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The performance of three filtering facepiece respirators (two models of N99 and one N95) chal-
lenged with an inert aerosol (NaCl) and three virus aerosols (enterobacteriophages MS2 and T4
and Bacillus subtilis phage)—all with significant ultrafine components—was examined using
a manikin-based protocol with respirators sealed on manikins. Three inhalation flow rates,
30, 85, and 150 l min21, were tested. The filter penetration and the quality factor were deter-
mined. Between-respirator and within-respirator comparisons of penetration values were per-
formed. At the most penetrating particle size (MPPS), >3% of MS2 virions penetrated through
filters of both N99 models at an inhalation flow rate of 85 l min21. Inhalation airflow had a sig-
nificant effect upon particle penetration through the tested respirator filters. The filter quality
factor was found suitable for making relative performance comparisons. The MPPS for chal-
lenge aerosols was <0.1 mm in electrical mobility diameter for all tested respirators. Mean par-
ticle penetration (by count) was significantly increased when the size fraction of <0.1 mm was
included as compared to particles >0.1 mm. The filtration performance of the N95 respirator
approached that of the two models of N99 over the range of particle sizes tested (�0.02 to
0.5 mm). Filter penetration of the tested biological aerosols did not exceed that of inert NaCl
aerosol. The results suggest that inert NaCl aerosols may generally be appropriate for modeling
filter penetration of similarly sized virions.
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INTRODUCTION

Filtering facepiece respirators (FFRs) are protective
devices used in numerous workplaces to reduce air-
borne particulate exposures. The US Bureau of Labor
Statistics in partnership with the National Institute for
Occupational Safety and Health (NIOSH) estimated
in 2001 that over 200 000 private establishments in
the US—totaling �1.9 million workers—had utilized
disposable particulate FFRs in the 12 months prior to
being surveyed (NIOSH, 2003).

Certification of respirator filtration under 42 CFR
84.181, non-powered air-purifying particulate filter
efficiency level determination, is the portion of the
regulations most salient to this paper (DHHS,
1995). Certification protocols test the filtration capa-

bility of respirators utilizing one of two polydisperse
challenge aerosols: NaCl (for use against solid aero-
sols) or dioctylphthalate (DOP, for use against oil-based
liquid aerosols). The challenge aerosols are intended to
possess a mass median aerodynamic diameter of �0.3
lm, which is the approximate most penetrating particle
size (MPPS) for filters as predicted by classic mechan-
ical filtration theory (Hinds, 1999; Lee and Mukund,
2001). Certification conditions are supposed to repre-
sent the ‘worst case’ or ‘very severe’ scenario in testing
filtration, i.e. a certified air-purifying FFR is intended to
filter workplace aerosols as effectively (or more effec-
tively) as it does when tested with the challenge aero-
sols under the NIOSH testing protocol.

Some limitations of the existing protocol for test-
ing filters with electret properties challenged with ul-
trafine particles (,0.1 lm) have been discussed in
our recent paper (Eninger et al., 2008). Previous
studies, reviewed in the above-cited paper have
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shown that for many electret filter materials, includ-
ing those used to manufacture N-type respirator
filters (N95 and N99), an uncharged or Boltzmann-
charged (charge neutral) aerosol has the MPPS �
0.1 lm in physical diameter. The shift in the MPPS
from �0.3 to ,0.1 lm has been attributed to the
electret properties of the respirator filter (Lathrache
and Fissan, 1986; Lathrache et al., 1986), specifically
to the polarization force affecting an electrically
neutral particle and consequently changing the func-
tion of penetration versus particle size (Martin and
Moyer, 2000; Balazy et al., 2006a).

