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ABSTRACT KEYWORDS

The particle filtration efficiency (PFE) of a respirator or face mask is one of its key properties.
While the physics of particle filtration results in the PFE being size-dependent, measurement
standards are specified using a single, integrated PFE, for simplicity. This integrated PFE is
commonly defined concerning either the number (NPFE) or mass (MPFE) distribution of par-
ticles as a function of size. This relationship is non-trivial; it is influenced by both the shape
of the particle distribution and the fact that multiple practical definitions of particle size are
used. This manuscript discusses the relationship between NPFE and MPFE in detail, provid-
ing a guide to practitioners. Our discussion begins with a description of the theory underly-
ing different variants of PFE. We then present experimental results for a database of size-
resolved PFE (SPFE) measurements for several thousand candidate respirators and filter
media, including filter media with systematically varied properties and commercial samples
that span 20%-99.8% MPFE. The observed relationships between NPFE and MPFE are dis-
cussed in terms of the most-penetrating particle size (MPPS) and charge state of the media.
For the sodium chloride particles used here, we observed that the MPFE was greater than
NPFE for charged materials and vice versa for uncharged materials. This relationship is
observed because a shift from NPFE to MPFE weights the distribution toward larger sizes,
while charged materials shift the MPPS to smaller sizes. Results are validated by comparing
the output of a pair of automated filter testers, which are used in gauging standards com-
pliance, to that of MPFE computed from a system capable of measuring SPFE over the

Particle filtration efficiency;
particle size; particle size
distribution; PPE; respiratory
protection; respiratory
standards

20 nm-500 nm range.

Introduction

Respirators, face masks, and face coverings are critical
to curbing respiratory disease transmission and pro-
viding personal protection against many forms of
harmful aerosols, such as smoke, dust, and other
pathogens. Their utility has been highlighted by the
ongoing COVID-19 pandemic, where masks have sig-
nificant utility as part of larger mitigation strategies
(Hendrix 2020; Lyu and Wehby 2020; Stutt et al.
2020; Abboah-Offei et al. 2021; Bazant and Bush
2021; Gettings et al. 2021). The pandemic has also
renewed interest in assessing the effectiveness of
masks, including extensive consideration of common
materials for use by the general public (Zangmeister
et al. 2020; Zhao et al. 2020; Bagheri et al. 2021;

Radney et al. 2021; Rogak et al. 2021; Zangmeister
et al. 2021); the reuse of high performing masks (Lu
et al. 2020; Ma et al. 2020; Rubio-Romero et al. 2020);
the environmental impact of discarded masks (Fadare
and Okoffo 2020; Dharmaraj et al. 2021; Hartanto and
Mayasari 2021); and the testing methods and stand-
ards associated with various types of masks
(Rengasamy et al. 2017; Corbin et al. 2021; LaRue
et al. 2021; Zoller et al. 2021).

This study is concerned with the material proper-
ties of candidate respirators or reference filtration
media, chiefly the particle filtration efficiency (PFE),
rather than consideration of fit. While fit is a very sig-
nificant factor in mask performance (Rengasamy and
Eimer 2011; Lei et al. 2013; Grima-Olmedo et al
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2014; Duncan et al. 2021), it is also challenging to
measure effectively for the general populace. This is
due, in part at least, to differences in the shape and
features of individual faces and complex testing proce-
dures (e.g., that require physical modifications to the
mask, as in the OSHA test method (OSHA 2004), and
a bivariate panel of volunteers). The accuracy of quan-
titative fit testing relies on how representative the test
subjects are of the populace. Qualitative measures are
often used as a practical alternative. Further, the
upper limit of effectiveness is governed by the mater-
ial properties, requiring that standards continue to
address material PFE testing in addition to fit.

There are different variants of PFE. The NIOSH
TEB-APR-STP-0059 test method (NIOSH 2007), used
for the certification of N95 respirators and hereafter
referred to as the NIOSH NO95 test method, uses the
ratio (downstream/upstream of the mask) of light
scattering measured from the aerosol to determine
PFE. In doing so, this test method inherently targets
scattering-based filtration efficiency, which is consid-
ered roughly proportional to mass-based filtration effi-
ciency (MPFE). Thus, while commercial instruments
available to gauge mask compliance (including the TSI
8130A, which features prominently in North America
due to it being explicitly identified in the NIOSH N95
test method, paragraph 3.1.1, and is used as a surro-
gate for commercial instruments in this work; ATI
100X; Gester GT-RA09; and Palas PMFT 1000) meas-
ure total light scattering from aerosol particles, these
measurements must be correlated to an MPFE via
calibration against gravimetric filter mass. These
instruments can also be used in conjunction with
other international standards that have similar
requirements (Corbin et al. 2021). By contrast, the
ASTM F2299/F2100 test method, which employs poly-
styrene latex (PSL) spheres, and methods based on the
PortaCount (e.g., Rengasamy et al. 2012) measure par-
ticle counts and thereby target count- or number-
based filtration efficiencies (NPFE). Academic/research
studies often use systems composed of size-resolved
particle counting instruments, such as scanning
mobility particle sizers (SMPSs) (Li et al. 2012; Tang
et al. 2018; Lu et al. 2020; Zangmeister et al. 2020;
Corbin et al. 2021) and optical particle sizers (OPSs)
(Tang et al. 2018; Rogak et al. 2021; Bement et al.
2022). The counting nature of these sizing instru-
ments is well suited to compute NPFE. However, the
instruments also provide information on the size-
resolved PFE (SPFE), which can be used to convert
between NPFE and MPFE. Further, relating these two
quantities is non-trivial, and the extent of the differen-
ces will depend on the size distribution, the shape of

the SPFE curve (i.e., the relationship between SPFE and
particle size), and the most penetrating particle size
(MPPS). While noted as important (Zoller et al. 2021),
this relationship has not seen much dedicated, experi-
mental study, particularly across such a wide range of
samples and into the sub-90% MPFE range.

Within this work, we investigate the differences
between these various quantities. We start by provid-
ing a detailed, theoretical discussion of particle size
and the principles differentiating NPFE and MPEFE.
We then consider a research system—the Particle
Filtration Efficiency Measurement System (PFEMS)
(Smallwood et al. 2020; Corbin et al. 2021), composed
of condensation particle counters and SMPSs—and
report on measurements taken over more than a year,
spanning a wide range of respirators and filtration
media consisting of several thousand samples. We
compute both NPFE and MPFE for this data and
examine the relationship between the two quantities
across the full range of samples. Of the materials
tested, we also include a set of candidate reference fil-
ter media composed of melt-blown polypropylene
where the charge state and basis weight are controlled.
This allows for qualitative statements about the effect
of the most common parameters that are adjusted in
mask construction and their relation to the NPFE and
MPEFE. Overall, differences between NPFE and MPFE
depend significantly on the charge state of the mater-
ial. Finally, we compare the mass-based outputs from
the size-resolved system to the output of two TSI
8130As, to assess the equivalence of these two charac-
terization methods.

