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The COVID-19 pandemic has underscored the importance of wearing
effective facepiece filtering respirators (FFRs) to reduce infection and
disease transmission. One of the reasons causing the widespread
prevalence was found to be the failure of N95-Equivalent FFRs (N95-
EFs), i.e., efficiency <<95 %, during the pandemic. To investigate the
reasons causing the ineffectiveness of commercial N95-EFs, this study
measured the efficiency of several dozens of commercially available
N95-EFs following standard testing protocols. The specifications of the
N95-EF including fiber diameter, solidity and surface potential of the
main layer media of N95-EFs were also determined. We provide a
simple method for manufacturers to quickly screen the efficiencies of
their N95-EF products before distributing them to the market. We found that the failures of N95-EF are majorly attributed to overprediction
of the efficiency due to 1) missing neutralization of challenging particles, ii) too small or oversize of challenging particles, and iii) particle
detectors with large sizing limits (>500 nm). Based on the pressure drop, respirator area, and surface potential of the N95-EFs, an

empirical equation is developed to fast screen and help design effective N95-EFs.
Keywords: COVID-19, N95, facepiece filtering respirators, pressure drop, efficiency, empirical equation

1. Introduction

Since the outbreaks of the COVID-19 pandemic, the
novel coronavirus (SARS-CoV-2) has caused nearly a bil-
lion infections and 7 million deaths due to its high trans-
mission and severe fatality rate (Dhand and Li, 2020;
Jayaweera et al., 2020; Prather et al., 2020; Yan et al,,
2018). In addition to contacting surfaces with fomite,
SARS-CoV-2 had a high airborne transmission through
virus-laden droplets and aerosols, which are released by
sneezing, coughing, speaking, and breathing of the infected
person. These droplets and aerosols can travel up to 8 m,
and the desiccated residue or droplet nuclei may stay sus-
pended for hours (CDC, 2021; Dhand and Li, 2020), which
significantly enlarged the transmission rate. To provide
protection for individuals and lower the transmission of
SARS-CoV-2 through aerosol transmissions, face masks
and filtering facepiece respirators (FFRs) are required or
highly recommended by the Centers for Disease Control
and Prevention, CDC, since the outbreak of COVID-19 in
March 2020 (CDC, 2020). N95, KN95, FPP2, and KF9%4
respirators, etc., whose filtration efficiencies against
laboratory-produced NaCl particles are required to be
larger than 94-95 %, are commercially available and af-
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fordable for the general public. It is of great importance
that these N95 Equivalent-Facepiece filtering respirators
(N95-EFs) have good quality to protect people from infec-
tion and spreading of viruses.

1.1 Failure of FFRs

According to the CDC, approximately 60 % of KN95,
the most widely available N95-EFs on the market during
the COVID-19 pandemic in 2020 and 2021, did not meet
the requirement, i.e., filtration efficiency (FE) >95 %
(CDC, 2021). Aiming to determine the reasons for the un-
satisfactory performance of FFRs or to develop easy
screening methods, quite many research teams evaluated
commercially available FFRs (e.g., Duncan et al., 2021;
Plana et al., 2021; Schilling et al., 2021).

As is known, the standard testing protocols by the
National Institute for Occupational Safety and Health
(NIOSH) and by the National Standards of the People’s
Republic of China (GB 2626, 2006) require rigorous proce-
dures and designated or recommended equipment and
conditions such as particle type and size distribution, parti-
cle charging state, particle detector, filtration flow rate,
sample conditioning, environmental control chamber, etc.
Because of the strict and time-consuming testing proce-
dures and the expensiveness of the required facilities, any
simplifications and noncompliance with the procedures
would lead to incorrect filtration efficiency results. Addi-
tionally, the urgent demands of tremendous quantities
during the early period of the pandemic caused the failures

Copyright © 2025 The Authors. Published by Hosokawa Powder Technology Foundation. This is an open
access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/). 227


https://doi.org/10.14356/kona.2025002

>heng-Chieh Chen et al. / KONA Powder and Particle Journal No. 42 (2025) 227-240

Original Research Paper

of quality assurance and control of the N95-EFs by the
manufacturers. However, it was very difficult for the public
to distinguish between legitimate and counterfeit products.
The wearing of counterfeit products would be a reason for
speeding the spread of SARS-CoV-2 during the pandemic.

1.2 Reasons for N95-EF failure

The efficiency of N95-EFs was often largely overesti-
mated if standard procedures were not followed. In the
evaluations of N95-EFs, the required size distribution,
charging state, and deliquesce of challenging particles were
often not considered (Cai and Floyd, 2020; Duncan et al.,
2021; Patra et al., 2022; Schilling et al., 2021; Stahl et al.,
2021). For instance, some researchers did not neutralize the
challenging particles, which could lead to the overpredic-
tion of the Columbic force and the FE. Because particles
will carry a higher mean number of charges after they are
aerosolized than the neutralized state, as required. During
particle dispersion (e.g., aerosolization by atomizer), a tri-
boelectric or contact charge develops along the particle
surface because of mechanical friction from the surface and
particle contact. This energy transfer could generate an ex-
cess charge of 1~103 elementary units (Forsyth et al.,
1998). For example, it was found that 200 nm NaCl parti-
cles carried a mean elementary charge of ~3.7 compared to
~1.0 charge of neutralized particles (Forsyth et al., 1998).
According to the theoretical model (Chang et al., 2016;
2018), the FE for a neutralized 100 nm NaCl particle
through a charged filter media (~75 pC/m?) can be in-
creased from ~60 % to over 95 % if it is not neutralized.
This indicates the importance of a completed neutralization
before challenging the respirator to prevent a significant
overprediction of FE.