The conventional protocol utilizes two aerosol
photometers—one before and one after the filter—to
measure the particle penetration (DHHS, 1995; TSI,
2005, 2006). Photometer output signals are approxi-
mately proportional to aerosol mass and used to
calculate filter penetration, P, as:

P5
Cdown

Cup
� 100% ð1Þ

where Cdown is the challenge aerosol concentration
downstream of the respirator filter, and Cup is the
aerosol concentration upstream. However, photome-
try does not effectively detect the ultrafine aerosol
fraction; it generally poorly detects the contribution
of particles below �0.2 lm (Gebhart, 2001; Eninger
et al., 2008). As a challenge aerosol, NaCl has a sig-
nificant fraction within the ultrafine size range:
�68% of particles by count are ,0.1 lm (while
the DOP challenge has �10% of particles ,0.1 lm
by count). However, the amount of light scatter avail-
able for photometer detection contributed by the
ultrafine fraction of both challenge aerosols is negli-
gible, making the test conditions not fully adequate
for the filter performance evaluation at MPPS ,0.1
lm. Thus, the existing NIOSH certification protocol
has a limitation in providing respirator users and
occupational hygiene/health professionals with in-
formation on the ability of a respirator to filter ultra-
fine aerosols (Eninger et al., 2008).

At the same time, the need in controlling ultrafine
particle exposures has increased in recent years. Al-
though the ultrafine component of occupational aero-
sols rarely contributes in a major way to exposure in
mass terms, it can pose a significant exposure in
terms of particle count or surface area (Donaldson
et al., 2001). Welding fume, diesel exhaust and some
biological airborne particles are examples of aerosols
containing a considerable ultrafine fraction (Vincent
and Clement, 2000). An expanding source of ultra-
fine occupational exposures is the employment of en-
gineered nanoparticles (Roco and Bainbridge, 2001;
Maynard and Kuempel, 2005). Potential health ef-
fects of nanoparticle exposure are of an increasing
interest (HSE, 2004; NIOSH, 2004, 2005a,b;
Oberdörster et al., 2007). Biological aerosols such

as airborne viruses and fungal fragments often be-
long to the ultrafine fraction (Reponen et al., 2001;
Cho et al., 2005). Both severe acute respiratory syn-
drome (SARS) and highly pathogenic influenza are
caused by virions that can be ,0.1 lm. Recent work
by Morawska (2006) demonstrated that bioaerosol
droplets can quickly dry in air to submicrometer
and even ultrafine sizes and remain airborne for pro-
longed periods, thus representing a risk for infection.

Despite the need, there are limited data that can
be utilized by health and safety practitioners for guid-
ance in selecting respiratory protective devices for
use with ultrafine aerosols, including airborne vi-
ruses. While some data on the filter performance of
N95 respirators against nanoscale particles and
MS2 virions have been recently published by this
research group (Balazy et al., 2006a,b), no similar
performance information is available for N99 respi-
rators (which are increasingly used in occupational
environments, including healthcare settings). The
purpose of this investigation was 2-fold: (i) to evalu-
ate size-fractioned filter penetration of N99 FFRs
against inert and biological ultrafine aerosols at
a wide range of inhalation flow rates—from 30 to
150 l min�1 and (ii) to compare respirator filter pen-
etration values within- and between-filter classes,
model and challenge aerosol type (inert and biologi-
cal). Thus, it is intended to serve as a follow-up of our
previous work (Balazy et al., 2006a,b) that examined
N95 respirators at 30 and 85 l min�1. The data col-
lected in the present study provide respirator users
with additional information for comparing filtration
of N99 and N95 FFRs against ultrafine particles, in-
cluding virions.

METHODS

Study design

The initial filter penetration through two N99
FFRs and one N95 FFR (selected for comparison)
was evaluated at three flow rates (30, 85 and 150
l min�1) against two types of challenge aerosol: inert
and biological. The selected inert aerosol, NaCl of
�20 to 500 nm in particle size, was utilized in testing
all three respirators; the biological aerosols included
MS2 bacteriophage virus (used to test all three respi-
rators), Bacillus subtilis bacteriophage virus (N95
respirators) and enterobacteriophage virus type T4
(N95 respirators). Since most occupational exposures
to ultrafine particles are low in mass terms and most
FFRs are intended to be disposable respirators, the
majority of their use (particularly in healthcare set-
tings) will be in conditions with little or no particle
loading. Therefore, this study examined only initial
respirator filter performance and did not address filter
loading. Additionally, this study did not evaluate the
respirator face-seal leakage.
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Test system