Background

A single aerosol size distribution can be described in
different ways (Hinds 1999b). This has confused the
discussion of particle filtration efficiency (PFE) in the
literature, with inconsistent reporting in some cases,
which has reduced the utility of comparisons across
studies. Aerosol particle size is a complex topic, for
two reasons. First, particle transport in a gas is
described by different equivalent sizes, depending on
the context. Second, particles are often measured or
described by reference to all particle sizes present in a
given sample “distribution.” These two points are
expanded upon in the following sections.

Metrics for particle size

Particle filtration is achieved through mechanical—
including diffusion, impaction, and interception—and
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Figure 1. Schematic demonstrating the different particle sizes and types of size distributions for the same population of sodium
chloride particles, assumed spherical with dy = 75nm and ¢4 = 1.86 (with respect to mobility diameter, i.e., the upper limit in
the NIOSH TEB-APR-STP-0059 test method). Count and mass distributions are lognormal, such that they appear normal on the
logarithmic scale here. The second horizontal axis shows the equivalent values for aerodynamic diameter (e.g., a mobility diameter
particle of 75nm has an aerodynamic diameter of 137 nm), which involves a transformation of the horizontal axis. The aero-
dynamic diameter is determined from the mobility diameter by solving Equations (1) and (2) iteratively, assuming the dynamic
shape factor is unity, y = 1. The geometric standard deviation (GSD) is specific to the chosen metric for particle size (i.e., differs for
distributions defined with respect to the mobility and aerodynamic diameters), but will be the same for the count- and mass-distri-
butions, provided a power law relationship, Equation (3), holds. For the same CMD, wider distributions will result in a larger MMD
and MMAD. Also shown is the scattering-weighted distribution for spherical NaCl particles at a forward scattering angle of 45° and
a wavelength of 2=532nm, as computed using Mie theory (Matzler 2002). The nonlinear nature of the model causes deviations

from the lognormal shape of the other two distributions.

electrostatic mechanisms (Hinds 1999a; Tcharkhtchi
et al. 2021). The mechanical mechanisms depend
largely upon the particle’s aerodynamic size (a func-
tion of volume, shape, and density) and face velocity,
as well as fiber size (related to basis weight). By con-
trast, the electrostatic mechanism is almost solely
dependent on the charge state of the filtration media
(e.g., high-performance melt-blown polypropylene
materials are electrets, which enables them to typically
achieve high filtration and low pressure drop). These
different mechanisms, in combination with available
instruments, have motivated making measurements
concerning different metrics for particle sizes.

In the context of electrostatic capture by filters,
particles behave according to their equivalent mobility
diameter, d, (technically concerning their electrical
mobility, with the mobility diameter being a surrogate
in length units). The mobility diameter depends on
the aerodynamic drag between the particle and the
gas (DeCarlo et al. 2004). Mobility diameter distribu-
tions are measured by the SMPSs within the PFEMS
system used in this study (Corbin et al. 2021) and
many others, e.g., Balazy et al. 2006; Lu et al. 2020;
Zangmeister et al. 2020; Hao et al. 2021). The mobility
diameter is often similar to the volume-equivalent
diameter (it is larger by a factor that depends on the
additional drag experienced by aspherical particles
(Hinds 1999b; DeCarlo et al. 2004), see Equation (2)

for reference) and is a physical measure of diameter
related to diffusion.

In the context of inertial motion or terminal velocity,
as is relevant to the impaction and interception mecha-
nisms, particles behave according to aerodynamic diam-
eter. The aerodynamic diameter depends on the particle
density and, inversely, on the aerodynamic drag. The
precise relationship is given by DeCarlo et al. (2004).
Some instruments, which make measurements using
inertial techniques (e.g., impactors), provide size distri-
butions directly in terms of aerodynamic diameter. It
can also be measured by accelerating particles to their
terminal velocity and either measuring their velocity
directly, as in laser-based aerodynamic particle sizers
(TSI APS 3321) and various mass spectrometers (Pratt
and Prather 2012), or by separating particles according
to their time-of-flight, as in the Aerodynamic Aerosol
Classifier (Issman et al. 2021; Payne et al. 2021) or
Aerosizer (Qian et al. 1998). Larger, heavier particles
are captured by filters and the human respiratory sys-
tem according to their aerodynamic diameters
(Kulkarni et al. 2011). The conversion from mobility to
aerodynamic diameter is given by (Hinds 1999b;
DeCarlo et al. 2004),

1 per Ce(dye)
% Po Ce(da)

a — Yve

(1)

where
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_ d_mCC(dVE)
Y Cldm)

is the volume-equivalent diameter, C. denotes the
Cunningham slip correction, y is the dynamic shape
factor, and peg and po = 1,000 kg/m?> are the effective
density of the particle and the density of water. We
note that respiratory particles often have densities
similar to water and thus have similar aerodynamic
and mobility diameters. The same does not hold for
sodium chloride, which is much denser than water,
such that aerodynamic diameters s are often double
the mobility diameter for the same particle.

)

Particle size distributions and
distribution moments

A population of particles may be described in terms
of its number and mass concentrations, among other
properties (e.g., the amount of light-scattering). More
commonly, these same properties may be divided into
contributions from bins of different sizes, resulting in
particle size distribution. For example, a mass distribu-
tion maps out how particles of different sizes contrib-
ute to the mass concentration in the aerosol. In
aerosol science, distributions are typically denoted
using a differential, with the number of particles (e.g.,
count, mass, scattering intensity) in the numerator
and a measure of the particle size in the denominator.
For example, dN/dlogd,, is used to denote the number
distribution resolved with respect to mobility diam-
eter. The distribution for the same population of par-
ticles changes depending on the chosen parameters.

In the case of the numerator, the contribution of
larger particles to the overall number concentration is
much smaller than the contribution of those particles
to the overall mass concentration. Consequently, mass
distributions (e.g., dM/dlogd,,,) typically peak at larger
sizes than number-based distributions for the same
aerosol. Scattering distributions often weigh larger
particles even more heavily, resulting in a peak at
larger sizes yet (see Figure 1). We also note that the
dN/dlnm (where m is the single-particle mass) and
dM/dInd distributions are not the same, the former
being the number distribution resolved concerning
single-particle mass (as measured using a particle
mass analyzer, e.g., Payne et al. (2021)) and the latter
being the mass distribution resolved relative to some
particle diameter. In terms of defining different kinds
of PFE in a later section, we consider the conversion
from dN/dInd to dM/dInd.