While the recommended particle detector by the NIOSH
was a mass-based laser light scattering photometer detector
having a sizing limit of ~0.1 um, some researchers applied
detectors with a limit larger than 300-500 nm (e.g., optical
particle counter), thus, the high penetration from small
particles, i.e., <100 nm, was neglected. Indeed, the most
penetrating particle size (MPPS) of charged filter media
normally falls at 20—50 nm (Chang et al., 2015; Tang et al.,
2018a, b, ¢). The overestimation of EFs becomes more
significant when the challenging aerosol particles have a
larger number (or count) median diameter (NMD) due to
the inherent relatively higher EF of larger particles. For
example, the FE of a neutralized 500 nm by charged media
could reach ~95 % but it reduced to ~88 % and ~80 %
when the size was reduced to 100 nm and 50 nm (MPPS),
respectively (Chen et al., 2014). Without taking the high
penetration of small particles into account, the overall effi-
ciency was thus overestimated. This analysis also reveals
the importance of complying with the specified size distri-
bution of challenging particles by the standards, which was
an NMD of 0.075 £ 0.02 um and geometric standard devi-
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ation (GSD) of smaller than 1.86. The more shifting of size
distribution to larger size ranges, the more significant
overestimation of FE will be. To note, there exists a lack of
correspondence between the specified size distribution
(NMD ~0.075 pm) and particle detector (>0.1 um) in the
standard, which should be addressed in the future.

The filtration flow rate (or flow face velocity through
media) designated by the standards was 85 L/min (or
~10 cm/s face velocity). Some researchers performed the
FE test with a face velocity lower than 10 cm/s, especially
when a flat sheet of the FFR media instead of a whole FFR
was evaluated. For an N95-rated FFR, the FE can increase
from ~88 to 95 % for MPPS when reducing the face veloc-
ity from 10 to 5 cm/s (Chen et al., 2014). From the forego-
ing discussion, simplifications and noncompliance with
standard methods could produce significant overestima-
tions of FE.

Given the limited access to required facilities and com-
pliance with complex experimental procedures, theoretical
models based on the single fiber theory may be applied to
predict the FEs (Chang et al., 2016). However, this method
can also be problematic as it requires accurate specifica-
tions of the FFRs, i.e., fiber diameter, thickness, packing
density (solidity), charge density, and face velocity. Among
them, charge density is the most inaccessible parameter due
to the complexity of charge figuration and its measurement.
Thus, it is commonly seen that an estimated value of charge
density was used in the calculation to match experimental
FE data (Balazy et al., 2006; Chang et al., 2016; Hao et al.,
2021). However, the empirically-theoretically fitted
charging density is accurate only when other filter parame-
ters are correctly determined. Even if other parameters are
correct, an incorrect charging density may be obtained if
any filtration equations for each deposition mechanism are
incorrect, typically occurring for the equation of electro-
static deposition.

For a good preparation for future respiratory pandemics,
it is urgent to develop a fast, convenient, and accurate
method for manufacturers and certification laboratories to
quickly qualify and prove the effectiveness of N95-EFs
before distributing them to the market. Using a modified
three-layer model based on the measured and calculated
particle depositions through the cracks, researchers suc-
cessfully developed an empirical equation to predict the
penetration rate of outdoor particles into buildings (Chen et
al., 2012; You et al., 2012). Similarly, an empirical equation
model combining experimental data and filtration theory
and describing the relationship between variables is a po-
tentially useful method to quickly provide reliable predic-
tions and insights into the performance of N95-EFs.

1.3 Objectives
In this study, a rigorous test rig and strict measurement
procedure in compliance with Chinese Standard GB 2626


https://doi.org/10.14356/kona.2025002

>heng-Chieh Chen et al. / KONA Powder and Particle Journal No. 42 (2025) 227-240

Original Research Paper

(GB 2626, 2006) were applied to measure the efficiency of
50 different commercial N95-EFs. The GB 2626 method
was chosen because it was similar to the NIOSH standard
and the majority (30 out of 50) of the tested respirators
were KN95. In addition to the mass-based FE by a photom-
eter, the number-based size-fractioned FE was also deter-
mined by a scanning mobility particle sizer (SMPS, Model
3938, TSI Inc., Shoreview, MN) for the 50 N95-EFs. In
addition to the FE, the thickness, fiber size, solidity and
surface potential of main filtration layer were measured.
The charge density of N95-EF media was obtained by
comparing the experimental and theoretical efficiency ac-
cording to Chang et al. (2016). The correlation between
calculated charging density and surface potential was in-
vestigated. If a good linear correlation is seen, the easily
accessible surface potential can substitute the charging
density as a representative filtration parameter.

This study is trying to develop an empirical equation to
predict the FEs of N95-EFs. Because FEs are size-
dependent and number-based according to filtration theory
(Hinds, 1999), the FE for MPPS measured by SMPS was
selected as the target. The N95-EF can pass the evaluation
if its FE at MPPS is higher than 95 %. The qualified
NO5-EF thus has a minimum FE of 95 % against any size
of particles.

Considering many filter parameters that cannot be easily
obtained, including solidity, charging density, and fiber di-
ameter, they may be excluded from the empirical equation.
Instead, three easily accessible but essential parameters,
including pressure drop, mask area, and surface potential,
should be good representative variables of FE at MPPS and
be applied in the empirical equation. The pressure drop of
the respirator is the product of fiber diameter, solidity,, and
thickness; thus, it should be an important parameter of FE.
Since most N95-EFs are charged, the feasibility of using
the surface potential in the empirical equation will be in-
vestigated. The respirator area was included because under
a constant testing flow rate of 85 L/min, the face velocity
and thus the FE would vary significantly. In fact, the area
varies largely for commercial N95-EFs.

The developed equation will be evaluated by comparing
its predictions with the experimental efficiency of MPPS
particles. The model will be further validated by predicting
the FE for 5 extra N95-EF samples. The final goal of this
study is to provide this validated equation and its con-
straints for the use of manufacturers or certified laborato-
ries to quickly qualify N95-EFs to secure their quality.

