Fig. S4) was used to characterize the filtration efficiencies of larger particles, in the
542 nm-4 um particle size range, using the same APS instrument as in Setup 1. In this setup, a
1.7 m? acrylic chamber containing a small fan to aid in aerosol mixing was used. This chamber
was kept at ~22°C and ~30-40% relative humidity. A mixture of 5% by weight of (NH4),SO, and
3-um and 7-pm polystyrene latex spheres (PSL, Sigma-Aldrich, MO, USA) in deionized water was
used to generate particles using a medical-grade nebulizer (Sigma-Aldrich, MO, USA). The aerosol
stream passed through a diffusion dryer to remove water before entering the testing chamber.
Since previous studies have reported similar filtration efficiencies with and without using a
neutralizer, we did not use an X-ray neutralizer in this setup to avoid sampling losses for larger
particles (Drewnick et al., 2021; Pan et al., 2021). Example particle concentrations inside the
chambers during the testing duration for both Setup 1 and Setup 2 are shown in Figs. S5 and S6,
respectively.

For both testing setups, respirators were mounted on a mannequin head, a Leland Legacy
pump (SKC Ltd., DT, UK) was used to maintain a sampling rate of 15 L min™ in both mask and
blank line. This flow rate is comparable to human breathing rate at a light intensity activity level
for most of the age groups (U.S. EPA, 2011). Assuming the surface area of a standard N95 respirator
to be 175 cm? (Roberge et al., 2010), the corresponding face velocity through the respirator was
calculated to be 1.4 cm s™. The face velocity used in our study lies in the range of 0.5-25 cm s7!
based on the filtration efficiency test standards used by the American Society for Testing and
Materials and the U.S. Food and Drug Administration (ASTM International, 2017; FDA, 2018;
O’Kelly et al., 2020). All the face masks, bandana, and washing study coupon samples were
mounted on a 4-inch (~10 cm) diameter stainless steel funnel instead of mannequin head to
achieve an air tight seal. For funnel-mounted samples, a sampling flow rate of 6.7 L min™* was
maintained to achieve the same flow velocity of 1.4 cm s through the filter cross-section.

For both testing setups, the filtration efficiency corresponding to a given particle size D, was
calculated using Eq. (1):

Coionk —C,
FE(Dp ) — blank mask (1)
Cblank

where Chiank is the average concentration of the blank line measured before and after the mask
line concentration (Cmask). This method of estimation accounts for temporal variations in chamber
concentrations and has been used by several studies in the past (Konda et al., 2020; Morais et
al., 2021; Pan et al., 2021).

For double mask combinations, we compared the experimental results with the results from a
simple model based on the classical filtration theory for filters to check whether these mask
combinations can be treated as series of filters connected in series. The filtration efficiency of a
given mask combination was calculated using the Eq. (2) (Hinds, 1999):
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Te =Tp, XTn, (2)

where T¢ is the particle transmission through a given double mask combination, Tm; and Tm, are
particle transmission through mask 1 and mask 2 respectively.
Particle transmission Tis further related to the filtration efficiency (FE) by the following equation:

roq FEG) 3)
100

2.4 Inhalation Resistance

The test for the determination of inhalation resistance was performed according to NIOSH
procedure TEB-APR-STP-0007-508 (NIOSH, 2019b), which lists a 35 mm water-column height limit
for N95 respirators. Each sample was affixed to a funnel (4.5 cm diameter) in the case of masks and
flat filter samples, or taped to a mannequin head in the case respirators. A flow rate corresponding to
an 8 cm st face velocity (corresponding to 85 LPM flow rate through an N95 respirator) was
pulled through the material and the pressure drop was measured using a digital manometer
(Datum 2239-1, Setra Systems Inc., Boxborough, MA, USA).

2.4.1 Filter quality factor (QF)
The filter quality factor (QF) which relates the pressure drop of the material with the PM mass-
based filtration efficiency was calculated using Eq. (4) (Hinds, 1999; Podgdrski et al., 2006):

aF(p,)= <|n(1_;(Dp))) (4)

where QF(Dy) is the filtration efficiency at particle size D, and AP is the pressure drop across the
material. The value of QF (0.3 um) has been used in previous studies to compare filtration
performance among different filters so we will use the same values in our study for comparison.
High values of QF for a given filter imply that the filter can give better filtration performance with
greater breathability.