Size distributions are often specified using a range of
distribution moments, including the count median

mobility diameter (CMD) for number distributions and
mass median mobility diameter (MMD) for mass distri-
butions (the median of a lognormal distribution is
equivalent to the geometric mean diameter (GMD)).
The distribution moments can themselves be in terms
of different particle size metrics (when the denominator
of the distribution is changed). For instance, the CMD
and MMD also be expressed as aerodynamic diameters,
resulting in the count median aerodynamic diameter
(CMAD) and mass median aerodynamic diameter
(MMAD), respectively, using the conversions in the
preceding section. Similar statements hold for the geo-
metric standard deviation (GSD), which is specific to a
distribution of a given metric for particle size. Thus,
while changing the denominator only influences the
value of the distribution by way of bin widths, a change
in the metric used for particle size has implicit effects:
changing the GMD and GSD in addition to the bin
edges or values.

In the context of this work, we note that the scaling
of single-particle mass with diameter can typically be
formulated using a power law concerning diameter

m = kd" (3)

where d is some particle size, { is a power applied to
the count-based diameter to achieve the desired out-
put, and k is a pre-factor. When d is the mobility
diameter, d = d,,,, this expression is called the mass-
mobility relation, and { typically ranges from 2 to 3
({=2.97 for sodium chloride, see the Supplemental
Information). For the mass of spheres, {=3 and
k=mp/6, where p is the particle’s material density.
When d is the volume-equivalent diameter, d = d,.,
{=3, and k=7p.s/6, by definition. When d is the
aerodynamic diameter, d = d,., and the relationship is
similar to that for mobility diameter, with k adjusted
based on the particle density (the Cunningham slip
correction contributions cause further deviations).

This has implications for the distribution moments.
For Equation (3) and lognormal distributions, the
mass median (e.g., MMD and MMAD) is related to
the count median (e.g., CMD and CMAD, respect-
ively) by the Hatch-Choate relation (Heintzenberg
1994; Hinds 1999b), which we generalize here in
terms of (,

d; = dgexp|{(In o)’ (4)

where d, is the count median, d; is the corresponding
mass median, and g, is the GSD, all concerning the
chosen particle size d. Our generalization of the
Hatch-Choate relation from its traditional representa-
tion of distribution moments ({ =1, 2, 3) to fractal



scaling exponents (0 < (< 3) allows Equation (4) to
be used in more contexts, such as with agglomerated
particles. Note that the mass median does not depend
on the pre-factor (i.e., is independent of the particle
density) but does depend on the distribution width.
For infinitesimally narrow distributions, o, = 1 (i.e.,
the target of testing with PSL particles), the count
median and mass median diameters are identical, an
indication that the number and mass distributions are
also identical. Note that, provided the mass is related
to the diameter via a power law, it can be shown that
the number and mass distribution widths are identi-
cal, only differing in terms of the center of the
distribution.

Figure 1 demonstrates the equivalences of these prop-
erties for sodium chloride with a CMD of d; = 75nm
and g, = 1.86 (concerning mobility diameter, which is
typical of these measurements and close to the upper
limit of the NIOSH N95 test method). Changes to the
denominator (e.g, changing from mobility to aero-
dynamic diameter) alter the values on the x-axis, which,
in turn, results in a different GMD and GSD. Changes
to the numerator shift the distribution (on either x-
axis), a consequence of reweighting the importance of
the particle contributions to a given total. In contrast,
polystyrene latex (PSL) spheres are theoretically mono-
disperse (6, = 1.0) and have densities approximately
equivalent to that of water, such that the CMD, MMD,
CMAD, and MMAD are all identical (around 100 nm
for the ASTM F2299/F2100 test method).

Different variants of particle filtration efficiency

Based on these concepts, we distinguish between three
different variants of particle filtration efficiency (PFE):
size-resolved filtration efficiency (SPFE), number-
based filtration efficiency (NPFE), and mass-based fil-
tration efficiency (MPFE).

The SPFE is the filtration efficiency for a specific
size, which can be combined to map out a filtration
efficiency curve. Measurement requires a pair of size-
resolved measurements. Then, the size-resolved pene-
tration, P;, and SPFE, #,, at the ith particle size, d;, are
computed by

N(down, i)

Pel—n —
: " N

(5)
where N(up,i) and N(gown, are the number concentra-
tions upstream and downstream of the respirator at
standard temperature and pressure, respectively. (This
quantity may need to be corrected for additional
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losses between the upstream and downstream detec-
tors, as necessary.)

The NPFE, by contrast, corresponds to a total
number of particles captured by the filter. As such,
the NPFE has a single value for a given filtration
media and a specific challenge aerosol. This can be
realized in one of two ways. First, one can integrate
the size-resolved upstream and downstream number
distributions, that is computing the total upstream
particle concentration as

dnN. 1
Ny, = P .dlogd~ > N
P Jdlogd dlog ; ()

where [ is the number of size bins, with an analogous
expression downstream. Note that d can be any meas-
ure of particle size, so long as the distribution is inte-
grated concerning the diameter in the denominator,
and the output should be identical, provided the under-
lying size distribution is the same. (For the sodium
chloride challenge aerosol specified in the NIOSH N95
test method, a distribution with a CMD of 75nm and a
GSD of 1.86 for mobility diameter would have a
CMAD of 137 nm and a corresponding GSD of 1.74 for
aerodynamic diameter, as demonstrated in Figure 1.)
Then, analogous to Equation (5) but using total particle
concentration measurements,

Ndown
P, =1—p, =~ 7)
n n Nup

where the “n” subscript is used to denote number-
based quantities. Alternatively, to avoid the losses and
limited particle-size range associated with many size
classifiers, one can measure the total number concen-
trations using an instrument that directly integrates
the number distribution—for example using a pair of
CPCs, as is available in the PFEMS—and compute the
NPEE directly without the need to integrate as a post-
processing step.