The test system presented in Fig. 1 has been de-
scribed in our earlier publications (Balazy et al.,
2006a,b). Challenge aerosol penetration through
the respirators was evaluated using a manikin-based
protocol. The respirator was sealed to a manikin face,
leak tested and placed inside of a 0.096 m3 test cham-
ber. The challenge aerosol concentrations were
measured upstream and downstream of the respirator
facepiece. The aerosols were generated with a 6-jet
Collison nebulizer (BGI Inc., Waltham, MA, USA),
diluted and dried with clean air, charge equilibrated
to a Boltzmann charge distribution using a Kr85

sealed source (Model 3054, TSI Inc., Minneapolis,
MN, USA) and fed to the top of the test chamber.
Constant inhalation flow was drawn through the
probed manikin while size-fractioned particle counts
from 20 to 500 nm in diameter were recorded outside
and inside of the respirator facepiece using a Wide-
range Particle Spectrometer (WPS, Model 1000 XP,
MSP Corp., Shoreview, MN, USA) connected to
the data acquisition system.

Respirator selection and test conditions

The two models of N99 and one model of N95
FFRs selected for this study are commonly used in
industry and healthcare settings, based on the recom-
mendations from the University of Cincinnati Occu-
pational Pulmonary Services (Director, Roy McKay)
that performs respirator fit testing and training for
numerous industries in the US. The N95 respirator
was of the same make and model as tested in our pre-
vious studies (Balazy et al., 2006a,b). This model
demonstrated relatively higher filtration of ultrafine
particles when compared to other N95 models evalu-
ated in our laboratory. Different manufacturers sup-
plied the two N99 respirators (N99-A and N99-B).

The constant airflows (Q) of 30, 85 and 150 l min�1

were selected to represent different inhalation re-
gimes. The first represents inhalation during low/
moderate-intensity work. The second corresponds to
a hard workload and is used by NIOSH for respirator
filtration certification. The flow rate of 150 l min�1

was intended to represent an instantaneous peak in-

spiratory flow (PIF) during moderate to strenuous
work (Harber et al., 1984; Lafortuna et al., 1984;
Cassidy et al., 2003). Consensus is not found in the
literature for a representative occupational ventila-
tion rate for PIF. However, the range of PIFs for
the 95th percentile minute volume for occupational
tasks is estimated to range between 182 and 295 l
min�1 (Caretti et al., 2004). Therefore, the choice
of 150 l min�1 may underestimate a worst case
PIF. Studying respirator filtration at higher
inhalation flow rates is salient, at least, for two rea-
sons. First, the rate established by the NIOSH proto-
col (85 l min�1) may be exceeded during more
strenuous occupational tasks. Second, modern FFR
media relies upon electret properties for much of
the overall filtration efficiency (Martin and Moyer,
2000; Caretti et al., 2004). For ultrafine particles,
the primary filter capture mechanisms are diffusion
and electrostatic interaction, which are both strongly
dependent upon respirator face velocity. This
suggests the lowest collection efficiency (highest
penetration) at the highest inhalation flow rate
(Lathrache and Fissan, 1986; Lathrache et al.,
1986; Lee and Mukund, 2001).

Temperature and relative humidity were monitored
during the tests using a DeltaTrak Thermo-Hygrometer
(Model 13306, DeltaTRAK, Inc., Pleasanton, CA,
USA). Relative humidity was maintained between
40 and 45% while temperature ranged from 23 to
26�C.