2.5 Scanning Electron Microscopy Analyses

In order to characterize morphological changes on the cotton fabric due to repeated washing
and drying, we visualized those samples through scanning electron microscopy (SEM) using a FEI
Quanta 400 FEG instrument (FEI, Hillsboro, OR). Single layer fabric samples of ~0.5 cm? were cut
from larger fabric samples after 0, 24, and 52 wash/dry cycles. The specimens were mounted on
aluminum stubs with double-sided conductive carbon tape and sputter-coated with 12 nm of
iridium. Imaging was performed with beam accelerating voltage of 5 keV at magnifications below
1000x, accelerating voltage of 10 keV was used at higher magnifications.

3 RESULTS AND DISCUSSION

3.1 Size-resolved Filtration Efficiencies

The results for the size-resolved filtration efficiency of different samples are shown in Fig. 1.
N95 and KN95 respirators presented highest filtration efficiencies (> 95%) throughout the size
range investigated (60 nm—4 pum), as expected. The filtration efficiency curve for rest of the masks
and bandana samples exhibited the traditional “u” shape with minima in the accumulation mode
size range (0.1-1 pm), except for surgical mask A, which presented high filtration efficiencies
(> 85%) through the entire size range. For most double mask combinations, the average filtration
efficiency increased by ~25% for particles in the accumulation mode size range for a given mask
combination when compared to the highest of the individual mask results. The results for overall
filtration efficiency in terms of total PM2s number and mass, and in terms of PM mass at 300 nm
for all the samples collected using Setup 1 are presented in supplemental Table S1.
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Fig. 1. Panel (a) Size-resolved filtration efficiency measured using particle number-based concentrations for different respirators,
masks, and bandana. Panel (b) Size-resolved filtration efficiency for different mask combinations, where A, B, and C are the same
surgical masks as shown in panel (a) and CM is a cloth mask used for layering. The shaded region represents standard errors (n
=4).

While the filtration efficiency curve for the N95 respirators remained constant at ~99% for the
entire size range, the KN95 respirators presented slightly lower filtration efficiencies (from 96%
to 98%) for particles 60—400 nm, and remained constant at 98% for larger particles. Filtration
efficiency results for N95 and KN95 respirators were used to verify the testing setup adapted for
this study, and they also agree well with results from similar studies based on NIOSH respirator
testing (Lu et al., 2020a; Morais et al., 2021; Rengasamy et al., 2010; Zangmeister et al., 2020).

The cloth masks and 2-layer bandana presented similar average filtration efficiencies, between
30-60% for particles smaller than 100 nm size, 10-25% for particles sized between 300 nm and
1 um, and 12-68% for particles sized 1-4 um. The cloth mask that was made of all-cotton layers
had a slightly lower filtration efficiency compared to the other two cloth masks, which both
included a polyester top layer. For surgical masks, the average filtration efficiency for mask A
ranged between 87-95% showing a slight overall linear increase for particle sizes in the range of
60 nm—4 um, whereas the filtration efficiency of samples B-D was 70—-85% for particles smaller
than 100 nm size, dropped to 40-60% for particles between 300 nm—1 um, and increased to 45—
94% particles in the size range of 1-4 um. These results agree well with previous studies reporting
filtration efficiencies in the 50-80% range for submicron particles for surgical masks, although
these studies employed higher test flow rates, commonly used for NIOSH test method of N95
certification (Pan et al., 2021; Zangmeister et al., 2020).

The overall higher filtration efficiency measured for surgical mask A could be attributed to the
presence of a “submicron filtration layer for dust protection” middle layer (as labeled on the
packaging box), whereas no such layer was mentioned on the packaging of the other three
samples. Since all 4 mask samples had no discernible features based on visual inspection, surgical
mask A could have an electrically-charged filter in the middle which would lead to higher filtration
efficiency in the accumulation mode size range when compared to non-charged filter materials
(Wang, 2001).