The MPFE, which is necessary as the most direct
comparison to the TSI 8130A system output, is analo-
gous to the NPFE but prescribes the mass of aerosol
captured by a filter. As such, the MPFE corresponds
to averaging over the mass distribution instead of the
number distribution. Specifically,

Mdown
Ph=1-—n,= (8)
m Mup

where

dM .~ dN,
My, = P . dlogd = | kd"——2_.dlogd (9
P Jdlogd 08 J dlogd 41084 ©)

and an analogous expression downstream. The latter
form uses the power law from Equation (3). Like the
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NPFE, the MPFE has a single value for a given filtration
media and challenge aerosol. There are multiple ways to
convert between NPFE and MPFE (Corbin et al. 2021;
Sipkens et al. Submitted). For instance, one can numeric-
ally integrate Equation (9) directly, e.g., Zoller et al.
(2021). Here, MPFE for the PFEMS is instead computed
using a variant of Hatch-Choate analysis in conjunction
with Equation (3). In this case, the upstream and down-
stream distributions are assumed to be lognormal, and
the overall mass concentration of particulate is given by
(Sipkens et al. Submitted)

2
MuP = Nup{kdé,up exp |:% (ln O-g,up)2:| } (10)

where dy ., and oy, are the upstream GMD and
GSD, each given by an instance of Equation (4).
(Relative to Equation (4), the output of Equation (10)
defines an integrated quantity instead of a distribution
moment.) Using { =3, k=mnp/6, and

m 9
Myp = Nyp {% d;up exp [5 (In gg’up)Z] } (11)

where p is taken here as the density of sodium chlor-
ide (2,160kg/m’). An analogous conversion applies
downstream. Then,
a2 9
g,down 2 2
P, = B exp <E [(ln Ug,down) — (ln agﬂup) })Pn
g.up
(12)

Note that, since k contributes identically for M, and
Mgown, the mass-based penetration and filtration effi-
ciency are independent of k (and thus, for spheres, are
independent of the particle density). Here, (dgup> Tgup)
and (dgdown> Tgdown) are computed from the upstream
and downstream number distributions, respectively, via
their statistical definitions (Hinds 1999b), that is

1 1
dyup = exp lN > Nigp,iy(In d,.)] (13)

up j—1

1/2

1 < 5

Ogup = €Xp |}V > Z N(uP) i) (ln di —In dg-,up) ]
up =1

(14)

and the corresponding expressions for the downstream
quantities. This analysis is expected to be valid when the
input particle size distribution and size-resolved penetra-
tion curve are approximately lognormal. One can also
correct for {#3 in post-processing, provided that the
distribution widths are available (see the Supplemental
Information). For sodium chloride, effective densities are
nearly constant with particle size ({ =2.97) for the sizes

considered here (Zieger et al. 2017), with small changes
inducing errors in the mass-based penetration of less
than 3% for the samples in this study (which are largest
for the smallest penetrations). The effective densities are
plotted in the Supplemental Information.

Overall, converting from NPFE to MPFE effectively
changes the reported PFE from a measurement at
75nm mobility diameter to a measurement around
211 and 238nm mobility diameter (or 344 and
384nm MMAD) for o, = 1.8 (more typical value)
and 1.86, respectively. This occurs because the distri-
bution is reweighted toward larger particle sizes for
mass-based distributions relative to number-based.

One can also define a range of other PFEs, by
weighting with different distributions. For example,
one can define a scattering-based PFE, such as that
defined by Biermann and Bergman (1988). This
involves integrating over the size-dependent scattering
kernel. In the Rayleigh limit (which requires small
particles relative to the wavelength of light), this
reweights the particles by d° (Bohren and Huffman
2008; Moosmiiller and Arnott 2009), further shifting
consideration to larger particles than MPFE. The shift
to larger particles also makes the Rayleigh approxima-
tion less viable (instead resulting in the weighting in
Figure 1), but the effect is the same: larger particles
contribute more to the upstream and downstream sig-
nals. Photometers, including those in the TSI 8130A,
technically measure scattering-based PFE. However, in
practice, the response of the photometers is calibrated
against external mass measurements, such that instru-
ments like the TSI 8130A effectively report MPFE.

The distributions in Figure 1 correspond to that
specified in the NIOSH N95 test method. One could
also weigh by the size distribution for a specific use
case, such as targeting a specific kind of bioaerosol,
requiring information on the SPFE and an update to
the accompanying integration step.

Theoretical results for the NPFE to
MPFE conversion

The preceding statements allow for some theoretical
discussion of the conversion from NPFE to MPFE
(discussed only briefly elsewhere, e.g., Qian et al.
1998), which is demonstrated schematically in Figure
2. Universally, mass-based distributions are centered
on a larger size than number-based distributions.
Now, also consider penetration curves centered on a
most penetrating particle size (MPPS). When the
MPPS is smaller than the CMD (Figure 2b), more
particles penetrate the filtration media around the
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Figure 2. Three scenarios comparing NPFE and MPFE relative to the underlying size-resolved penetration, P; curves. The number- (P,)
and mass-based (P,,) penetrations result from integrating the product of the corresponding distribution and the size-resolved penetration
curve, corresponding to the blue and red shaded regions, respectively. A size-independent penetration (a) results in NPFE= MPFE (the
blue- and red-shaded regions are identical), while size-resolved P; (b and c) can yield differences between NPFE and MPFE.

center of the number-based distribution, which trans-
lates to MPFE > NPFE. Conversely, if the MPPS is
larger than the MMD (Figure 2c), more large particles
pass through the filtration media, coinciding better
with the center of the mass-based distribution, thus
NPFE > MPFE. For the intermediate range (not
shown in Figure 2), where the MPPS is between the
CMD and MMD, there is a transition between these
two conditions, with NPFE =MPFE when the MPPS
is around the midpoint between CMD and MMD.

The magnitude of the difference between the NPFE
and MPFE depends on quantities other than MPPS,
such as the size dependence of the penetration curve and
the challenge aerosol size distribution width. Generally,
strongly size-dependent filtration media (size-dependent
penetrations) will result in larger differences between the
NPFE and MPFE (Figures 2b and c), while media with
flat (size-independent) penetrations across the distribu-
tion width will yield nearly identical NPFE and MPFE
(Figure 2a). Similarly, if the particle size distributions are
narrow, number and mass distributions become nearly
coincident, requiring a very strong size-dependent pene-
tration to result in a difference between the NPFE and
MPFE (culminating in NPFE and MPFE necessarily
being the same for monodisperse particles).

