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What Does Respirator Certification Tell Us About Filtration
of Ultrafine Particles?

Robert M. Eninger, Takeshi Honda, Tiina Reponen, Roy McKay,
and Sergey A. Grinshpun
Department of Environmental Health, University of Cincinnati, Cincinnati, Ohio

Recent interest in exposures to ultrafine particles (less
than 100 nm) in both environmental and occupational settings
led the authors to question whether the protocols used to
certify respirator filters provide adequate attention to ultrafine
aerosols. The authors reviewed the particle size distribution
of challenge aerosols and evaluated the aerosol measure-
ment method currently employed in the National Institute
for Occupational Safety and Health (NIOSH) particulate
respirator certification protocol for its ability to measure
the contribution of ultrafine particles to filter penetration.
Also considered were the differences between mechanical
and electrically charged (electret) filters in light of the most
penetrating particle size. It was found that the sodium chlo-
ride (NaCl) and dioctylphthalate (DOP) aerosols currently
used in respirator certification tests contain a significant
fraction of particles in the ultrafine region. However, the
photometric method deployed in the certification test is not
capable of adequately measuring light scatter of particles
below approximately 100 nm in diameter. Specifically, 68%
(by count) and 8% (by mass) of the challenge NaCl aerosol
particles and 10% (by count) and 0.3% (by mass) of the
DOP particles below 100 nm do not significantly contribute
to the filter penetration measurement. In addition, the most
penetrating particle size for electret filters likely occurs at 100
nm or less under test conditions similar to those used in filter
certification. The authors conclude, therefore, that the existing
NIOSH certification protocol may not represent a worst-case
assessment for electret filters because it has limited ability
to determine the contribution of ultrafine aerosols, which
include the most penetrating particle size for electret filters.
Possible strategies to assess ultrafine particle penetration in
the certification protocol are discussed.
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INTRODUCTION

P articulate-filtering respirators marketed in the United
States are subjected to performance certification prior to

becoming available commercially. Certification ensures that
respirators meet prescribed performance criteria intended to
ensure a minimum level of user protection. Certification also
results in an explicit stratification of respirator types and classes
that aid the health and safety professional in selecting a level
of protection appropriate for a specific hazard.

U.S. government approval of respirators began in 1919
when the Bureau of Mines promulgated Approval Schedule
13 for self-contained breathing apparatuses.(1) Approval re-
quirements for other respirator types followed, and certification
requirements for particulate-filtering respirators were promul-
gated in 1934. With several modifications, the Bureau of Mines
requirements eventually became the core respirator certifica-
tion tests adopted by the newly formed National Institute for
Occupational Safety and Health (NIOSH) in 1972.(2)

Currently, NIOSH certifies respirators in accordance with
Title 42 of the U.S. Code of Federal Regulations, section 84 (42
CFR 84).(3) The regulations, adopted in current form in 1995,
prescribe minimum performance requirements for respirator
components and systems. Filtration efficiency of air-purifying
particulate filters, the focus of this article, is certified under
42 CFR 84.181, Non-Powered Air-Purifying Particulate Filter
Efficiency Level Determination. Respirators are certified in
one of nine classes based on three levels of filtration efficiency
and three levels of resistance to filter degradation (Table I).

Respirator filtration efficiency is tested and certified for
95%, 99%, or 99.97% removal of challenge aerosol particles.
These respirators are respectively labeled as 95, 99, or 100 class
efficiency. Filter series is categorized as N, R, or P based on the
type of aerosol used for testing. N-type filters are intended to
protect workers from solid particulates and are tested against
a mildly degrading sodium chloride (NaCl) aerosol; R-type
filters demonstrate resistance to liquid particulates and are
tested against a more highly degrading dioctylphthalate (DOP)
oil aerosol; and P-type filters are highly resistant to degradation
and are tested against DOP until filter efficiency is at its lowest
level.(3)

Because respirator users encounter a wide variety of
aerosols under varying conditions, respirator testing is a
combination of “worst-case” and “very severe” conditions.(3)
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TABLE I. Nonpowered Particulate Air-Purifying Respirator Classification (summary)

Minimum Filtration Challenge Maximum Filter Usage Certification Certification
Respirator Efficiency (%) Aerosol Loading Limitation PreconditioningA Flow Rate