2. Materials and methods
2.1 N95-EF sources and selection

The N95-EFs evaluated in this study included NO5,
KN95, KF94, and FFP2 respirators purchased from Ama-
zon, Costco Wholesale, Walmart, Kroger, and CVS. A total
of 50 samples were collected and investigated for their FEs

and specifications. Before the FE measurement, the first
examination was to check their appearance. Samples that
appeared to have any damage, deformation and defects on
the surface were excluded. Besides, those N95-EFs con-
taining both nanofiber and microfiber layers (by SEM
analysis) were also removed because their FE could not be
easily predicted by filtration theory. Moreover, samples
were also excluded when the variation of FEs for 5 ran-
domly picked respirators from the same box (usually sold
with 2050 packs per box) was too significant. For exam-
ple, when one standard derivation of FE (the measurement
method will be shown later) from 5 samples was higher
than 20 % of average efficiency. A high deviation means
their average FEs were not statistically significant to be
adopted. Finally, a total of 15 samples were excluded from
the first examination.

Among the qualified 35 N95-EFs, the evaluation results
of 30 samples were used to develop the empirical equation
for predicting the FE at MPPS. The rest 5 samples were
used to validate the equation. All samples were measured
with their thickness, solidity (packing density), fiber diam-
eter, filtration area, charge density and pressure drop. To
note, some N95-EFs contain more than one charged (ma-
jor) layer, so the above specifications should be determined
based on all charged layers.

2.2 Thickness

The thickness of the main filter layer (excluding the top
and bottom layers having very coarse fibers without
charges, for support only) was measured by a digital caliper
with a resolution of 0.001 mm. To increase the accuracy, 5
pieces of the main layer cut from different locations were
combined for their average thickness. The measurement
was repeated for 5 runs for 5 respirators from the same box
to obtain the representative thickness.

2.3 Solidity

Solidity was obtained by taking the ratio of the fiber
volume to the total volume of the main filtration layer
(usually meltblown of polypropylene) of the respirator. The
total volume was determined by the product of media
thickness and sample size (cut with 40 mm in diameter).
The volume of the filtration layer was determined from the
ratio of their weight to the sample volume. The solidity, a,
is calculated as:

o= W1 pe
txmx42/4

(1)

where W is the weight of the flat sheet [g], p, is the density
of the filter media (0.855 g/cm? for polypropylene) and ¢ is
the thickness.

The fiber diameter applied in this study was the effective
fiber diameter based on the solidity and pressure drop mea-
sured (Davies, 1973). Chang et al. (2016) have proven that
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effective fiber diameter was applicable and suitable for the
prediction of FE using single fiber efficiency theory.

2.4 Filtration area

In the determination of total filtration area of N95-EFs
that exhibited different shapes and sizes, a simple method
was developed. First, the pressure drop for the whole respi-
rator under 85 L/min was measured. Then, a flat circular
sheet of 4 cm in diameter (or 12.56 cm?) was cut from the
respirator and measured for its pressure drop under 10 cm/s
(or 7.54 L/min). The pressure drop is linearly increased
with face velocity for the same filter media. If the measured
pressure drop of the whole respirator is P1 and that of the
4 cm circular sheet is P2, the area of the whole respirator,
A, is calculated as:

Pl 85/4 L 1416x P2

o @
P2 7.54/12.56 Pl

2.5 Theoretical filtration efficiency

The theoretical single fiber efficiency model was devel-
oped to predict the FE of both charged (or electret) and
uncharged (or mechanical) filter media under clean condi-
tions (Chang et al., 2016; Hinds, 1999). It is widely ap-
plied, and here we summarize the models that can
accurately predict the FEs for researchers’ reference
(Chang et al., 2016, 2018; Liu et al., 2023; Tien et al.,
2020). The theoretical particle penetration, P, is calcu-
lated as (Bahk et al., 2013; Hinds, 1999; Wang et al., 2007,
2011):

4oLt j 3)

Ppy = exp| ———otl
i p( nd; (1-a)

where d, is the fiber diameter in the filter media and E; is
the total single fiber efficiency due to diffusion (£},), inter-
ception (£y), interception of diffusing particles (£py), im-
paction (E)), and electrostatic attraction (£, q), and
determined as:

Er :1_(1—ED)(1_ER)(1_EDR)(1_El)(l_Eq) 4)

The Ep, Ey, Epy, and E| are calculated as (Wang et al., 2007;
2011):

Ep = 0.84Pe 043 (5)

2
By =R 21n(1+R)—1+a+( ! j(l—ij
2Ku 1+R 2
—1(1+R)2} (6)
2
1.24R?3
or (Kux Pe)"
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where Pe is the Peclet number, Ku is the Kuwabara hydro-
dynamic parameter, R is the ratio of particle to the fiber
diameter, and Stk is the Stokes number. The Pe, Ku, and Stk
are calculated as:

pe=41%0
- ©)
~Ina a? 3

K: R ——

R T R (10)
d.2CU,

Stk = Lo =20 (11)
18ud;

where U, is face velocity, D is the diffusion coefficient, Py
is NaCl density (2.2 g/cm?), d_ is particle diameter, C, is the
Cunningham slip correction factor (Hinds, 1999) and p is
the air viscosity (N-s/m?). In Eqn. (4), E, can be further
calculated according to the depositions by the Coulombic
force E (n) and that by the dielectric polarization force
Ep, as:

Eq :1_[1_EqC(n)](l_EqD) (12)
where E . (n) is the function of the number of charges, and

n, is the number of charges the particles carried. The £ ClC(n)
and £ 4p can be calculated as (Chang et al., 2015):

T—o |8 WNep
E ~(n)=
() ( Ku ) 14 27N /4 (13)
and
1-a)*? TNpp
Ep= 14
w ( Ku ) 1+ 21N pp 23 (14)

N¢p and Ny, are dimensionless parameters for charged and
uncharged particles through bipolarly charged fibrous filter
media, respectively, and defined as:

__ cal §
P 3nue, (1+e¢)d, U, (s)
and
_ced [g- »
. 3uey (1+&¢) delU, | &, +2

where ¢ is the charging density of the fiber (C/m?), ¢(n) is
the carried charges of the particle with d, (C), &, is the fab-
ric dielectric constant (1.5 for the polypropylene), ¢, is the
permittivity of the vacuum (8.85 x 10! C*/N-m?) and ¢, is
the relative permittivity of the particle which is 4.86 for
NaCl.