Experimental details
PFEMS (number-based, size-resolved)

Figure 3 shows a schematic of the number-based
PFEMS (Smallwood et al. 2020) at the National
Research Council Canada. Due to the range of dates
associated with this data (extending over a year and a
half), some instruments were exchanged throughout
these measurements, depending on availability.
Despite this, the overall function remained constant,
with comparison to a reference respirator showing

consistency across the changes. The PFEMS contains
an upstream nebulizer (TSI Collison 3076) used to
generate a sodium chloride aerosol approximating that
specified for the NIOSH N95 test method, typically
with a CMD of dg,, ~ 75nm and a geometric stand-
ard deviation (GSD) that varied between gy, ~ 1.65
and 1.85 (earlier experiments excluded the impactor,
resulting in GSDs closer to the upper end of this
range). The challenge aerosol is dried with a counter-
flow membrane dryer (PermaPure MD-700-48S-3)
and passed through an impactor to remove large par-
ticles, then a bipolar *Kr neutralizer, before being
mixed with dilution air and passing through a sample
chamber containing a respirator or filtration media.
(Some of the data presented for candidate N95 respi-
rators was taken without the dryer.) A pair of scan-
ning mobility particle sizers (SMPSs; composed of a
subset of TSI model 3080, 3082, 3750, and 3752 dif-
ferential mobility analyzers) and a pair of concentra-
tion particle counters (CPCs; composed of a subset of
TSI models 3025A, 3082, 3776, and 3788), which were
used to measure total number concentrations without
size classification, are placed before and after the sam-
ple, chamber to make measurements of the aerosol
concentration upstream and downstream of the filters,
respectively. Data was inverted using the instrument’s
built-in software to correct for multiple charging and
diffusion effects.

The PFEMS measurements are used to compute
SPFE curves over the 20nm-500nm range (e.g.,
Figure 5 or Figure 2 in Corbin et al. (2021)), NPFE,
and MPFE. We report NPFE values from the PFEMS
using Equation (7), based on CPC data. NPFE from
integrated SMPS measurements (from a combination
of Equations (6) and (7)) were consistent with the
CPC results across the whole range of observed values
(different by 1.2% of P, on average). We converted
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Figure 3. Schematic of the PFEMS system, composed of a pair of SMPSs and a pair of CPCs. The p, T, and RH circles refer to pres-
sure, temperature, and relative humidity sensors. Pressure sensors p; and p, were replaced by a differential pressure sensor, meas-
uring Ap directly, prior to measuring the candidate reference materials.

the PFEMS NPFE to MPFE using Equation (12), with
size distribution statistics (dgup> dgdown> OTgup and
Ogdown) computed from the SMPS data and P, com-
puted from the CPC data.

Uncertainties for the PFEMS follow from linear error
propagation (Corbin et al. 2021; Sipkens et al
Submitted). For SPFE, this establishes that uncertainties
rapidly expand in the tails of the challenge aerosol’s par-
ticle size distribution. Overall, upstream number concen-
trations measured by the CPC are typically on the order
of 5x 10* counts, theoretically allowing measurements
of NPFE up to 99.99% (before two standard deviations
exceed 100% of the penetration). For NPFE and MPFE,
since the input number concentrations are relatively
constant at this value, uncertainties in the penetration
generally scale with the penetration itself and are thus
uniform on a log-penetration scale. Typically, samples
were tested for 5min, averaging the measured quantities
over this period, and resulting in total loading on the
order of 0.01 to 0.3mg, depending on the NPFE and
the upstream aerosol properties (in particular, the GSD
and number concentration). Such loadings are well
below that specified in the NIOSH N95 test method.

Filtration efficiencies are complemented by efforts
to compute the most-penetrating particle size (MPPS)
for each sample, computed from the measured SPFE
curve and shown as a point color in Figure 4. We
estimate the MPPS using a probabilistic approach
described in  the Supplemental Information.
Simulations employing a lognormal input challenge
aerosol and lognormal penetration curve show that
this method can predict the true MPPS within the
stated uncertainties. Note that the MPPS was not
always well-resolved. For example, in some instances,
the SPFE curve steadily declines over the entire

observable range, such that the MPPS is at the edge of
the distribution where uncertainties mask any ability
to resolve the MPPS beyond the edge of the distribu-
tion. These points are denoted as such in subsequent
figures (e.g., white-filled circles in Figure 4).

TSI 8130A

The TSI 8130A employs upstream and downstream
photometers to determine PFE. The photometers meas-
ure light scattering from the particles (see Figure 6b, the
surrounding discussion, and Biermann and Bergman
(1988)), which can be correlated to the overall mass
concentration (GoOrner et al. 1995), which, in this case,
is determined empirically using a comparison to gravi-
metric measurements. In effect, the instrument actually
measures a scattering-based filtration efficiency, which is
correlated with the MPFE. In practice, users are not pre-
sented with scattering information but with MPFE
reported by the instrument’s embedded software based
on the manufacturer’s calibration. We report these val-
ues without modification, and compare them with the
equivalent MPFE computed from the PFEMS. We
report uncertainties in the TSI 8130A outputs from
repeated measurements over time; standard filters, when
available; or differences between two TSI 8130As, which
we hereafter denote as TSI-1 and TSI-2 (see the
Supplemental Information for a comparison). Data
reported here correspond to initial filtration efficiency,
that is, the filtration after 1 min of loading. Even these
loadings are higher than that observed in the PFEMS
system, which may result in differences between the
measurements depending on the type of material
(Barrett and Rousseau 1998). For the mass concentra-
tions employed in this study, this resulted in an average



JOURNAL OF OCCUPATIONAL AND ENVIRONMENTAL HYGIENE . 637

Number- based penetration, P,, [%] '\%’;‘g{ed]
100 10 1 0.1 nm
| T ' pr) 240
¢ L : 200
s ?Qﬁ = 4 . E 4140
= 99.9 @Q 2 @)g 0.1 2 100
—~ o) - ® oo’ i 30
H Rengasamy and Qg’v o
L L ! o® @\/’ ol o 60
o Eimer (2012) —— IO 4
= i s = 40
> : P 2 =
S 9of § ) i1 8 30
) | g -
E S =
c © A Lot 4X 3
c g
2 Pl B 95% MBFE -] =
& ] '\f\‘ //’ g
E oof : {108
2 ® -
: >
1 E lio‘
8 i $QQ%
-~ « L
= g i \-Greenline Q@
I i W 1100
¢ %0 99 99.9

Number- based filtration efficiency (NPFE) [%)]

Figure 4. Mapping the relationship between NPFE and MPFE for PFEMS data taken on a wide range of filtration media and candi-
date N95 respirators; colors correspond to the observed most-penetrating particle size (MPPS). White-filled circles indicate cases
where estimates of the MPPS failed or were considered outside of a valid range. The challenge aerosol is sodium chloride with an
approximate CMD of 75nm and GSD between 1.65 and 1.86. Both the horizontal and vertical scales are logarithmic with respect
to penetration. Faint, dashed lines correspond to multiples of the penetration (e.g., +8P, corresponds to when the penetration
with respect to mass is eight times higher than the number-based quantity). Lot 4.X was a lot of particularly high pressure drop
and basis weight filter media (dashed rectangle). Shaded region in the upper-left corner corresponds to materials that have 95%
MPFE (would pass by the corresponding test method), but not 95% NPFE. Open squares are historical data from Rengasamy and
Eimer (2012) for a set of candidate N95, N99, and N100 respirators, with NPFE from a pair of CPCs and MPFE from a TSI 8130.

minimum loading of 1.5mg of sodium chloride for a
volumetric flow of 85 liters per minute (Ipm). For
higher MPFE, the filters will collect more particles and
the initial loading will be larger, and vice versa.