Selection and preparation of viruses

Three viruses were selected for use in filtration
testing: enterobacteriophage types MS2 and T4 and
bacteriophage B. subtilis SP01. These were chosen
for their small particle sizes, low pathogenicity and
ease of preparation and use. We intended to perform
the tests with (i) the smallest virions as well as (ii)
larger ones—of similar dimensions to those of the
SARS coronavirus [�80 nm diameter (Goldsmith
et al., 2004)] and influenza A virus subtype H5N1
[�80 to 100 nm diameter (Madigan and Martinko,
2006a)]. MS2 has about the smallest size among vi-
ruses. T4 and B. subtilis bacteriophage are larger and

Fig. 1. Filter penetration test system. Diagram adapted from Balazy et al. (2006a,b).
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close to the SARS coronavirus and H5N1 by their
volumetric equivalent sizes. It is acknowledged,
however, that the latter two simulants are consider-
ably different from the targets in terms of virion
shape and aspect ratio, which may influence their fil-
tration properties (Willeke et al., 1996; Flagan, 2001;
Rengasamy et al., 2004). This is addressed further in
the discussion.

MS2 is an icosahedral RNA bacteriophage which
infects the male Escherichia coli bacteria (Valegård
et al., 1990). An icosahedron is a symmetric polyhe-
dron with 20 triangular faces (Fig. 2); its shape is
close to spherical (Madigan and Martinko, 2006a).
A single MS2 virion has a physical diameter of
�28 nm (Valegård et al., 1990; Madigan and Martinko,
2006b). T4 bacteriophage—which also infects
many E. coli bacterial strains—is a double-stranded
DNA bacteriophage with asymmetric icosahedral
head, helical tail, endplate and tail fibers as shown
in Fig. 2. A mature T4 virion is non-spherical. It is
�225 nm along its longest axis including the head
(�85 � 100 nm), the tail (�25 � 100 nm) and the
endplate (�50� 25 nm) (Leiman et al., 2003).Bacillus
subtilis bacteriophage SP01 is also a double-
stranded DNA bacteriophage with a structure similar
to that of the T4 bacteriophage except with a roughly
symmetrical icosahedral head (Hemphill and
Whitely, 1975). A mature B. subtilis bacteriophage
SP01 is typically 237 nm along its longest axis with
a head and tail that measure 87 � 90 and 20 � 147
nm, respectively (Hemphill and Whitely, 1975).

MS2 (ATCC 15597-B1) and B. subtilis bacterio-
phage (ATCC 27370-B1) suspensions were prepared
using lysis of host bacterial solutions—E. coli
(ATCC 15597) and B. subtilis (ATCC 27370), re-
spectively. This was followed by centrifugation to re-
move bacterial cells, their debris and particles from
the medium then filtration with 0.4 lm sterile Milli-
pore filter (Millipore Corp., Billerica, MA, USA). T4
bacteriophage suspensions were prepared from
freeze-dried phage vial (ATCC 35060-B4) by adding
9 ml of Luria–Bertani broth followed by serial
dilution. Suspensions of each phage for aerosol ex-
periments were diluted to titre of 108–109 plaque-
forming units per ml as determined by a modified
plaque assay (ISO, 2000). ASTM reagent water pu-
rity type I ultrafiltered water was used for all suspen-
sions (ASTM, 2006).

Filter penetration and quality factor

Particle concentrations were measured size selec-
tively outside and inside the respirator filter when
the inhalation flow was applied. The data were re-
corded in 24 size channels of the WPS’ differential
mobility analyzer ranging from 0.021 to 0.449 lm
in particle electrical mobility diameter. Size-fractioned
penetration was calculated using equation (1). An-
other metric of filter performance determined in
this study was the filter quality factor, qf, which in-
corporates airflow resistance (characterized by the
pressure drop, Dp, in mmH2O) and the particle
penetration (P, %) (Hinds, 1999).

Fig. 2. Shape and dimensions of the bacteriophages used in this study.
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qf 5
lnð1=PÞ

Dp
: ð2Þ

An ideal respirator filter is characterized by low
penetration and low pressure drop. Pressure drop
across the filter media was measured at each inhala-
tion flow rate using a magnehelic pressure gage
(Dwyer Instruments, Inc., Michigan City, IN, USA).