N95 95 NaCl 200 mg Non-oil aerosols only Y
R95 95 DOP 200 mg 8-hr/one workshiftB N
P95 95 DOP Lowest efficiency Per user instructionsC N
N99 99 NaCl 200 mg Non-oil aerosols only Y
R99 99 DOP 200 mg 8-hr/one workshiftB N 85 L/min
P99 99 DOP Lowest efficiency Per user instructionsC N
N100 99.97 NaCl 200 mg Non-oil aerosols only Y
R100 99.97 DOP 200 mg 8-hr/one workshiftB N
P100 99.97 DOP Lowest efficiency Per user instructionsC N

AN-series filters require preconditioning at 85% relative humidity and 38◦C for 25 hr.
B In oil aerosol environment.
C P-series respirator filter service life recommendations are manufacturer specific.

Research has shown mild filtration degradation when N-type
filters are stored in high relative humidity conditions.(4)

Consequently, filters undergo preconditioning at 85% rela-
tive humidity and 38◦C for 25 hr prior to testing.(3,4) The
generated challenge aerosols are “charge-neutralized,” which
increases filter penetration when compared with charged
aerosol particles.(3,5) The test aerosols are intended to be
at (or near) the assumed most penetrating particle size of
0.3 µm in aerodynamic diameter.(3,6,7) Because the respirator
wearer’s breathing minute ventilation can alter filter efficiency,
an airflow of 85 L/min (or 42.5 L/min for dual filter respirators)
is used to represent a worker’s inhalation at a high work rate.(3,7)

Respirator certification is intended to be a conservative test
in order to ensure a minimum level of filtration in a wide variety
of workplaces, with differing aerosol characteristics, environ-
mental conditions, and workloads.(3) The current certification
protocol, however, may not address the filter efficiency against
ultrafine particles (with a diameter less than 0.1 micrometers =
100 nm), although this fraction is of special interest in
environmental and occupational hygiene for several reasons.(8)

Due to high surface area per unit mass, ultrafine particles
often have significantly different biological activity compared
with larger airborne particles of the same composition.(9)

Patterns of respiratory deposition of ultrafine particles are
not well characterized, and there are no accepted particle-
size selective criteria for their monitoring.(8,10,11) Occupational
sources of ultrafine particles are numerous. Some common
sources involve combustion, such as diesel or aircraft exhaust,
or welding fume generation.(8)

In addition, concern over appropriate protection against
bioaerosols has increased in recent years. Microbial fragments
have been observed in the ultrafine size range, and it is hy-
pothesized that viruses can be aerosolized in the ultrafine size
range as droplet nuclei or single virions.(12,13) Lastly, recent de-
velopments in nanotechnology have resulted in a considerable
interest in the health and safety aspects of engineered nanopar-
ticles. These materials, used in a wide variety of commercial

applications and products, include particulate materials <100
nm in size that are engineered and manufactured with specific
or unique properties. Risk assessment and management of
engineered nanoparticles is still in infancy and guidance on ex-
posure assessment and respiratory protection is limited.(14,15)

Lack of practical and cost-effective technologies to evaluate
exposures, as well as uncertainty in the risks posed by ultrafine
and nanoparticles, has spurred an increasing awareness in the
occupational health community and a corresponding demand
for systematic research and guidance. The respirator certifica-
tion protocols were developed and adopted prior to ultrafine
and nanoparticle risk management possessed the importance
it does today. Therefore, the purpose of this study was to
evaluate the existing NIOSH respirator certification protocol
from the perspective of its ability to provide users information
on filtration in the ultrafine particle size range.

REVIEW OF NIOSH PROTOCOL FOR TESTING
FILTRATION AND METHODOLOGY FOR
EVALUATION OF THIS PROTOCOL

Overview
The parameters of a respirator filtration test critically affect

the findings on the respirator performance and, consequently,
the practical implications of the test outcome. Four primary
determinants of aerosol filtration are (1) challenge aerosol
characteristics, (2) the respirator filter characteristics, (3) the
aerosol measurement method, and (4) the test conditions
(Figure 1). Challenge aerosol characteristics include (but are
not limited to) the physical state and density of particles, the
particle size distribution, and electrical charges. Respirator
filter characteristics include the filter substrate, surface area,
thickness, fiber diameter, surface density, and fiber electrical
charge (for electret filters). Aerosol measurements are con-
cerned generally with the particle count, surface area, mass (or
related characteristic such as light scatter); the measurement
method is based on a specific principle, such as gravimetry
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FIGURE 1. Factors influencing respirator filter test results

or photometry, and characterized by the limit of detection and
other factors.