By considering the charge distributions of particles (size
dependent) through charged filter media, the size depen-

dent penetration, P, .. is calculated as:
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Prnise = T () eXP( e (HZSJ

n includes 0 (17)

where f{(n) is the fraction of the d, particles that carry num-
ber of n charges and the total efficiency E- is rewritten to
consider particle charges (up to 10 elementary charges) as:

Ex(n)

=1-(1-Ep)(1- Ex)(1- Epg)(1- EI)[l —Eqc (”)] (1 - EqD)

(18)

To note, Eqn. (17) considers the polarization depositions
for both neutral (zero charge) and charged particles, which
resulted in an agreement between the model prediction and
experimental data (Chang et al., 2016). Without consider-
ing the polarization deposition for charged particles, it
would lead to errors. Eqn. (17) considers particle charges
up to with 10 elementary charges, but normally the particle
concentration fractions reduce to negligible (<1 %) for
more than 6 charges for submicron particles (<1 um).

From Eqns. (3) to (18), the theoretical EF is size depen-
dent, 77, 4 and calculated as:

”theo,dx =1- })lheo,dx (19)
The result of Eqn. (19) will be compared with the size
fractioned efficiency determined by the SMPS (detailed in
Section 2.7).

As shown above, to predict the efficiency of charged fil-
ter media using the theoretical model involves many equa-
tions and cumbersome calculations, which can easily cause
errors. The charge density in Eqns. (15, 16) was not easily
and accurately measured. Thus, one can extrinsically deter-
mine it by fitting a value of the charging to match the size
fractioned efficiency curve between the theoretical calcula-
tion and experimental measurement (Chang et al., 2016).
However, an accurate charging density can be obtained
only if accurate experimental data are obtained and all re-
quired parameters presented in these equations are cor-
rectly measured and determined. This study intended to
determine the empirical charging density of each respirator
investigated, so the calculations were inevitable. To con-
clude, given the complexity of obtaining the theoretical ef-
ficiency, charge density, and all filter specifications, it is
necessary to find an easily accessible method to quickly
screen the effectiveness and FE of respirators.

2.6 Surface potential measurement

A Trek model 244A electrostatic voltmeter equipped
with a 1017AE probe (Advanced Energy Industries, Inc.,
Denver, CO) was used to measure the dipolar surface po-
tential of the main filtration layer, as shown in Fig. 1. This
voltmeter uses a technique that nullifies the field between

Monroe 244A

o
860V Gain

Power Zero  Prjobe

Electrostatic Voltmeter

1017AE probe {

Sample ﬂTd =5mm
. d

Fig. 1 Schematic of surface potential measurement by electrostatic

voltmeter.

the probe and the filter (Antoniu et al., 2011; Sachinidou et
al., 2018). The potential ¥/, of the voltmeter probe is driven
by the electronic circuitry of the instrument at the potential
V of the monitored surface (¥, = V). Thus, the electric field
in the air gap between the sample and probe is nullified.
This measurement configuration is equivalent to that of a
capacitor calculated as:

P % = % (20)
where G, is the capacitance of the capacitor, Q is the charge
carried by the surface area A of the sample surface, V'is the
measured surface potential (i.e., a potential difference be-
tween the sensor and the tested surface), ¢, is the permittiv-
ity of the sample between the electrode and the tested
surface, and ¢ is the thickness of the sample (Kachi et al.,
2011). The surface electric charge density o, assumed to be
uniformly distributed, can be expressed as (Kachi et al.,
2011):

_ Vad
t

1)

During the surface potential measurement, the major layer
was positioned onto a grounded metal plate and a noncon-
tact probe of the electrostatic voltmeter was placed 5 mm
above the layer surface, according to Kachi et al. (2011).
The environmental relative humidity (RH) was controlled
between 30 % and 50 % to minimize the effect of RH on
charge dissipation during the measurement (Kachi et al.,
2011). The samples were in circular shape with a diameter
of 4 cm. To obtain representative results, 20 different spots
on the surface of the sample were measured and averaged.
To be mentioned, dragging the sample and causing friction
with the surface should be avoided during measurements,
which can generate static charges. The measurements were
repeated for 5 different pieces from different respirator
samples in the same box to provide the average and stan-
dard deviation.

The measured surface potentials were correlated with
the obtained charged density from theoretical calculations.
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2.7 Filtration efficiency measurement

The standard GB 2626 method was applied to determine
the performance of N95-EFs. Before the FE measurement,
temperature and humidity conditioning were conducted.
That is, 5 samples from a box were pretreated with tem-
perature and RH at 38 £ 2.5 °C and 85 + 5 %, respectively,
for 24+ 1 hours. Then, they were conditioned under
70+ 3 °C and RH <30 % in a forced air oven for other
24 + 1 hours. Finally, they were treated under —30 + 3 °C
in the freezer for other 24 + 1 hours. We randomly picked
10 samples to conduct the conditioning test.

The mass-based FE, #_, based on the upstream, Cm’up,
and downstream mass concentrations, Cm’down, of NaCl
particles of the respirator under 85 L/min flow rate, was
determined as:

=1 - Smdonn. (22)

m,up

The mass concentrations were measured by a TSI DustTrak
DRX (Model 8533, TSI Inc., Shoreview, MN) photometer.
The challenging particles required a specific size distribu-
tion having a NMD of 0.075 + 0.02 um and a geometric
standard deviation (og) less than 1.86. Fig. 2 shows an ex-
ample of the size distribution of the generated particles in
this study.