Figure S1 in the Supplemental Information compares
the MPFE computed from the two TSI 8130A instru-
ments. In the vast majority of cases, TSI-1 and TSI-2 agree
within 25% of P,,,. Note that, since these plots are logarith-
mic concerning penetration, the results indicate that the
MPEE are in better absolute agreement for higher per-
forming filtration media, consistent with expected trends
(Sipkens et al. Submitted). Penetration measured by TSI-2
was 7% higher than TSI-1 on average, with a standard
deviation in the difference between the penetrations
of 15%.

Results

Measurements were made with the PFEMS and TSI
8130A systems across a range of materials. Data were

roughly divided into three sets: (i) a range of N95
candidate respirators and filtration media for which
the underlying material properties are not known but
that encompass more than 500 samples spanning
20%-99.8% NPFE; (ii) a subset of N95 candidate res-
pirators from the previous category, for which dedi-
cated measurements were made on both the PFEMS
and a TSI 8130A for the same lots; and (iii) a set of
candidate reference materials composed of melt-blown
polypropylene manufactured by Roswell Downhole
Technologies that were controlled concerning their
basis weight (the mass per unit area of the material,
typically expressed in g/m*> or GSM) and degree of
charging (by subjecting the material to electric fields
of different voltages). The final category allows for
some investigation of qualitative trends in PFE as a
function of the underlying material parameters. Our
measurements also include both as-received (uncondi-
tioned) and environmentally conditioned (85% + 5%
RH, 38°C+£2.5°C for 25hr + 1hr) samples. We refer
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Figure 5. Examination of the SPFE, NPFE, and MPFE for a range of candidate reference filtration media where material the charge
state and basis weight have been controlled. (a) NPFE vs. MPFE for PFEMS data across a series of candidate reference materials,
colored by charge state and with shapes corresponding to different basis weights. Shaded, dashed boxes group common charge
states, while “H” and “L” mark the high and low basis weight points for the medium charge state. The lines from Li et al. denote
electret and uncharged fiberglass samples (Li et al. 2012). (b) SPFE from the PFEMS for a range of candidate reference materials,
stated as the mean and 5-95% percentiles (shaded regions) of the materials for each charge state. Percentiles are excluded for
the medium charge state in (b) for clarity. Also shown are single-layer Greenline media (thick, black, solid line) and the averages
across all of the materials from Figure 4 with an MPPS below 63 nm or above 125nm (black, dashed lines). Upper axis shows the
size distributions from Figure 1, for reference. The observed decrease at the upper diameter end of the medium charge state case
in (b) corresponds to a region of expanding uncertainties for those curves and is nonphysical. Charge state refers to the voltage
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applied to the material during manufacture.

the reader to Corbin et al. (2021) for a discussion of a
subset of this data within that context, as well as a
discussion of differences between the NIOSH N95 and
ASTM F2299/F2100 test methods.

PFEMS number-to-mass conversion

Figure 4 shows the relationship between NPFE and
MPFE for experimental data across roughly 800 sam-
ples, with points colored based on the observed
MPPS. Note that the horizontal and vertical scales are
logarithmic concerning penetration but reversed such
that filtration efficiency increases toward the upper-
right corner. This scale was chosen for multiple
reasons, including that it better reflects trends in
uncertainties, which are roughly proportional to the
penetration for much of the domain (Sipkens et al.
Submitted); that it better distributes the data across
the plot area, which are clustered at high filtration
efficiencies; and that it maintains an increasing filtra-
tion efficiency in moving toward the top-right. Four
observations are evident in Figure 4.

First, there are many instances in which NPFE does
not equal MPFE. This is indicative of significant varia-
tions in the SPFE curve, resulting from the fact that a
size-independent SPFE curve would necessarily yield

NPFE = MPFE, as demonstrated schematically in Figure
2a. Note that NPFE = MPFE can also be achieved when
the SPFE curve has a MPPS between the CMD and
MMD, such that the opposite (that is the SPFE curve is
necessarily flat when NPFE=MPFE) does not hold.
This observation matches the inspection of the SPFE
curves, with curves qualitative similar to trends in total
filtration efficiency models (Hinds 1999a).

Second, and related to the former, the MPPS has a
significant impact on the difference between the
NPFE and MPFE. Generally, MPPS > 80nm (CMD
of the challenge aerosol) results in a decrease when
converting from NPFE to MPFE, while the converse is
true for MPPS < 80 nm. This is supported by the the-
oretical discussion in the Methods section and Figure
2. The difference between the NPFE and MPFE and
the MPPS remains sufficiently scattered that a simple
correlation is not possible.

Third, for the whole range of materials, there was a
persistent relationship wherein high NPFE was associ-
ated with a smaller MPPS and thus yielded an
increase in the filtration efficiency when converting to
MPFE (upper-right sector of Figure 4). Conversely,
low NPFE materials often had a larger MPPS and
thus saw a decline in the conversion from NPFE to
MPFE (lower-left sector of Figure 4). In other words,
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Figure 6. The relationship between the MPFE and (a) the SPFE at a 100 nm mobility diameter and (b) the scattering-based PFE.
Presentation is otherwise analogous to Figure 4. Note that particles are neutralized before characterization for this data.

the slope of a line through the data is steeper than the
line of parity in Figure 4 and the relationship between
MPFE and NPFE is inversely proportional to MPPS.
The consistency of the trend across conditioned and
unconditioned masks, a large range of NPFE, and a
large number of lots is interesting. The materials in
this study are typically non-wovens (such as melt-
blown polypropylene), suggesting this trend may hold
for this class of materials. Caution remains to extrapo-
late such a trend more generally to all materials, par-
ticularly to materials for face coverings worn by the
general public and across materials with various levels
of electrostatic charge (Zangmeister et al. 2020; Rogak
et al. 2021). However, most materials wherein
MPFE > NPFE have an MPPS ~ 50 nm, which is con-
sistent with previous observations (Eninger et al.
2008) and theoretical predictions of a shift downward
in the MPPS (Huang et al. 2013; Wang and Otani
2013) for electret materials. As such, likely, the higher
filtration materials often employ electrostatic capture
to increase the PFE. Alternatively, the shift to lower
MPPS could stem from thinner fibers with a finer
mesh (Podgorski et al. 2006), though such differences
may be more relevant in the sub-90% NPFE range.