Test conditions are characterized by the temperature,
relative humidity, flow, filter preconditioning, loading, test
duration, number of test replicates, and procedures chosen
for mounting/sealing a filter in a test chamber. Three of
these parameters—challenge aerosol particle size distribution,
filter electret properties, and challenge aerosol measurement
method—were evaluated in this study to define the lower
boundary of detectable particle size associated with the NIOSH
filtration certification test.

The methods to perform this evaluation are summarized
here. The physical characteristics of challenge aerosols used
in the NIOSH respirator certification protocol were reviewed.
Next, the size-fractioned light-scatter of the NIOSH test
aerosols was modeled, and aerosol measurement methods for
determining filtration efficiency were evaluated with respect
to their ability to detect the contribution of all particle sizes
present. Finally, strengths and shortcomings of the existing
certification aerosol detection methods were reviewed in light
of published findings about the most penetrating particle size
(MPPS) for electret filters.

Challenge Aerosols
First, an ideal aerosol for use in testing respirator filtration

should be safe to use, easy to generate, measure, maintain
a stable challenge concentration, and replicate at different

laboratories. Second, its penetration through respirator filters
should represent a or “very severe” or “worst-case scenario”
relative to the expected workplace aerosol contaminants. Third,
it should be as degrading or more degrading to a filter material
than workplace aerosols. No single challenge aerosol fulfills
all of these requirements, and filter testing for nonworkplace
contaminants and environments (i.e., military applications)
may need to differ.

The aerosol used by NIOSH to evaluate respirators for use
against solid particles is sodium chloride (NaCl).(3) The test
aerosol is required to have a 75 ± 20 nm count median diameter
(CMD) and a geometric standard deviation (GSD) of less than
or equal to 1.86. Based on a density of 2.13, it has a mass
median aerodynamic diameter (MMAD) of 347 nm.(16) The
aerosol that NIOSH uses to evaluate respirators against liquid
particles is dioctyl phthalate (DOP).(3) This oil-based aerosol
was chosen for its degrading properties and is required to have
a CMD of 165 ± 20 nm and a GSD < 1.6. Based on a density
of 0.986, its MMAD is 356 nm.(17) The characteristics of both
challenge aerosols are summarized in Table II and Figure 2.

Logarithmic distributions theoretically have no upper limit;
the authors assumed an upper bound of 1 µm. In practice,
this is a reasonable estimate of the largest particle sizes
observed in the certification tests. In the literature, the NIOSH
challenge aerosol is often referred to as “0.3µm in size,” which,
technically means the mass median aerodynamic diameter
discussed here. The above indicated aerodynamic diameter
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TABLE II. NIOSH Challenge Aerosol Characteristics for Particulate Respirator Filtration

Challenge Aerosol Density CMDA GSD MMDB MMAD

Sodium Chloride, NaCl 2.13 75 ± 20 nm ≤1.86 238 nm 347 nm
% count distribution:C % mass distribution:C

±1SD (68%) 40–140 nm ±1 SD (68%) 128–443 nm
±2SD (95%) 22–252 nm ±2 SD (95%) 70–732 nm

Dioctylphthalate, DOP 0.986 165 ± 20 nm ≤1.60 359 nm 356 nm
% count distribution:C % mass distribution:C

±1SD (68%) 116–295 nm ±1SD (68%) 224–560 nm
±2SD (95%) 73–464 nm ±2SD (95%) 142–821 nm

APer 42 CFR 84.181(g), the challenge aerosol CMD must be within ± 20 nm.
B Count and mass distributions differ slightly from those predicted by the logarithmic function due to assumed 1 µm upper particle size.
C Calculated using Hatch-Choate equations.(6)

was selected based on a most penetrating particle size (MPPS)
predicted by single-fiber filtration theory of mechanical filters,
which is applied to respirator filters undergoing the NIOSH
testing program.(3,6)

The charges carried by the challenge aerosol particles
influence filter penetration. The NIOSH challenge aerosols are
equilibrated to a bipolar Boltzmann charge distribution, which
results in zero net charge. This is commonly referred to as a
“charge-neutralized” aerosol. Because individual particles of
a charge-neutralized aerosol may carry a positive or negative
charge, this is an example of a “very severe” rather than a
“worst-case” test condition. A worst-case condition, although
not as applicable to workplace aerosols, occurs when both
individual particles and the aggregate aerosol possess no net
charge.(5,18)

Aerosol Measurement Method
An ideal aerosol measurement method for testing fil-

ters should be rapid, accurate and reproducible, maintain

calibration, and cover an appropriate particle size range
that includes the most penetrating particle size (MPPS) for
all tested filter materials. It seems that none of the cur-
rently available measurement methods meet all the above
criteria.