Data analysis

The tests were replicated three times for each of
the tested respirators and challenge aerosols. The
mean, peak and standard deviation of the size-
fractioned particle penetration were calculated for
each combination of respirator, airflow rate and chal-
lenge aerosol. The pressure drop measured for a given
respirator and airflow was applied to the correspond-
ing size-fractioned penetration value to obtain the fil-
ter quality factor. Mean penetration (–1 SD) and filter
quality factor were then plotted against electrical
mobility particle diameter.

Between-respirator comparisons of the aerosol
penetration were performed for two challenge aero-
sols: NaCl and MS2. The particle penetration
through filters of all three respirator models was
compared first using NaCl data and then using MS2
data. Within-respirator comparisons of penetration
values for NaCl versus MS2 were also performed
for all three tested respirator models. This database
allowed us to compare the filter penetration of inert
NaCl particles and airborne virions of the same par-
ticle sizes. Lastly, a within-respirator comparison
with respect to penetration of NaCl, B. subtilis bacte-
riophage and T4 bacteriophage was performed
for the N95 respirator. This also allowed comparing
the filtration efficiency of inert particles to that of
two biological aerosols. Overall, six comparative
analyses were performed, as summarized below.

Between-respirator comparisons:

(1) NaCl challenge aerosol: compare penetration
through N99-A, N99-B and N95 filters;

(2) MS2 challenge aerosol: compare penetration
through N99-A, N99-B and N95 filters;

within-respirator comparisons:

(3) Model N99-A: compare penetration of NaCl and
MS2;

(4) Model N99-B: compare penetration of NaCl and
MS2;

(5) Model N95: compare penetration of NaCl and
MS2 and

(6) Model N95: compare penetration of NaCl to that
of phage B. subtilis and phage T4.

Comparisons 1 and 2 were performed using analy-
sis of variance (ANOVA). Comparisons 3–5 were run

using Student’s t-test. Both ANOVA and Student’s t-
test with Bonferroni adjustment were utilized for
Comparison 6. All tests were performed using Excel
(Microsoft Corp., Redmond, WA, USA) at a signifi-
cance level of 0.05.

RESULTS AND DISCUSSION

Aerosol penetration and filter quality factor

Aerosol penetration, pressure drop and quality fac-
tor for each test aerosol and inhalation flow rate are
summarized in Table 1. For NaCl, the following spe-
cific particle sizes and ranges were selected for this
summary table:

(i) 0.1 lm representing the approximate mobility
sizes of phage B. subtilis and phage T4;

(ii) 0.3 lm representing the presently accepted
MPPS;

(iii) 0.02–0.5 lm (integrated mean) representing
overall penetration over the entire measured
range of NaCl particle sizes and

(iv) 0.1–0.5 lm (integrated mean) representing the
particle sizes which primarily contribute to fil-
ter efficiency determination using the NIOSH
certification protocol.

For viruses, the following particle sizes were
designated:

(i) 0.02–0.09 lm to represent the nominal virion
size of MS2 and to include aggregates; the ratio-
nale for the selection of this particle size range is
discussed in greater detail in Balazy et al.
(2006b) (note that, resulting from slightly dif-
ferent WPS settings, the upper limit was
modified—from 0.08 lm in Balazy et al. to
0.09 lm in this study) and

(ii) 0.1 lm to represent the approximate mobility
sizes of phage B. subtilis and phage T4. A single
WPS channel with a midpoint of 0.1 lm (range
0.094–0.11 lm) was used for the larger virions
because a steep drop in the challenge aerosol
particle size distribution beyond 0.1 lm sug-
gested that aggregates, if present, did not con-
siderably contribute to the total particle count.

