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Supplementary Material

Table S1. Comparison of absolute humidity of normal breathing of adults with
continuous air flow in the apparatus to control the absolute humidity.

Average absolute humidity
for normal breathing of Humid air supply setup
adult
Absolute hl_llrnldlty 30 411 15.56"
[mg L]
Flow rate p.egmmute 6101231 29 5
[L min™]
Average absolute
humidity per minute 182.4 ~304.0 350.1
[mg min'']

* Calculated absolute humidity from psychrometric chart based on the measured value from the
temperature humidity sensor in the upstream filter chamber (for 20 °C under 90% relative humidity).
** Flow rate of normal adult breathing: Tidal volume in normal adult [2] (0.5 L min™' an exhaled breath)
and breath per minute in normal adults [3] (12-20 breathing per minute).

A flow rate of vacuum pump in the humid air supply apparatus.

sk



Table S2. Power of airflow to bending filter layer during normal breathing condition
and cyclic air blowing condition.

Airflow Airflow via apparatus
during normal breathing for cyclic air blowing
Flow rate *[4.5] -
1073 [m® 5] 0.25 0.283
Pressure difference 400™16) 180
[Pa]
Power of the airflow
for filter bending 0.10 0.05
[W]

*Maximum flowrate of exhaled breath in the normal state of adults is calculated under conditions of tidal
volume change [4] in a normal breathing cycle (15 breaths per minute). [5]

**Pressure difference between the atmospheric pressure and the intrapulmonary pressure. [6]

“** Flow rate is calculated by average velocity of airflow (10 m s! at 50 mm distance from the end of the

air hose tip) and sectional area of the air hose (Diameter: 6 mm).



The porosity (¢) of the film is expressed by Equation (S1).

Winembr
0, =|1——"—)-100
v (%) ( p-A-t) (S1)

where Wmembr is the weight of the PVDF NF membrane which is performed
electrospinning on 70 mm hole acrylic plate-covered Al foil surface for 17.5 min and
cut into 20 x 20 mm?. The NF membrane thickness was controlled to the same thickness
as that of the bulk film for porosity analysis. p is the density of the pristine PVDF
material, and 4 and ¢ are the area and thickness of the bulk PVDF film, respectively.
Based on the bulk PVDF film thickness, the electrospinning time was controlled to
fabricate the bulk film with the same volume. As summarized in Table S3, there is no
difference between the experimental and theoretical density thicknesses of the bulk
PVDF film, where the film is packed homogeneously without defects or bubbles in its
volume. The calculated porosity of the PVDF NF membrane is 92.76%; conventional

nanofibrous membranes exhibit a similar porosity of approximately 90%. [7]

Table S3. Density thickness of the PVDF bulk and NF membrane film for porosity
calculation.

. Bulk Bulk”
AZRliRl (Experimental) (Theoretical) DR
Density thickness 81.667 80.288 3.449
(gm™)

“Theoretical results of bulk film density thickness are calculated by the PVDF density (1,780 kg/m?®) and
average thickness (um) of a bulk film.



Table S4. Characteristics of the commercial disposable face mask filter via pressure
difference, filtration efficiency, and QF analysis.

Disposable 4ap Mo3 o QFo3 QFos
face mask (Pa) (%) (%) (Pa™h) (Pa™!)
Dental mask-1 109 £2.0 40.9 50.4 0.0048 0.0064
Dental mask-2 67+1.5 82.8 84.1 0.0265 0.0277
KF 80 grade mask”™ 112+2.0 90.9 92.0 0.0214 0.0225
KF 94 grade mask” 151 +2.5 99.7 99.7 0.0396 0.0395

AP (Pa): Pressure drop at 18.64 cm/s, 1 (%): Filtration efficiency of PM 0.3 and 0.5, QF (Pa™): - In(1-1)/4P
* The Korea Filter (KF) 80 and 94 grades are based on the protocol for disposable face masks from the
Korean Ministry of the Food and Drug Safety (MFDS); these masks have over 80% and 94% efficiency in
filtration tests, respectively, using sodium chloride particles and paraffin oil aerosols.
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Figure S1. Pressure drop of the nylon mesh supporting layer depending on the number

of stacking layers.



To measure the filtration performance, all the single and multilayer filter samples were
discharged to create the intrinsic electrostatic condition of each filter, as shown in
Figure S2. The remaining charges on the filter surfaces were removed by ethanol
dipping, and the surfaces were dried sufficiently at 40 °C for 12 h using a convection
oven. To charge the surface under the same conditions, surface charging was performed

through bending-release friction 200 times for 90 s at a 2.22 Hz cycle.

As shown in the pneumatic symbols for the filter test apparatus setup, PM particles are
generated by incense burning in the 1% dilution tank and they flow by pressure
difference for vacuum pump at the end of the apparatus. The PM concentration was
controlled by passing through a globe valve and 2™ dilution tank. The filtration
efficiency was measured by the number of particles from the upstream and downstream

of the filtration section using PM counters (DT-9881m, CEM Inst Co.).

Exhaust Air Inlet Air { A P\ Differential Pressure Sensor
A

Air Pump 15t Dilution Valve 20d Dilution | PM sensorl Filter | PM sensorl Vacuum
Tank

Tank Holder Pump

Figure S2. Pneumatic symbol of the experimental set up for PM filtration test.



To obtain the optimum condition for the discharge characteristics of the filter via humid
air exposure in continuous flow, the chamber setup was configured as shown in Figure
S3. The humid air passing through the filter in the chamber was adjusted to contain the
absolute moisture of the exhaled breath from normal adults (Table S1). Large liquid
droplets in the flow from the humidifier in the 1% dilution chamber were filtered out in
the 27 dilution chamber and releasing the wheel of the globe valve. The humidity
difference was measured using humidity sensors (DHT11) installed upstream and

downstream of the filtration section.

4> Exhaust Air “ AF" Differential Pressure Sensor

Water
Air Pump Dilution Drain Humidity Filter Humidity | Vacuum
Tank Tank Sensor Holder Sensor Pump

Figure S3. Pneumatic symbol of the humid air supply set up for the filter discharging.



In the apparatus for cyclic air blowing, an air compressor was used for filter
deformation to continuously supply air. The flow rate with air pressure and flow
direction were controlled using a ball valve and a solenoid valve, respectively. As
shown in Figure S4, the tips of the two air hoses are clamped facing each other and are
100 mm apart, and the filter layer is positioned between them. The average air velocity
was measured using a hot-wire anemometer (TES-1341, TES Electrical Electronic
Corp.) placed between the air hose tips. The filter holder distance was adjusted to loosen
the filter so that it could be sufficiently bent and fluttered via cyclic air blowing. The
maximum amplitude of the filter deformation was restricted to 10 mm. Cyclic air
blowing was performed by changing the flow direction 15 times per minute for 10 min,

as summarized in Table S2.

Cyclic air msp On
blowing 2> Off

Restricting amount
of filter deformation

Filter holder

Figure S4. Image of the apparatus for electrostatic charging of the multi-layer filter by

a cyclic air blower.
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Figure SS. Schematics and diameter distributions of the 13 wt% electrospun PVDF

nanofiber (a, b) without and (c, d) with nylon mesh on the Al foil collector.
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Figure S6. Correlation of the electrospinning time for PVDF NF membrane fabrication

and its thickness.
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Figure S7. QF of single layer filter due to the presence of electrostatic charges with the

NF membrane fabrication time according to PM size.
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Figure S8. Pressure drop of the multilayer filter as a function of number of stacking

layers after dry or humid air penetration for 0.5 h.
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