The NIOSH testing protocol utilizes two forward-light
scattering photometers to simultaneously measure aerosol
concentrations before (upstream) and after (downstream) the
respirator. Photometers measure the amount of light scattered
by an assemblage of aerosol particles, which for certain particle
sizes is proportional to aerosol mass.(19) For a given wavelength
of incident light (λ), scattering angle, and particle index of
refraction, the flux of scattered light by an assemblage of
particles (R) is proportional to concentration and depends
on the particle size distribution according to the following
relationship:(19)

R = cn

∫ ∞

0
f (dp)Pλ(dp)d(dp) (1)

FIGURE 2. Challenge aerosol particle size distributions (by count) and photometer limit of detection
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Here, cn is the particle number concentration, f (dp) is the
particle size distribution probability density function, and Pλ

is the single-particle flux of scattered light. The NIOSH filter
testing protocols use a specific incident light wavelength,
particle indices of refraction, and scattering angle, which
are the same for upstream and downstream measurements.
Therefore, the effect of particle size on the measurement results
is the focus.

The certification testing deploys a TSI model 8130 Auto-
mated Filter Tester (TSI, Inc., St. Paul, Minn.) that embeds two
forward laser-scattering photometers for upstream and down-
stream particle concentration measurements. Scatter from the
780 nm wavelength laser light is measured at 45◦ of incidence.
For particle physical diameters less than approximately half the
incident light wavelength (1/2λ), scatter is proportional to d6

p

and increases monotonically with increasing particle size.(19)

For the NIOSH challenge aerosol, this includes particles up to
∼380 nm in physical diameter. For aerosol particles larger than
380 nm (>1/2λ), scatter is overestimated by this relationship,
and more sophisticated methods are required.(19) As the aerosol
concentrations upstream and downstream of the filter are
indicated by the photometer output voltages, percent filter
penetration is calculated as the ratio of these concentrations,
corrected for a zero background, multiplied by 100:

P = Cdown

Cup
× 100% (2)

Note that P , which represents penetration in this equation, is
separate and distinct from the earlier defined Pλ.

Photometry is extremely useful, as it provides a rapid way
to estimate upstream and downstream aerosol concentrations
when testing the filter performance. However, there are practi-
cal limits of photometry associated with the ultrafine particle
size range. Generally, 100 nm is considered the smallest
particle diameter that measurably contributes to a photometer
signal.(19,20) Additionally, 100 nm is the lower limit of particle
size detected in the device used in the NIOSH test protocol.(21)

This limit is imposed by a combination of background light-
scatter from the fluid medium, light sensitivity limits due to
the required detection range of photometers, and limits in
the photometer light-sensing optics. Figure 2 superimposes
this lower limit of detection on the test aerosol particle size
distributions. From this figure, it is apparent that most of the
NaCl particles and a considerable portion of the DOP particles
(by size) may not contribute to the photometric concentrations
used to certify respirator filtration.

To determine the contribution to light scatter available for
photometer detection by size fraction, the authors modeled
the single particle light scatter, Pλ, for each test aerosol
based on its upstream particle size distribution and physical
characteristics using MiePlot version 3.5.01 (Philip Laven,
Geneva). This software allows for modeling of various user-
defined aspects of optical and electromagnetic scattering by
particles in accordance with Mie theory.(22) The modeling

parameters included challenge aerosol refractive index (NaCl:
1.544, DOP 1.485), medium refractive index (1.0), light scatter
angle (45◦), and incident light wavelength of 780 nm with
perpendicular polarization.(16,17) The model output was the
relative intensity of scattered light at 45◦.

For the model, the scattering particles were assumed to be
homogenous spheres. This very nearly is the case for the DOP
aerosol particles but not for the NaCl particles, which are a
face-centered cubic crystal structure. Previous studies have
shown that Mie scattering provides a reasonable estimate of
light scatter for nonspherical particles in certain circumstances.
Perry et al.(23) studied light scatter of aerosolized salt particles
up to 1 µm in diameter and observed that light scatter in
the forward direction was relatively independent of shape for
particles with a size parameter up to 3. For the NIOSH sodium
chloride challenge aerosol, this observation would apply to
particles smaller than 745 nm.