The TSI 8130 Automated Filter Tester (TSI Inc.,
Shoreview, MN) is a standard reference test rig. It uses a
laser with a wavelength of 780 nm to illuminate challeng-
ing particles and to detect light scattering for the upstream
and downstream particles of the filter by photometers.
Lights scattered from particles whose diameters are much
smaller than the wavelength of the incident laser would be
very weak (°<d.%), so the sensitivity is largely reduced for
small particles. Therefore, photometric measurement is
largely biased toward the detection of larger particles in the
distribution, and it can significantly overestimate the FE of
the filter media, typically against the small challenging
particles (Fig. 2, by the SMPS) for charged media. There-
fore, to provide the worst performance of respirator, the FE
at MPPS, #,,pps» Which is the number-based minimum effi-
ciency is measured. To find #,,pps. the largest size depen-

. x10°
q ‘
2 20+ NaCl r
= NMD: ~75nm
S 151 0,172 3
]
3
Z 104 -
g
S 59 r
o
2
g 04 r
Z ,

10 100 1000

Particle size (nm)

Fig.2 Size distribution of challenging particles.
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dent penetration, Py, .. s

the ratio of upstream, C up?

should be calculated by taking
to downstream number concen-

tration, C, ;. of the respirator as:
Ch
vpps = l_Pla.rgest,dX =1-—== (23)
n,up

The size distribution shown in Fig. 3 is the denominator in
Eqn. (23). The experimental setup for mass-based and
number-based FE measurements is shown in Fig. 3.

To measure the number-based filtration efficiency, the
TSI SMPS (Model 3938, TSI Inc., Shoreview, MN) was
applied, and the procedures are the same as that of the
mass-based testing procedure by Dusttrak. Before intro-
ducing challenging particles into the respirator, they should
be totally neutralized by a neutralizer, Po-210 here, which
depends on the resident time (or flow rate) and ion concen-
tration (Hinds, 1999). It is worth mentioning that since the
efficiency testing was under a flow rate of 85 L/min, the
upstream concentration of the particle source at smaller
particle size may be low, which can lead to inaccuracy of
EF of MPPS (usually in 20-50 nm for charged media).
Thus, a suitable atomizer that has a sufficiently high flow
rate (dilution rate can be reduced) and high particle concen-
tration as well as the required size distribution is essential.
In this study, a homemade atomizer with a maximum flow
rate of 8 L/min was applied. The concentration of NaCl
solution was 0.5—1.5 wt% in this study. To obtain represen-
tative results, measurements for the filtration efficiency by
every type of FFRs were repeated at least five times using
new samples.

3. Results and discussion
3.1 Specification of studied N95-EF's
3.1.1 Mass- and Number-Based FE

This study found that pretreatment with temperature and
humidity did not change the FE results of the tested respi-
rators. Table 1 summarizes the specifications and FE data
measured for the first 30 tested respirators, including mass-
and number-based efficiency, MPPS, pressure drop, filtra-
tion area, thickness, effective fiber diameter, solidity,
empirical charging density, and surface potential. The order
of these respirators shown in the table was based on their
mass-based efficiency from high to low. It is seen 9 out of
30 did not pass 0.95 (or 95 %) mass-based efficiency. The
pass rate shown here is reasonable because the half of them
were purchased after January 2022, so only ~30 % failed.
Due to the small size distribution of the NaCl challenging
particles and more sensitivity of SMPS than the Dusttrak,
as expected, the number-based efficiency was lower than
that of mass-based ones except for samples 11, 16 and 21.
These three respirators, in general, had a high pressure drop
(150225 Pa, oriented toward mechanical filter) and me-
dium charging density (MPPS not small), causing a higher
efficiency toward small sizes. A total of 11 out of 30 tested
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Fig.3 Testrig for measuring both mass- and number-based FEs of N95-FEs.

respirators did not pass the 95 % number-based efficiency.
Samples 8, 17 and 20 passed mass-based FE while failed
for number-based FE. Nevertheless, their number-based
efficiencies were still acceptable (90.3 %, 86.3 % and
90.9 %, respectively).

3.1.2 Pressure Drop, Filtration Area, and Other
Physical Properties

The pressure drops of the tested N95-EFs under 85 L/min
flow rate varied largely from 25 to 185 Pa. As mentioned,
pressure drop is very important and it depends on several
physical properties including packing density, fiber diame-
ter, thickness, and filtration area. As low as 50-65 Pa,
samples 1, 4 and 5 passed both mass- and number-based
95 % efficiency, which was attributed to their high charging
density (discussed later). Comparing samples 4 and 5, the
latter had larger filtration area (23 % increase) and finer fi-
ber diameter to compensate for its lower charging density.
In general, the manufacturer intended to increase fiber
charges to design their respirators with lower pressure drop
for the comfort of the wearer. However, there is a high risk
if the filter media is not properly charged when weighing
and relying only on its low mechanical efficiency due to
low pressure drop.

The filtration areas also varied largely from 143 to
235 cm?. This means that the face velocity through the two
extreme respirators had a 1.6 times difference, which can
cause a nonnegligible filtration result. The differences in
thickness, fiber diameter and solidity varied from 0.26 to
0.98 mm, 3.74 to 12.1 pm, and 0.091 to 0.195, respectively.

The largest differences were 3.8, 3.2, and 2.1 times for
these three parameters. Without considering their effective-
ness, these randomly purchased N95-EFs had large differ-
ences in their physical design parameters. These
unreasonably high differences were the potential reasons
causing the failures of many respirators.

3.2 Empirical charging density

Once the required physical properties were obtained
(Table 1), the charging density can be treated as the only
variable in the theoretical FE calculation to match the ex-
perimental data. As expected, after applying favorable fiber
charging density into the modeling, good agreements of
whole size fractioned efficiency curve between theory
(Eqgns. (3)—(19) and (22)—(23)) and data were obtained for
all samples. Fig. 4 shows examples of the comparisons for
4 representative N95-EFs, including an N95 (#11), a KN95
(#17), a KF94 (#5), and an FFP2 (#9). It can be seen that
the two curves almost collapsed together for all sizes, indi-
cating that the applied charging density and the measured
physical properties were very accurate.

3.2.1 MPPS and Charging Density

The charging density of the 30 samples varied from 2 to
122. The MPPS of filter media measured was closely re-
lated to the charging density and fiber diameter of the filter
media (Chang et al., 2016; Tang et al., 2018a, b, c). When
the media carried a relatively high charge, e.g., >50 pC/m?,
the MPPS would obviously move to small sizes, e.g.,
<50 nm. Our measurement results agreed with this trend.
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Table 1  Specifications and test results of 30 commercial N95-EFs.