For double-mask combinations (Fig. 1(b)), our results showed that doubling surgical masks led
to an overall improvement in the filtration efficiencies of masks B and C whereas no such
improvement was seen in the case of mask A, which could imply that mask A is at the upper limit
of filtration performance which couldn’t be improved further by doubling. Layering a cloth mask
(CM) over each of these surgical masks led to higher filtration efficiency curves particularly in the
accumulation size range when compared to the individual cloth and surgical masks. These results
suggest that the combination of a cloth mask over a surgical mask is likely to be a better alternative
than wearing just a single mask.

These experimental results agreed with theoretical calculations for particle transmission
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through most double-mask combinations based on classical filtration theory. Filtration efficiency
curves showing good overall agreement in combinations can be observed in Fig. S7. A better
overall agreement was observed for cloth + surgical mask combinations (RMSE = 4-6%) compared
to the double surgical mask combinations (RMSE = 5—-11%). The higher values of RMSE in case of
double surgical mask combinations could be attributed to the inference between individual filter
layers resulting in lower filtration efficiencies than predicted (Drewnick et al., 2021).

Itis important to bring these results under perspective because these tests are valid only for a
“perfect fit” condition, i.e., assuming that there are no gaps between the mask and the face of
the wearer, so it would be essential that the surgical mask is properly sealed and that the additional
cloth mask or surgical mask does not affect that fit in any way. Previous studies have reported
that a drop of > 50% in filtration efficiency can occurin the presence of minor leaks when compared
with a perfect seal condition (Drewnick et al., 2021; Konda et al., 2020).

3.2 Filtration Efficiency, Inhalation Resistance, and Resulting Filter Quality

Factors

Fig. 2 shows the PM-mass based filtration efficiency for particles 300 nm in diameter as a
function of their inhalation resistance or pressure drop, and the resulting filter QF value.

The inhalation resistance of N95 and KN95 respirators was in the 125-200 Pa range, below the
NIOSH limit of 343 Pa for N95 respirators (NIOSH, 2019b) and the corresponding average PM
based filtration efficiency at 300 nm size was in the 83—99 % range. The inhalation resistance for
surgical masks was much lower, in the 35-55 Pa range and the corresponding PM-mass based
filtration efficiency at 300 nm size was calculated to be 88% on average for surgical mask A and
42-62% for the remaining surgical mask samples. As discussed in the previous section, the
presence of a “submicron dust filtration layer” in surgical mask A may have led to a higher filtration
efficiency without increasing the pressure drop considerably when compared to other surgical
masks investigated. The lowest results for filtration efficiency at 300 nm (< 25%) were measured
for cloth masks and the bandana and the average pressure drop was measured in the range of 10—
50 Pa. In general, a trend can be observed in Fig. 2(a), with lower pressure drop values associated
with lower filtration efficiencies.

In the case of double surgical masks and the combination of cloth + surgical masks, the inhalation
resistance increases were also accompanied by improvements in the filtration behavior relative to

(a) (b)
e . ':*_ = _ _This study
£ HE ’.‘q"—" + Outliers
c > Z+A FHA(X2) ?"' # Zangmeister (2020)
o A —3—1 B (x2) " © . Zhao (2020)
< 759, o 604 e Pan (2021)
30 ¥ C (x2) =3 * Morais (2021)
n © TA74B o * (N=4)
T > 3 7+C =
O 0 B [&]
©
a2 5 50% * "; 404 (N=3) (N=3)
g + c . No5 =
T 5 KNS5 o (N=g)
= c & SM o . (N=3)
O G 25%- A CM 5 204 (N=3)
© # 3 SM(x2) = L == -
= - | CM+SM iC ] .
= z 7z # Bandana s (N:1)
0% T T T 0 T T T T T T T
0 50 100 150 200
& *59@’ s & @ & &