Fourth, Figure 4 indicates the presence of a set of out-
liers in the 97-99.8% NPFE level where MPFE < NPFE.
These samples correspond to a single set of melt-blown
polypropylene media (denoted here as Lot 4.X) with
high PFE, abnormally large MPPS, and exceptionally
high-pressure drops (breathing resistance of 200-500 Pa).
Collectively, this suggests that Lot 4.X was a higher basis
weight material, which relied more on mechanical filtra-
tion to achieve higher filtration efficiencies than the other
materials in this NPFE range.

Overall, the results in Figure 4 demonstrate that
there is a significant number of samples from these
respirators and filtration materials that exceed the
95% threshold for MPFE but have lower NPFE values,
mostly in the 90-95% range. These are shown as a
shaded region in the upper, left corner of Figure 4,
and would pass the corresponding test method for
MPFE, despite having a lower NPFE. This strengthens
the position that standards should explicitly state
whether quantities are to be mass- or number-based,
as there are sufficient instances where a mask may
pass by mass but not by number, particularly for elec-
tret materials. These observations are consistent with
the electret materials considered by Rengasamy and
Eimer (2012), with that data set included in Figure 4
for reference (the conversion from NPFE to MPFE
was not explicitly considered in that work). We also
note that the converse, where NPFE > 95% but the
MPFE was not, was very rare for the range of samples
considered in this work. While this region may be
relevant if the high-performing candidate respirators
are sanitized for reuse and lose their electret proper-
ties (though the performance of respirators under
these conditions is an active area of research, e.g.,
Carrillo et al. 2020; Czubryt et al. 2020; Everts et al.
2021; Jatta et al. 2021), this may reduce the filtration
properties sufficiently that both the NPFE and MPFE
will be below 95%. Further, samples in this quadrant
are likely to be uncharged, instead relying on mechan-
ical filtration to achieve high filtration. As a result,
these materials are likely to be associated with higher
pressure drops that make these materials poor candi-
dates for respirators and likely to fail pressure resist-
ance requirements in many standards. As such, NPFE
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would remain a reasonable surrogate for gauging
compliance under most circumstances.

Figure 5 further examines the impact of the proper-
ties of the filtration media by considering the candi-
date reference material subset of the data, for which
the charge state and basis weight of the material are
controlled. Here, the uncharged materials correspond
(i) to the lower NPFE cases and (ii) to the cases where
the MPPS is large, such that MPFE is less than NPFE.
Examination of size-resolved filtration curves (cf.
Figure 5b) affirms this, with the uncharged materials
exhibiting a distinctly different SPFE profile relative to
the charged materials. Within each cluster in Figure
5a (or the shaded regions in Figure 5b), higher basis
weights yield higher quality filtration media within
the given charge state data cloud (higher in the
shaded regions), consistent with an increase in solid-
ity, fiber size, and/or media thickness. For the
uncharged samples, this results in an increasing gap
between the NPFE and MPFE. Greenline media (a
commercial sample used by the TSI 8130A instrument
as an internal reference) are uncharged and have a
much higher MPPS, resulting in a decrease in the
conversion from NPFE to MPFE. The resultant pos-
ition in Figure 5a is consistent with an uncharged
media with higher mechanical filtration than most of
the candidate reference materials considered in this
study. This affirms statements made in connection
with Figure 4, where the higher performing materials
were hypothesized to be electret materials.

Such results are also largely consistent with Li et al.
(2012), where MPFE was measured using a TSI 8130 and
NPEFE using a pair of CPCs. In that study, researchers had
varied input distributions across the range of NPFE, vary-
ing the CMD from 36-68 nm and the GSD from 1.5-1.93
to realize a broader range of PFE. This limits the compari-
son to the present study, where the aerosol size distribu-
tion was more consistent and a broader range of materials
was considered. Nevertheless, Li et al. (2012) considered
two types of materials: electret and uncharged, fiberglass
(akin, in terms of material class, to Greenline media) mate-
rials, which had MPPSs of ~50nm and 160 nm, respect-
ively. In all cases, they observed that fiberglass samples had
MPFE < NPEE, consistent with the MPPS being much
larger than the CMD of the challenge aerosol. Conversely,
their electret material sasw MPFE > NPFE, consistent with
the MPPS being smaller than the CMD. The trend
observed in the uncharged fiberglass samples measured by
Li et al. (2012) is also consistent with the outlier Lot 4.X
in Figure 4. These trends are also consistent with earlier
studies that did not discuss NPFE or MPFE but showed
that electrostatic capture is least efficient for smaller

particles (~ 100 nm aerodynamic diameter) under the con-
ditions relevant to respirator testing (Corbin et al. 2021).

Brief discussion of other variants of PFE

Briefly, the size-resolved measurements also allow for a
limited comparison against other metrics for PFE. For
example, the SPFE at a 100nm mobility diameter, shown
in Figure 6a, is the size targeted by the current ASTM
F2299/F2100 test method. Results indicate that, provided
that the testing was otherwise identical, the SPFE at
100nm is often similar to the MPFE. The former state-
ment is an important caveat, however, given the common
practice of using an unneutralized challenge aerosol (asso-
ciated with ASTM and FDA (Food and Drug
Administration 2004) recommendations to medical mask
premarket submissions). When the aerosol is not neutral-
ized, the filter media can capture particles much more
effectively, resulting in a much weaker challenge (Corbin
et al. 2021) that will result in much higher filtration effi-
ciencies and cannot be compared to the MPFE reported
here in any meaningful way. Similar statements hold true
for using a different face velocity (Corbin et al. 2021).
Nevertheless, migration of standards from using the SPFE
at 100nm to an MPFE should not eliminate very many
products, given the aforementioned caveats are satisfied.
Technically, photometers measure scattering-based
PFE, which is largely considered equivalent to the
MPEFE. Figure 6b examines the relationship between the
MPFE and the scattering-based PFE (Biermann and
Bergman 1988), weighting using the distribution shown
in Figure 1 (which uses Mie theory, assuming spheres; a
refractive index of m=15442+0i; a wavelength of
A=532nm; and a forward scattering angle of 45°).
Overall, MPFE and scattering-based PFE are more cor-
related than NPFE and MPFE, even if scatter in the
results remains. The higher degree of correlation is most
notable for samples where MPBE < 95%, where any
structured errors that existed in the NPFE to MPFE are
no longer present. Structure relative to the underlying
MPPS has also disappeared, in particular for lower
MPFE media. Overall, while a single correlation factor
to convert between a scattering-based PFE from the
photometers and the MPFE is reasonable for much of
the range, it is not a precise conversion and could result
in expanded uncertainties, particularly for MPFE >95%.