Label Mass 7 Number MPPS AP of AP of4cm Mask Thickness The fiber Solidity = Charge Surface  Std.

n at (nm) whole flat sheet area (mm) diameter density potential  + (V)

MPPS mask @10 cm/s  (cm?) (um) (uC/m?) (V)

(Pa) (Pa)

1 0.998 0.985 294 50.0 75.0 212 0.98 10.2 0.135 122 1393.1 203.7
2 0.996 0.987 39.2 107.5 127.5 168 0.4 5.6 0.158 85 824.3 125.4
3 0.993 0.977 453 130.0 137.5 149 0.31 3.7 0.131 75 594.0 39.6
4 0.989 0.978 33.0 62.5 71.5 175 0.38 4.7 0.099 95 760.3 137.2
5 0.989 0.966 34.0 63.5 95.0 215 0.34 4.1 0.091 55 575.3 101.2
6 0.985 0.951 453 120.0 150.0 177 0.35 5.7 0.180 45 571.5 166.4
7 0.985 0.961 52.3 115.0 137.5 169 0.49 4.9 0.128 48 586.1 216.5
8 0.983 0.903 125.0 185.0 237.5 181 0.32 4.4 0.180 15 203.6 40.4
9 0.981 0.955 60.4 157.5 172.5 155 0.36 5.2 0.184 35 475.5 225.2
10 0.979 0.957 50.5 150.0 200.0 188 0.34 5.4 0.189 35 331.3 130.2
11 0.979 0.989 453 170.0 172.5 143 0.44 5.2 0.175 58 663.3 95.6
12 0.979 0.958 523 110.0 155.0 199 0.36 5.3 0.159 45 477.8 86.1
13 0.975 0.957 39.2 70.0 107.5 217 0.31 4.7 0.120 65 428.4 83.5
14 0.972 0.962 62.6 142.5 237.5 235 0.35 5.8 0.195 33 343.6 108.7
15 0.969 0.954 58.3 110.0 150.0 193 0.55 7.5 0.181 40 468.1 97.8
16 0.966 0.970 52.3 135.0 150.0 157 0.48 4.9 0.142 52 567.7 72.6
17 0.964 0.863 54.2 82.5 120.0 205 0.26 6.1 0.184 21 136.1 59.5
18 0.963 0.952 50.5 110.0 137.5 177 0.36 6.1 0.181 48 572.6 81.2
19 0.963 0.953 58.3 115.0 155.0 190 0.4 5.8 0.168 28 529.2 93.3
20 0.956 0.909 39.2 71.5 100.0 182 0.55 5.6 0.111 40 376.9 233.4
21 0.953 0.955 47.9 140.0 225.0 227 0.32 5.0 0.178 45 606.6 85.2
22 0.936 0.873 453 72.5 100.0 195 0.35 7.6 0.186 25 204.6 86.3
23 0.914 0.866 52.3 68.8 87.5 180 0.36 7.7 0.180 15 169.6 34.8
24 0.905 0.873 93.1 75.0 102.5 193 0.49 7.1 0.151 15 174.0 11.3
25 0.904 0.846 69.8 66.5 95.0 199 0.41 8.9 0.194 15 145.7 56.3
26 0.875 0.832 143.0 67.5 97.5 204 0.56 6.6 0.122 8.5 128.2 20.4
27 0.866 0.808 160.4 72.5 100.0 195 0.46 6.8 0.145 10 96.5 10.7
28 0.848 0.805 254.0 92.5 130.0 199 0.47 5.6 0.135 12 103.2 12.4
29 0.464 0.360 294.3 45.0 62.5 196 0.43 9.9 0.173 2 45.7 5.3
30 0.395 0.201 450.0 25.0 37.5 212 0.39 12.1 0.166 3 56.5 8.31

For example, the MPPSs were smaller than 40 nm for me-
dia with charges higher than 85 pC/m?. The shifting of
MPPS to small sizes is due to relatively large enhancement
of deposition by fiber charge for larger particles than
smaller ones. Both Coulombic and polarization attractions
were almost negligible for particles smaller than ~50 nm
due to relatively low carried and induced charges for small
particles. On the contrary, when charging density smaller
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than ~10 pC/m?, they could be treated as a mechanical fil-
ter. For example, samples 26-30 had relatively large
MPPSs ranging 143-450 nm. It was speculated that the
media were not successfully charged as expected or the rate
of charge decay was too fast. As mentioned earlier, this is
risky as these respirators relied mostly only on mechanical
filtration, such as samples 29 and 30 had a relatively low
efficiency of ~40 %.
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Fig.4 Comparison of theoretical and experimental efficiency curve of sample 11 (a), sample 17 (b), sample 5 (¢) and sample 9 (d) respirators.

3.2.2 Charging Density and Surface Potential

Table 1 also shows the measured surface potentials and
standard deviations for the 30 samples. The surface poten-
tials varied largely from 45.7 to 1393 and the deviations
were not small, which majorly ranged ~10-40 % of the
average potential. The surface potential is valid to be
applied to the empirical equation only when it linearly
correlates with the charging density. Fig.5 shows the
comparison between the charge density and surface poten-
tial. A fairly good linear correlation with R-squared value
0f 0.906 was obtained. Therefore, this allowed us to substi-
tute the charge density by the easily accessible surface po-
tential to describe the charging property of filter media.
This is a very important finding first reported, which was
strictly based on rigorous experiments and theoretical cal-
culations.

3.3 Empirical equation for the FE of MPPS

Now the final step toward the applicability of the empir-
ical equation involving only pressure drop, filtration area
and surface potential to predict the efficiency of MPPS is to
compare the prediction to the experimental data. Again, the
three parameters are relatively easy to obtain as described
earlier. Preferably, penetration may be used in the empirical
equation as it was the first calculation result (Eqn. (17)) in
the modeling. However, to have an intuitive relation with
the 95 % FE of N95-EFs, we chose to use efficiency in the
equation. There are many commercially available fitting
programs, and we used TableCurve 3D software (Systat
Software Inc., San Jose, CA) to find the equation.