More recent work by Chamaillard et al.(24) compared the
differences in modeled light scatter estimates for sea salt crystal
aerosol particles from ∼100 nm to 2 µm in size using Mie
theory and discrete dipole approximation (DDA).(24) Discrete
dipole approximation uses a volume integral equation to
describe the interaction of electromagnetic waves and objects
and is applicable to estimating scatter from nonspherical
particles. Chamaillard et al. observed little or no difference in
scatter between the two models for particles smaller than 300
nm. They also reported that Mie theory underestimated particle
scatter by ∼10% for salt particles greater than 800 nm. Thus,
the authors’ assumption of spherical NaCl particles seems
reasonable for the purpose of this investigation and did not
have essential impact on their observations.

After multiplying the modeled single-particle flux of scat-
tered light (Pλ) with the aerosol particle size density function,
the size-fractioned contribution to light scatter was obtained
for each challenge aerosol. These values were then summed
over the challenge aerosol particle size distributions up to one
micrometer:

Rcum =
1000 nm∑

0 nm

f (dp)Pλ(dp) (3)

The above cumulative scatter function was plotted with the
challenge aerosol count and mass cumulative functions to
provide a side-by-side comparison of cumulative count, mass,
and light-scattering response for the two challenge aerosols.

RESULTS AND DISCUSSION

T he results of the authors’ analysis are shown in Figures 3a
and 3b. In addition, Table III presents a summary of the

size-fractioned contributions to count, mass and scatter for
each NIOSH challenge aerosol.

The figures allow determining the count or mass of the
challenge aerosols relative to light scatter. It is seen from
Figure 3a and Table III that NaCl particles smaller than 100 nm
comprise 68% by count and about 8% by mass but essentially
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TABLE III. Percent Contribution by Size for Two Challenge Aerosols

NaCl Test Aerosol (%)A DOP Test Aerosol (%)A

Particle Size
Range (nm) Count Mass Scatter Count Mass Scatter

0–100 68 8 0.6B 10 0.3 <0.01B

100–200 26 31 8 47 11 2
200–300 4 26 20 28 25 12
300–400 1 15 25 10 24 24
400–500 0.2 9 23 3 17 28
500–600 0.07 5 13 1 10 19
600–700 0.02 3 7 0.4 6 10
700–800 <0.01 2 3 0.1 3 5
800–900 <0.01 1 0.7 0.05 2 1
900–1000 <0.01 0.6 0.3 0.02 1 0.4

AColumns may not add to 100% due to rounding error.
B Scatter values for 0–100 nm are theoretical; scatter from ultrafine particles is poorly detected by photometers.

do not contribute to the light scatter available for photometer
detection. On the other hand, the largest 0.3% of particles by
count and largest 21% by mass provide half the light scatter.
Approximately 80% of the light scattering is provided by
particles 270 nm and larger.

For DOP, Figure 3b and Table III show a similar result:
ultrafine particles of DOP, which make up 10% of the count,
and about 0.3% of the mass have essentially no contribution
to light scatter, whereas the largest 3% of particles by count
and largest 30% by mass provide half the light scatter.

FIGURE 3. (a) NaCl challenge aerosol cumulative fractions: count, mass, light scatter; (b) DOP challenge aerosol cumulative fractions: count,
mass, light scatter
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Approximately 80% of the light scattering is provided by
DOP particles 350 nm and larger.

The analysis indicates that the NIOSH certification test
protocol (as directed by 42 CFR 84.181) effectively does
not measure the contribution to filter penetration made by
particles in the ultrafine size range. Particles less than 100 nm
in size are present in both challenge aerosols; however, these
particles essentially do not contribute to the photometer signal
used for measuring the aerosol concentration. Therefore, the
certification protocol—as it is now administered—has limited
ability to provide users with information on the respirator
filter efficiency against ultrafine particles. This finding seems
to be of particular importance due to the uncertainties of
health effects associated with environmental ultrafine aerosol
particles and engineered nanoparticles (<100 nm). Workplace
risk management of potential occupational hazards from en-
gineered nanoparticles is an area of ongoing research. NIOSH
has identified respiratory protection as a critical topic area
with respect to knowledge gaps about nanotechnology and
occupational health.(25)

The existing certification test may not assess filtration
efficiency for the particle sizes that represent the worst-case
scenario in terms of collection by respirator filters with electret
properties (i.e., exhibit the highest penetration). The MPPS
for a specific filter system is determined by several factors,
including airflow, fiber charge density, and aerosol particle
charge distribution.(6,7,18,26,27) The NIOSH presumption of a
most penetrating size of approximately 300 nm (MMAD) may
not hold for electret filters under NIOSH test conditions. A
summary of evidence in support of this is shown in Table IV
and discussed here.