NaCl challenge aerosol. Particle penetration in-
creased with increasing airflow for all three respira-
tors (Fig. 3) with the overall mean penetration at
150 l min�1 exceeding that at 30 l min�1 by an aver-
age factor of 7.9 (N99 Model A), 7.6 (N99 Model B)
and 5.9 (N95). For all three respirators and inhalation
airflows, the MPPS was ,0.1 lm. Peak penetrations
for N99 Model A were 10.2, 5.9 and 1.3%, respec-
tively, for the high, medium and low flow rates; mean
penetration at 85 l min�1 was 3.2% (for all particle
sizes from 0.02 to 0.5 lm) and 1.6% (calculated
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Table 1. Summary of aerosol penetration (P), pressure drop and quality factor (qf) for three respirators

Aerosol: NaCI

Respirator Q (l min�1) Pressure drop
(mmH2O)

P0.1lm

(%)
qf 0.1 lm

(1 per mmH2O)
P0.3 lm

(%)
qf 0.3 lm

(1 per mmH2O)
P0.02–0.5 lm

(%)
qf 0.02–0.5 lm

(1 per mmH2O)
P0.1–0.5 lm

(%)
qf 0.1–0.5 lm

(1 per mmH2O)

N99 Model A 30 3.90 – 0.20 0.66 – 0.04 1.29 – 0.06 0.35 – 0.03 1.45 – 0.10 0.75 – 0.04 1.29 – 0.06 0.43 – 0.03 1.41 – 0.08

85 10.67 – 0.58 2.92 – 0.46 0.33 – 0.03 0.99 – 0.24 0.44 – 0.05 3.20 – 0.46 0.34 – 0.03 1.60 – 0.30 0.40 – 0.04

150 24.33 – 2.08 5.14 – 0.58 0.12 – 0.01 2.07 – 0.26 0.16 – 0.01 5.93 – 0.61 0.12 – 0.01 3.13 – 0.38 0.15 – 0.01

N99 Model B 30 4.53 – 0.15 0.74 – 0.10 1.08 – 0.06 0.44 – 0.22 1.21 –0.09 0.56 – 0.11 1.20 – 0.05 0.56 – 0.18 1.17 – 0.07

85 13.00 – 1.00 2.78 – 0.34 0.28 – 0.02 1.27 – 0.50 0.34 – 0.05 2.36 – 0.20 0.31 – 0.02 1.65 – 0.14 0.32 – 0.02

150 24.67 – 1.15 4.87 – 0.94 0.12 – 0.01 3.07 – 1.96 0.15 – 0.02 4.23 – 1.27 0.13 – 0.01 3.60 – 1.53 0.14 – 0.01

N95 30 2.70 – 0.10 0.83 – 0.20 1.78 – 0.10 0.48 – 0.14 1.99 – 015 0.87 – 0.21 1.80 – 0.10 0.66 – 0.21 1.89 – 0.14

85 7.57 – 0.75 2.60 – 0.51 0.49 – 0.02 1.34 – 0.44 0.58 – 0.02 2.85 – 0.44 0.49 – 0.03 1.74 – 0.41 0.54 – 0.03

150 15.83 – 2.02 4.65 – 0.48 0.20 – 0.03 2.84 – 0.38 0.23 – 0.04 5.16 – 0.35 0.19 – 0.03 3.42 – 0.46 0.26 – 0.03

Aerosol: MS2 aerosol: Bacillus subtilis phage aerosol: T4 phage

Respirator Q (l min�1) P0.02–0.09 lm (%) Respirator Q (l min�1) P0.1 lm (%) Respirator Q (l min�1) P0.1 lm (%)