When all three parameters are applied, there will be 3
independent and 1 dependent variables, which are one di-

1600 1 1 1 1 1
14004 . L
9120(% y=9.78x+41.37 ,,’ L
< R*=0.906 e
= 1000 e H
= .
g .
S 800 R L
o -
g 600 ve 3
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%
,l ° -
200 ,.;r
0 - : : : :
0 25 50 75 100 125 150

Filter charge density (uC/m?)

Fig.5 Correlation of surface potential and charge density of tested
respirators.

mension over what the software can do. So, we combined
the pressure drop and surface area by multiplying them to-
gether. This is reasonable as the FE increases with both
parameters. Further, to make each term of the variable in
the equation dimensionless, the reference pressure drop,
respirator area, and surface potential should be determined.
Ideally, the parameters from a standard filter media should
be used. However, it is not available for now and has to be
developed in the near future. We thus tried using a NIOSH
certified N95, i.e. sample 11, as the reference.

The developed equation was a curved surface having a
format of:

Mvpps,p = @ +b Inx+c(Inx)?+d (Inx)*+e In y (24)

where @ = 1.0036, b =-0.01725, ¢ = 0.09753, d = 0.18983,
e=-0.03338, R?=0.966, Nvpps,p 18 the predicted FE of
MPPS, x is the normalized product of the pressure drop and
respirator area (x = (AP-S) /(AP-S),95), and y is the

sample’
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normalized surface potential (y =V, 1/Vyos)- The com-
parison between measured and predicted FE at MPPS for
the 30 samples is shown in Table 2. With a good R-squared
value of 0.966, it can be seen that the predicted FEs (
predicted) by the empirical equation are less than 8 %
(majorly less than ~3 %) difference from the experimental
FEs (1 data). The equation is very reliable because its pre-
diction is accurate in distinguishing whether the samples
pass or fail 95 % FE. For example, the equation would not
predict a pass if the data showed fail and vice versa. The
only exceptions were sample 10 and 20. The empirical

equation underestimated the FE of sample 10 for about
2 %, and overestimated that of sample 20 for about 5 %.
Therefore, we believe that the accuracy of the equation can
be further improved by adding more data. Typically, we
should have more mechanical respirators and those respira-
tors that have FE around 95% to comprehend the
equation.

3.4 Validation and application of the developed
empirical equation
It is very meaningful to validate the accuracy and

Table 2 Comparison of the predicted efficiency by the empirical equation model with the experimental efficiency.

Label X y n, data n, predicted Residual
1 0.435 2.100 0.9849 0.9601 —0.0248
2 0.739 1.243 0.9867 0.9857 —0.0010
3 0.797 0.896 0.9766 0.9731 -0.0035
4 0.449 1.146 0.9781 0.9535 —0.0246
5 0.551 0.867 0.9655 0.9699 0.0044
6 0.870 0.871 0.9513 0.9691 0.0178
7 0.797 0.884 0.9605 0.9726 0.0121
8 1.377 0.307 0.9033 0.9056 0.0023
9 1.000 0.717 0.9546 0.9571 0.0025
10 1.160 0.500 0.9569 0.9370 —-0.0199
11 1.000 1.000 0.9893 0.9703 —0.0190
12 0.899 0.720 0.9575 0.9600 0.0025
13 0.623 0.646 0.9570 0.9619 0.0049
14 1.377 0.518 0.9624 0.9500 —-0.0125
15 0.870 0.706 0.9540 0.9601 0.0061
16 0.870 0.856 0.9704 0.9684 —0.0020
17 0.696 0.205 0.8631 0.8510 0.0103
18 0.797 0.863 0.9516 0.9717 0.0201
19 0.899 0.798 0.9533 0.9645 0.0112
20 0.580 0.568 0.9087 0.9525 0.0438
21 1.304 0.915 0.9549 0.9730 0.0181
22 0.580 0.308 0.8727 0.9030 0.0303
23 0.507 0.256 0.8663 0.8704 0.0041
24 0.594 0.262 0.8727 0.8851 0.0124
25 0.551 0.220 0.8458 0.8564 0.0106
26 0.565 0.193 0.8315 0.8373 0.0058
27 0.580 0.146 0.8078 0.7820 -0.0258
28 0.754 0.156 0.8053 0.7976 -0.0077
29 0.362 0.069 0.3600 0.4387 0.0787
30 0.217 0.085 0.2013 0.1905 -0.0108
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feasibility of the equation. So, we use extra 5 new samples
to test the equation. Table 3 summarizes the pressure drop,
filtration area, surface potential, and measured and pre-
dicted MPPS FE. Results showed that the maximum differ-
ence between data and prediction was only 3.4 %.
Therefore, it is to conclude that the empirical equation is
easy to use and can be applied to predict the MPPS FE.

3.5 Application of the developed empirical
equation

The developed empirical equation Eqn. (24) was applied
to help redesign the mechanical filters that were examined
and did not pass 95 % MPPS FEs. Samples 8, 26, 28, 29
and 30 (see Table 1) were selected as representative me-
chanical respirators. By keeping the filtration area and sur-
face potential unchanged, the equation was able to find the
pressure drop required to improve them to have an MPPS
FE larger than 95 %. The pressure drop required to be in-
creased (or adding, e.g., through adding thickness) are
summarized in Table 4. Sample 8 only needed 52.1 Pa to
increase its MPPS FE from 90.3 % to 95 %, but others
needed more (~180-360 Pa) as their original FEs were
lower (~0.2-0.83). Comparing the calculation results be-
tween samples 29 and 30, a lower adding of pressure drop
was needed for Sample 30 even its original FE was lower.
This was attributed to the larger size of MPPS for sample
30 (450 nm) than 29 (294 nm). This indicated that
Eqn. (24) with the feeds of data from 30 respirators is
smart enough to consider the size effect in the filtration
mechanism. One can also use Eqn. (24) to find the required
filtration area or surface potential (or charging density) for
these mechanical respirators to pass 95 % MPPS FE. Ulti-

Table 3  Validation of the developed empirical equation for 5 new masks.

mately, the equation also allows users to adjust all three
main parameters at the same time to design a good N95-EF
with low pressure drop or low quantity of filter media.
However, to note, Eqn. (24) is applicable to predict the
MPPS FE for the respirators with specifications falling in-
side the boundary of the 30 samples. That is, it is limited to
pressure drop from 25 to 185 Pa, filtration area of 143—
235 cm? and surface potential of 46-1393 V.