It has been shown with NaCl challenge aerosol that peak
aerosol particle penetration through polypropylene electret
filter material may occur at particle diameters much less than
300 nm. The MPPS, which has been shown to decrease with
increasing filter face velocity, consistently appears to be less
than 100 nm for aerosols in uncharged and Boltzmann charged
conditions. Baumgartner and Loffler(28) evaluated two types
of electret filters against 20–250 nm NaCl particles in charge
equilibrium. For split-type fibrous filters, peak penetrations
occurred at approximately 30 nm while they were observed at
∼70–80 nm for the electrostatically spun filter. Lathrache and
Fissan(29) tested three types of commercially available electret
filters against the Boltzmann-charge-equilibrated NaCl and
diethylhexyl-sebacate oil (DES) aerosols with a particle diame-
ter of 20 nm to 1 µm at varying face velocities. Penetration was
observed to have a bimodal dependence on particle size, with a
MPPS below 100 nm in six of eight test conditions. Kanaoka et
al.(26) evaluated a rectangular fiber electret filter against NaCl
aerosol particles ranging from 20 to 400 nm in various charge
states. The observed MPPS of uncharged and equilibrium-
charged particles was less than 100 nm. Oh et al.(30) performed
a numerical simulation of single-fiber filtration efficiency of
a unipolar charged fiber against particles smaller than 1 µm
and compared results with laboratory measurements. Using a
semi-empirical approach, the authors incorporated simulation

of filter deposition by mechanical and electrical means. The
model, being in agreement with experimental data, predicted
an MPPS of ∼85 nm.

In addition to testing filter materials, evaluations have
been conducted specifically with respirators utilizing electret
filters. Brosseau et al.(31) evaluated the collection efficiency
of 10 electret dust/mist filters against latex spheres 102 nm
to 2 µm in size at a Boltzmann charge distribution. Peak
penetration for all filters was observed to occur at the smallest
test particle size of 102 nm; results suggested an MPPS
equal to or less than 102 nm. Stevens and Moyer(7) tested
various types of air-purifying respirator filters against NaCl
and DOP aerosols in Boltzmann charge distribution with a
particle size ranging from 30 to 300 nm at varying face
velocities. Peak penetration was observed to be below 100
nm for all filter types, except for the tested high-efficiency
(HE) filters—a precursor designation to the current N or P-
100 type filters. Fardi and Liu(32) evaluated several models of
filtering facepiece respirators (FFR) against charge-neutralized
NaCl and DOP aerosols from 35 nm to 4 µm in size. Those
respirators with electret properties showed peak penetrations at
approximately 100 nm, whereas those without were between
300 and 400 nm. More recently, Martin and Moyer(27) stud-
ied the size-fractioned filtration efficiency of various FFRs
against both NIOSH certification test aerosols before and
after removing the filter electret charge. They observed that
removing the electret charge resulted in significantly higher
penetration and a shift in the MPPS from 50–100 nm to
>250 nm.

The authors’ team at the University of Cincinnati studied
the size-fractioned penetration of aerosolized NaCl particles
and MS2 bacteriophage virions with a Boltzmann charge
distribution through N95 filtering facepiece respirators and ob-
served an MPPS <100 nm.(33,34) Richardson et al.(35) observed
similar results when testing N95 FFRs and cartridges under
varying constant and cyclic flow conditions using neutralized
NaCl, DOP, and MS2 bacteriophage aerosols. Lastly, NIOSH
researchers recently published a study of size-fractioned N95
FFR penetration using Boltzmann-charged NaCl aerosol 20 to
400 nm in size. They consistently observed an MPPS of ap-
proximately 40 nm.(36) According to conventional mechanical
filtration theory,(6) a NaCl particle with a physical diameter
of ∼65 nm equates to an MMAD of ∼300 nm, which is
the currently accepted MPPS. It is important to note that for
electret filters, the aerosol filtration in the ultrafine size range
is governed by the physical particle diameter rather than the
aerodynamic diameter. This is supported by the observation
that aerosols at or near unit density, including paraffin, DOP
and DES oils, polystyrene latex (PSL), and MS2 bacteriophage
virus, also show an MPPS less than 100 nm for electret filters,
as discussed above.