N99 Model A 30 1.03 – 0.55 N95 30 0.58 – 0.22 N95 30 0.23 – 0.01

85 3.43 – 0.86 85 1.90 – 0.19 85 0.95 – 0.11

150 5.45 – 0.35 150 3.81 – 0.60 150 2.18 – 0.37

N99 Model B 30 0.96 – 0.12

85 3.28 – 0.20

150 5.70 – 0.61

N95 30* 1.69 – 0.38

85* 3.45 – 0.48

150 5.64 – 1.94

MS2 data for the N95 respirator are taken from Balazy et al., 2006b for 30 and 84 l min�1.
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specifically for particles from 0.1 to 0.5 lm). For
N99 Model B, peak penetrations were 6.6, 4.3 and
1.0% at Q 5 150, 85 and 30 l min�1, respectively.
The mean penetration at 85 l min�1 was 2.4% for
particles 0.02–0.5 lm and 1.7% for 0.1–0.5 lm.
The N95 respirator filter, peak penetrations were
8.1, 4.8 and 1.4% at each respective inhalation flow
rate. At Q 5 85 l min�1, mean penetrations 2.9%
(integrated 0.02–0.5 lm) and 1.7% (integrated
.0.1–0.5 lm). Mean penetration was significantly
higher for all three respirators when taking into ac-
count ultrafine sizes as compared to those .0.1
lm. The N95 data are consistent with previous obser-
vations using N95 FFRs (Balazy et al., 2006a). It is
apparent from Fig. 3 that penetration was quite sim-
ilar between respirators even though respirator clas-
ses differed (N95 versus N99).

Table 1 shows the pressure drop values across the
filter for each respirator and airflow. The N95 FFR
demonstrated the lowest resistance at each airflow
while N99 Model B possessed the highest. The pres-
sure drop values are consistent with those reported
previously for N95 FFRs and N99 filter cartridges
by Martin and Moyer (2000). Although Dp differed,
particle penetrations appear similar. This can be ex-
plained by the charge densities carried by the filter
material. Use of electret filters (with charged fibers)
allows for increased filter efficiency without in-
creased breathing resistance. The tested N95 filter
likely possesses a higher charge density and lower
packing density than the N99 respirators.

The size-fractioned filter quality factor (qf) is also
shown in Fig. 3 as a function of the NaCl particle size
and inhalation flow rate. It is not as dependent on the
particle size as filter penetration. While qf is similar
between respirators operating at 85 and 150 l min�1,
the N95 demonstrates higher quality factor at 30
l min�1 due to its lower pressure drop: 2.7 – 0.10
mmH2O as compared to 3.9 – 0.20 and 4.5 – 0.15
mmH2O measured for N99-A and –B, respectively.
The qf value determined for a specific particle sizes
of 0.1 and 0.3 lm were similar to the mean value ob-
tained for the size range of 0.02 to 0.5 lm. Filter
quality factor was significantly lower for all particle
sizes (integrated mean, 0.02–0.5 lm) than for par-
ticles calculated specifically for .0.1 lm.

The utility of filter quality factor in assessing the
respirator filter performance is not presently estab-
lished. One reason is that respirator performance also
depends upon face-seal leakage, which is not ac-
counted for in filtration studies. Whether face-seal
leakage and filter resistance are related in FFRs has
not been thoroughly investigated. Although wearer
comfort is expected to increase with increasing qf

for specific filtration efficiency, this has not been
quantitatively studied, and physiologically meaning-
ful differences of filter quality factor have not been
assessed. Quality factor has been used previously
as a tool for comparing respirators. Han (2000)
ranked respirator performance using qf at inhalation
flow rates from 10 to 85 l min�1 and utilized a plot
of flow rate versus qf to compare FFR. Also,

Fig. 3. Aerosol penetration and filter quality factor of three respirators as a function of the particle size and inhalation flow rate for
NaCl challenge aerosol.
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Chen et al. (1992) utilized qf to compare performance
of filtering facepieces and respirator cartridges.
MS2 phage challenge aerosol. Table 1 and Fig. 4

present the mean penetration values for MS2 virus
with a designated particle size range of 0.02–0.09
lm. Strongly populated by single virions as well as
virus aggregates, this size range accounted for
�82% of the upstream particle count. Airflow had
a strong effect: mean penetration at 150 l min�1 ex-
ceeded that at 30 l min�1 by a factor of 5.3 (N99-A),
5.9 (N99-B) and 3.3 (N95). Similar to the trend ob-
served with the NaCl aerosol in this study [and the
conclusion made by Balazy et al. (2006a,b) for N95
FFR], at Q 5 85 l min�1, the MPPS was , 0.1 lm
for all three respirators; peak penetrations were
4.3% (N99-A), 4.6% (N99-B) and 4.3% (N95, data
from Balazy et al., 2006b), while mean penetrations
were 3.4, 3.3 and 3.5%, respectively. Figure 4
demonstrates relatively high variability in the pene-
tration of the N95 respirator at Q 5 150 l min�1,
but—again—the trend is consistent with previous ob-
servations at 30 and 85 l min�1 (Balazy et al., 2006b).