x 2
Inhalation resistance (Pa) s & Q,é‘b

Fig. 2. PM-mass based filtration efficiency at 300 nm as a function of the inhalation resistance of different respirators, masks,
and bandana is shown in panel (a). The whiskers represent standard deviations (n = 4 for filtration efficiency tests and n = 3 for
pressure drop tests). The cloth mask and the surgical mask samples along with their different combinations have been labeled
as Z, A, B, and C respectively. Panel (b) shows the filter quality factors calculated for different sample categories. The squares
represent the mean values whereas the median is represented by a horizontal line. The corresponding filter quality factor results
from previous studies are also included in panel (b) for comparison.
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individual cloth mask and surgical mask results. There is one exception, in the case of surgical mask
A, where doubling didn’t improve the filtration efficiency at 300 nm (88% for the single mask
versus 86 + 1% for the double mask) but increased the inhalation resistance, from 45 + 3 Pa for
a single mask to 9 3+ 6 Pa for a double mask. As expected, doubling up surgical masks roughly
doubled the inhalation resistance. Layered masks, either cloth + surgical or double surgical mask
combinations, demonstrated lower inhalation resistance values and lower filtration efficiencies
than those for N95 or KN95 respirators.

In terms of the mean QF, N95 respirators (25 kPa™) performed better than KN95 respirators
(15 kPa™). Among face masks and coverings, surgical masks had the highest mean QF value
(23 kPa™) followed by cloth masks (12 kPa™) and the bandana (3 kPa™). The surgical masks
investigated in this study exhibited higher QF than KN95 respirators due to their relatively low
inhalation resistance (~48 Pa compared to ~180 Pa for KN95 respirators).

In the case of mask combinations, the QF value for doubling surgical mask A (21 kPa™) and
layering it with a cloth mask (36 kPa™) decreased when compared to wearing surgical mask A on
its own (47 kPa™) but these QF values were still higher than that of the cloth mask (18 kPa™). A
much smaller decrease (~3 kPa™) was observed for both doubling surgical mask B and for layering
it with a cloth mask, compared to the corresponding QF value for the single surgical mask B
(20 kPa™). On the other hand, the QF values for a single and double surgical mask C were similar
(~12 kPa™) and the QF value increased by 4 kPa™ while layering this mask with a cloth mask.
These results indicate that doubling or layering can be a better option than single masks, especially
when surgical masks with lower filtration efficiencies are available.

3.3 Effects of Washing and Drying on Cloth Masks

The effect of repeated washing and drying on the filtration behavior and inhalation resistance
of cotton fabric is shown in Fig. 3. An overall increase in inhalation resistance was observed as
the fabric sample underwent 52 hot wash/dry cycles, but overall filtration efficiency did not
change significantly with wash/dry cycles.

Except for a ~10% decrease (p < 0.01) in filtration efficiency at 2.5 um from 1 to 7 wash/dry
cycle, the PM-mass based filtration efficiency results didn’t show any major fluctuations as the
number of washing and drying cycles were incrementally increased to 52 cycles (Fig. 3(b)). A
previous study on the reusability of self-developed cloth masks made up of cotton, Lycra, and
polypropylene fabric also reported insignificant changes (p > 0.05) in average filtration efficiency

(a) Electrical mobility size Aerodynamic size (b)
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——O0wash —— 1 wash —— 7 wash —e— FE at 100 nm
14 wash 21 wash 28 wash —~ 604 FE at 300 nm
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Fig. 3. Size-resolved filtration efficiency calculated as a function of particle number distribution is shown in panel (a). The shaded
region represents standard error (n = 4). Panel (b) shows the inhalation resistance (black, left-hand y-axis) and PM-mass based
filtration efficiency at 3 different particle sizes (plotted on the right-hand y-axis) of fabric material as a function of number of
hot wash/dry cycles. The shaded region represents standard deviation values.
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between an unwashed sample one that was washed and air-dried 30 times for accumulation
mode particles (Lu et al., 2020a).