There are two primary findings of this study. First, the
authors’ analysis shows limitation of the 42 CFR 84.181
respirator certification protocol as it is currently implemented,
which does not assess filtration of ultrafine particles. The
particles <100 nm essentially do not contribute to the light
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scatter available for photometer detection and those between
100 and 200 nm contribute rather little, so that the photometer-
measured filtration efficiency is not determined for the above
fractions. Second, based on a review of the existing literature,
the most penetrating particles for electret filters appear to
belong to the ultrafine size fraction when challenged with an
aerosol with a Boltzmann charge distribution. The contribution
to light scatter determined in our analysis is dominated by
particles larger than 200 nm in both test aerosols (NaCl
and DOP) while representing 6% of the NaCl and 43%
DOP particles by count. According to Martin and Moyer,
quantifying filter penetration by count methods will “always
be equal to or exceed a photometrically determined value.”(27)

The results of this study provide one explanation for this: light
scatter is dominated by the larger particle sizes in the test
aerosols, and those particles most likely to penetrate the filter
are not measured by photometric means for electret filters.

The particle size fraction<200 nm, for which the limitations
of the existing respirator testing protocol were demonstrated,
can represent various workplace aerosols, including weld-
ing fume, diesel particles, viruses or viral droplet nuclei,
bioaerosol fragments, and engineered nanoparticles. The filter
certification via photometry seems to be most appropriate
for the respirators used against aerosol hazards with mass-
based exposure metrics. Research has suggested that as particle
size decreases, particle surface area or count becomes a
better predictor of health effects than aerosol mass.(14) Using
photometry for filter testing implies a greater toxicological
importance to protect users from particles with greater mass.
The concept that “more mass means greater health effects” is
no longer axiomatic within industrial hygiene practice. Given
the wide range of occupational aerosols, it may be that no
single aerosol detection method can serve all needs. Particle
count may be more appropriate than photometric methods
when testing respirator filters for use against certain hazards.
This approach would be able to detect and enumerate particles
smaller than 100–200 nm, and commercial technology for this
does exist. To ensure a worst-case testing scenario, in terms
of the ability to detect the most penetrating particle size, a
count-based method of aerosol detection would appear to be
preferable.

Estimating ultrafine particle penetration in conjunction with
the existing respirator certification protocol may be possible
using one of two strategies: (1) modeling that would require
using proprietary filter specification data, or (2) additional
data collection to establish a reliably predictive correlation
between penetration above and below 100 nm. This last
strategy is promising as shown recently by Rengasamy et
al.(36) In their study, penetration of five N95 respirator filters
using the NIOSH certification protocol was plotted against
count-based penetration of 40 nm monodisperse particles and
the relationship described using regression. They showed that
(1) the relative performance of respirators was similar for parti-
cles above and below 100 nm among the respirators tested, and
(2) a descriptive relationship to predict respirator performance
below 100 nm using the existing NIOSH protocol data may

be possible. However, significant additional study would be
required to derive a reliably predictive relationship for filter
cartridges and facepieces in each filter class. Consideration
should be given to pursuing this approach further.

CONCLUSIONS

T he physical characteristics of aerosols used in the cur-
rent NIOSH respirator certification/testing protocol were

reviewed. According to the protocol, filtration efficiency is
determined by measuring the aerosol concentrations upstream
and downstream of a filter using a forward light scattering
photometer, which is capable of adequately measuring light
scatter of particles significantly above 100 nm. The presently
accepted protocol has limited ability to measure the contri-
bution of smaller particles, especially in the ultrafine fraction
(<100 nm). The latter includes the particles that have been
shown to exhibit the highest penetration through electret
filters under NIOSH test protocol conditions. Additionally, the
information provided by the certification test does not allow
evaluating how penetration varies based on particle size. It is
concluded that while the NIOSH certification is effective at
determining filtration efficiency against the majority of work-
place aerosols, it is generally limited to providing respirator
users performance data for particles greater than about 100 nm
in physical diameter.
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