Experimental validation of the count-based system
and TSI 8130A MPFE

Figure 7 indicates the relationship between the
PFEMS MPFE computed using the aforementioned
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Figure 7. Parity plot and histogram showing the relationship between the MPFE computed using the PFEMS number-based sys-
tems vs. the MPFE output of two TSI 8130As (i.e,, TSI-1 and TSI-2) for the candidate reference materials (denoted ref. matl.). Error
bounds correspond to the standard deviation across multiple (typically three) repeats for the PFEMS and are excluded from the
comparison to TSI-2 for clarity. The symbols for TSI-1 refer to whether the data corresponds to (circles) a candidate reference
material (cf. Figure 5) or (squares) a set of candidate N95 respirators. Inset shows a histogram of the relative errors in the TSI

8130A measurements relative to the PFEMS.

method and the TSI 8130A MPFE. Note that, as
before, both axes are on a logarithmic scale concern-
ing penetration, to space out the high filtration cases.
On this scale, relative uncertainties in the penetration
are roughly constant across the entire domain (which
is equivalent to lower absolute uncertainties in the
high MPFE points, i.e., absolute uncertainties are
lower at 99% than they are at 30% MPFE).

Overall, the MPFE is highly correlated between all
three instruments (the Pearson correlation coefficient
between the PFEMS and the combined TSI-1 and
TSI-2 is R=0.978), indicating consistency between
these two types of instruments and the conversion of
the PFEMS data to MPFE removes structure in the
error between the two classes of systems. The histo-
gram of the ratio of the TSI 8130A MPFE to that
derived from the PFEMS generally affirms this obser-
vation but also shows some difference between the
two TSI 8130As, which typically results in outliers in
the tails of the different histograms. As a result, the
PFEMS MPFE often exists between the MPFE output
by the TSI 8130As, suggesting that the PFEMS may
be more consistent and that much of the scatter here
results from variability between the TSI 8130A instru-
ments. This may stem from insensitivities of the pho-
tometer output to the small particles present in the
challenge aerosol (Eninger et al. 2008), limiting the
accuracy of the calibration procedures, particularly
when the size distribution is not lognormal, or to
small shifts in the nebulizer output from the TSI
8130As. A majority of samples yielded similar results
between all three devices, yielding inter-device errors

on the order of 25% (one standard deviation) of the
mass-based penetration.

Greenline media MPFE, in particular, showed excellent
agreement between the PFEMS and the TSI 8130As, which
may support the above hypothesis that inaccuracy due to
small particles plays a role in the scatter of Figure 6 and
may support improvements to the calibration procedures
associated with these measurements.

Conclusions

This work presents data mined from several thousand
filtration testing samples examining the relationship
between the NPFE and MPFE. We have demonstrated
consistencies between the output of a number-based sys-
tem (PFEMS) and the mass-based filtration efficiency
(MPFE) output by the TSI 81304, the instrument most
often used in conjunction with the NIOSH NO95 test
method. This provides a nearly complete explanation of
previously-noted differences between count- and mass-
based measurements observed for a much smaller num-
ber of samples (e.g., Rengasamy and Eimer 2012). We
complement this by noting some correlation between
the SPFE at 100 nm mobility diameter and MPFE.
Empirical observations suggest a common scenario in
which high NPFE materials are often associated with (i)
electret materials, as expected; (ii) a smaller MPPS; and
(iii) an increase when converting from NPFE to MPFE
(a consequence of the smaller MPPS). Data in which
MPEFE > 95% but NPFE < 95%, were sufficiently com-
mon to indicate that documentary standards should
explicitly state whether filtration efficiencies are mass-



642 @ T. A. SIPKENS ET AL.

based. Cases where NPFE > 95% but MPFE < 95%
were infrequent, suggesting that the NPFE may be used
to assess performance for mass-based standards under
many conditions. While uncharged materials may dis-
rupt this simple interpretation, these materials are more
likely to fail pressure drop requirements, due to the reli-
ance on mechanical filtration.

Absolute differences between the output of the
number-based system (PFEMS) and that of the TSI
8130A decrease as the PFE increases. Relative errors
in the penetration were approximately constant across
a wide range of PFE. Larger variations appear to be
present between two TSI 8130A systems than between
the TSI 8130As and the number-based system.
Generally, consistencies between all three instruments
were within 25% (one standard deviation) of the
measured mass-based penetration.

We also demonstrate the equivalence of SMPS-
based and calibrated photometer systems, when both
are expressed as MPFE. We emphasize the different
particle metrics and how size-resolved filtration effi-
ciencies must be used to convert between the quanti-
ties, as they are not generally equivalent.

Recommendations

Individuals involved in regulating, developing stand-
ards for, or making measurements of respiratory pro-
tection need to be aware of the nuances and
consequences of size distributions, their link to instru-
mentation, and the variants of particle filtration effi-
ciency that can be measured. Standards should be
clear about what quantities are being measured, as a
number- and mass-based filtration efficiencies are not
always the same. Number-based filtration efficiencies
may provide more conservative measures of particle
filtration, in particular for electret materials. The
mass-based filtration efficiency also acts as a suitable
replacement of the SPFE at 100 nm mobility diameter,
currently targeted by the ASTM F2299/F2100 stand-
ards, provided the experimental parameters are other-
wise appropriately constrained.
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Appendix: Abbreviations

CMAD
CMD

Count median aerodynamic diameter

Count median mobility diameter (equal to GMD
for number-based lognormal distributions). Also
denoted by d,.

CPC Condensation particle counter

GMD Geometric mean diameter
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GSD Geometric standard deviation

GSM Grams per square meter, in reference to
basis weight

MPFE  Mass-based PFE, integrated for a specific particle
size distribution

MMAD Mass median aerodynamic diameter

MMD  Mass median mobility diameter (equal to GMD
for mass-based lognormal distributions)

MPPS  Most penetrating particle size

NPFE Number-based (or count-based) PFE, integrated

for a specific particle size distribution
PFE Particle filtration efficiency, as a summary term
for SPFE, NPFE, and MPFE

PFEMS The National Research Council Canada’s Particle
Filtration Efficiency Measurement System (Smallwood
et al. 2020)

PSL Polystyrene latex

SMPS  Scanning mobility particle sizer

SPFE Size-resolved PFE, that is the PFE resolved as a
function of particle size. Independent of particle
size distribution used for evaluation.

uQ Uncertainty quantification
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