4. Conclusion

To determine whether an N95 Equivalent-Facepiece fil-
tering respirator (N95-EF) has passed 95 % filtration effi-
ciency (FE), either through experimental measurement or
theoretical calculation, is complex and cumbersome. This
complexity could be the major reason causing the high
failure rate for N95-EF sold in the market at the beginning
of the COVID-19 pandemic, as respirator manufacturers
could not easily follow the standard protocols to control
their quality. In this study, we proposed a simple method to
qualify commercial N95-EFs. It was based on rigorous
empirical evidence and theoretical calculations. Specifi-
cally, we utilized three important and easily accessible
respirator parameters including pressure drop, filtration
area, and surface potential to form an empirical equation to
predict FE at the most penetrating particle size (MPPS).
Notably, The surface potential well correlated with the
charging density, so it was used as its substitute. To note,
the equation is reliable only if these parameters are defined
correctly.

In the development of the empirical equation, we first
built a standard test rig based on Chinese Standard GB 2626
to perform both mass- and number-based efficiency

New Sample AP (Pa) Area (cm?) Average surface  Measured 7 at Predicted 7 at Residual
potential (V) MPPS MPPS

A 67.5 204 142.1 0.830 0.857 —0.027

B 72.5 200 175.5 0.866 0.877 —0.011

© 170 145 750.1 0.984 0.971 —-0.013

D 110 199 477.3 0.958 0.950 —0.008

E 82.5 193 167.4 0.841 0.875 0.034

Table 4 Empirical equation application for mechanical filters.
Label Mass Number s  MPPS AP (Pa) Surface Surface Required # Predicted AP adding
at MPPS area (cm?)  potential (V) at MPPS AP (Pa) (Pa)

8 0.983 0.903 125 185 181 203.6 0.95 236.2 52.1

26 0.875 0.832 143 67.5 204 128.2 0.95 251.4 183.9

28 0.848 0.805 254 92.5 199 89.4 0.95 298.1 205.6

29 0.464 0.361 294 45.0 196 45.7 0.95 405.6 360.6

30 0.395 0.201 450 25.0 212 56.5 0.95 340.7 315.7
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evaluation of 35 different commercial N95-EFs. In addi- C, Cunningham slip correction factor
tion, all respirators were measured with their thickness, fi- Conp Upstream mass concentration
ber size, packing density, surface potential, and filtration Crgown  Downstream mass concentration
) . C Upstream number concentration
area. The surface potential was correlated with the charge ™’ Downstream number concentration
density derived through the comparison between the exper- Cz’down Capacitance of the capacitor
imental and theoretical efficiency. Findings demonstrated a D Diffusion coefficient
good correlation between filter charge density and surface 4 Fiber diameter in the filter media
potential validating the substitution. d Particle diameter
The prediction of MPPS FE by the equation was accu- ? gzzlailﬁzggsreiﬁﬂ:;t;y
rate and majorly (28 out of 30) with <3 % of efficiency E]: Partial interception efficiency
difference from the data. The empirical equation was suc- Epr Partial efficiency for interception of diffusing particles
cessfully validated by comparing it with data from addi- E, Partial impaction efficiency
tional 5 new samples. The empirical equation was also £ Partial electrostatic deposition efficiency
successfully applied to help redesign mechanical respira- Eqc Deposmons by the C.Oulom.b force. .
. . . .. Ep Depositions by the dielectric polarization force
tors. To conclude, this work provides a simple empirical Ku Kuwabara hydrodynamic parameter
equation for quickly qualifying FEs of respirators. The Nep Dimensionless parameter for charged particles through
equation can also be applied to design N95-EFs. bipolarly charged fibrous filter media
In conclusion, this study presents a straightforward em-  Npp Dimensionless parameter for uncharged particles

pirical equation for rapidly assessing the filtration efficien-
cies of respirators, which can also guide N95-EF design.
The equation is powerful but for now it is applicable to the
respirators with specifications falling inside the boundary
of the 30 samples tested. It is limited to pressure drop from
25 to 185 Pa, filtration area of 143-235 ¢cm? and surface
potential of 46—-1393 V. To further improve the accuracy of
the equation, more respirators should be tested, and their
data should be included in refining the empirical equation.
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Nomenclature

FE Filtration efficiency

FFR Facepiece filtering respirator
GSD Geometric standard deviation
MPPS Most penetrating particle size

NMD Number median diameter

NIOSH  National Institute for Occupational Safety and Health
GB National Standards of the People’s Republic of China
NO95-EF  N95 equivalent facepiece filtering respirator

A Surface area
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through bipolarly charged fibrous filter media
Pe Peclet number

P pgest 0 Largest size dependent penetration

theo.ax  Lheoretical particle penetration
P1 Measured pressure drop of the whole respirator
P2 Measured pressure drop of the 4 cm circular sheet
q(n) Carried charges of the particle (C)
(0] Charge carried by the sample surface
R The ratio of particle diameter to fiber diameter

Stk Stokes number

t The thickness of sample
U, Face velocity (cm/s)

V Measured surface potential
v, The potential of the voltmeter probe
w Weight of the flat sheet (g)
X Normalized product of pressure drop and mask area

y Normalized surface potential

o Solidity

&y The permittivity of the sample between the electrode
and the tested surface

& Fabric dielectric constant

€, The relative permittivity of the particle

& The permittivity of the vacuum (8.85 x 1012 C2/N-m?)
U iheo.dx Theoretical filtration efficiency

T ’ Mass-based filtration efficiency

T\pps Number-based minimum efficiency

Duppsp  Predicted number-based minimum efficiency
1 Air viscosity (N-s/m?)

Pe The density of filter media (g/cm?)

Py Particle density (2.2 g/cm? here)

o Charge density (C/m?)
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