In terms of the effect of wash/dry cycles on breathability, the inhalation resistance increased
on average by ~17 Pa between zero and 52 wash/dry cycles (p = 0.002). The inhalation resistance
for the unwashed sample coupon was measured to be 32 + 2 Pa and increased to a maximum
inhalation resistance of 57 + 5 Pa for the 28-hot wash/dry cycle sample coupon. Afterwards, the
curve somewhat plateaus at 53 £ 5 Pa.

The resulting QF calculated for the cotton fabric samples as a function of wash/dry cycles
remained below 5 kPa™ and didn’t change significantly between the unwashed and the sample
that underwent 52 wash/dry cycles (Fig. S8). This is likely because the QF value is more sensitive
to changes in FE than in AP and, although a trend was observed for AP throughout the repeated
wash/dry cycles, the same did not occur for the FE at 300 nm. Based on these results, we conclude
that repeated washing and drying of cloth masks made of cotton fabric did not alter their
filtration characteristics in a major way, thus indicating a favorable potential for the reusability
of these products.

3.3.1 SEM analyses of wash/dry sample coupons

Scanning electron microscopy (SEM) was used to investigate changes in micro- and nanoscale
morphology of the cotton fabric. Representative micrographs of cotton fabric subjected to 0, 28,
and 52 washing cycles are presented in Fig. 4.

The as-received cotton fabric exhibited largely intact bundles of cotton fibers (Fig. 4(a)) with
relatively smooth surface texture (Fig. 4(a’)). After 28 wash/dry cycles, the fiber bundles display
a larger population of partially liberated fibers. Higher magnification images reveal deconstruction
of individual fibers at the scale of hundreds of nanometers to several micrometers in the form of
delamination of the fiber wall and fibrillation of the nanofiber constituents (Fig. 4(b’)). This
pattern of deconstruction results from the hierarchical ordering of cellulose composing cotton
cell walls and is similar to the morphology observed when fibers from other herbaceous species
such as maize and switchgrass are subjected to thermochemical treatments (Ciesielski et al.,
2014; Karp et al., 2015). Fabric samples that had experienced 52 wash/dry cycles showed an even
greater population of partially liberated fibers (Fig. 4(c)) and more extreme degrees of nanoscale
delamination and fibrillation (Fig. 4(c’)). These modes of deconstruction increase porosity of the
macrofibers and liberate nanoscale cellulose bundles which may be subjected to bending stress
in a convective flow field and likely contribute to the increased pressure drop observed as wash-
dry cycles progress (Ciesielski et al., 2019; Hinkle et al., 2015).

Fig. 4. Scanning electron micrographs of cotton fabric subjected to varying numbers of wash/dry
cycles: as received (a, a’), 28 cycles (b, b’), and 52 cycles (c, ¢’). Some cotton fibers displayed
evidence of micro- and nanoscale deconstruction after 28 wash cycles. Both the population of
deconstructed fibers and the extent of deconstruction increased further after 52 cycles.
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4 CONCLUSIONS

Recent medical and environmental events across the globe have dramatically increased the
demand for use of face coverings as personal filtration devices. This work brings forth results of
interest to the science community as well as the general public, such as the reusability of cloth
masks after repeated washing and drying and the effects of overlaying multiple masks on their
performance. In this study, size-resolved filtration efficiencies in the size range of 60 nm—4 pm
were investigated under perfect seal condition for different face covering options available in the
market. The filtration efficiency at the most penetrating particle size of 0.3 um on average ranged
from 83-99% for N95 and KN95 respirators, 42—88% for surgical masks, 16—23% for cloth masks,
and 9% for bandana. The study also presents a positive argument for using a surgical mask with
an electrically charged middle layer due to its superior filtration performance as compared to
other samples, especially in the accumulation mode particle size range. This work has also shown
that doubling surgical masks or layering a cloth mask over surgical mask can be a better option
than single masks, especially when only surgical masks with lower filtration efficiencies are
available. Results from the washing study show that filtration characteristics of cloth fabric did
not change significantly despite the delamination of the fiber wall and fibrillation of the nanofiber
constituents observed during SEM analysis. Since cotton masks offer a biodegradable and
washable alternative to commonly used disposable surgical masks, the results of this work points
towards an a more sustainable path to mask wearing.
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