Bacillus subtilis and T4 phage challenge
aerosols. Table 1 and Fig. 5 present the data for
N95 respirator filter challenged with the B. subtilis
phage and T4 phage viruses. The effect of airflow
on penetration is readily apparent with the overall
mean penetration at 150 l min�1 exceeding that at
30 l min�1 by an average factor of 6.6 (B. subtilis
phage) and 9.5 (T4 phage). At 85 l min�1, peak
penetrations were 3.4% for the B. subtilis phage
aerosol and 2.6% for the T4 phage aerosol occurred
at 0.04 lm, which is smaller than the mobility
sizes of single virions of B. subtilis and T4 phages
estimated based on their physical dimensions. This
is attributed to the presence of remnant solutes, bio-
logical fragments and impurities associated with
preparation and freeze drying. Penetration at the sin-
gle virion mobility diameter, calculated specifically
at 0.1 lm and Q 5 85 l min�1 were 1.9% (B. subtilis
phage) and 0.95% (T4 phage). Low particle counts
for the T4 challenge aerosol resulted in large
standard deviations in penetration measurements be-
yond �0.12 lm.

Fig. 4. Aerosol penetration through three respirators as a function of the particle size and inhalation flow rate for MS2
bacteriophage challenge aerosol.

Fig. 5. Aerosol penetration through N95 respirator as a function of the particle size and inhalation flow rate for two challenge
viruses: Bacillus subtilis bacteriophage (left) and T4 bacteriophage (right).
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Between and within-respirator comparisons

The penetration of NaCl aerosol in two particle
size ranges was compared between respirators as
shown in Fig. 6. Although we expected differences
in filtration between respirator classes (N99 was ex-
pected to be more efficient in collecting particles
than N95), no significant differences in mean pene-
tration were observed for the range of 0.02–0.5 lm
(Fig. 6a) or 0.1–0.5 lm (Fig. 6b). However, due to
the small sample size, we fall short of concluding
that the performance of N99 FFRs is generally no
better than that of N95 FFR for the particles up
to 0.5 lm. It seems more reasonable to state that fil-
tration of a ‘better’ N95 FFR may approach the per-
formance of some N99 FFR models over the particle
sizes observed here when measured by count.

Mean penetration was also compared by particle
size range and differed significantly; when analysis
was limited to particles of .0.1 lm, mean penetra-
tion for all three respirators was significantly lower
(P 5 0.01) than for particles ranging from 0.02 to
0.5 lm. The greatest contribution to penetration
occurred at ,0.1 lm for all three respirators. Utiliz-
ing a protocol that can also measure the ultrafine
component of the test aerosol may result in discover-
ing significantly higher filter penetration (by particle
count) than it is anticipated. These observations do
not mean that the tested respirators fail to comply
with their respective NIOSH certification criteria be-
cause the NIOSH certification protocol uses a differ-
ent method to measure aerosol concentrations to
calculate filter penetration (DHHS, 1995).

While no differences were observed between res-
pirators when comparing mean penetration of MS2
aerosol in the designated particle range of
0.02–0.09 lm (see Fig. 7), we also compared the
penetration of NaCl to (i) the MS2-containing aero-
sol for each respirator over the integrated size range
of 0.02–0.09 lm (Fig. 8) and (ii) the two larger

phages B. subtilis and T4 at their estimated mobility
diameter of 0.1 lm (see Fig. 9). The Figures show
comparisons for Q 5 85 l min�1. These served as di-
rect comparisons of inert particle penetration to that
of aerosols containing biological particles over the
same mobility diameters. Two differences were
observed. At 150 l min�1, there was a significant dif-
ference in penetration between MS2 (5.4%) and
NaCl (8.5%) for N99 Model A over the integrated
size range of 0.02–0.09 lm (P 5 0.01, not shown
in figure). Also, we found a significant difference be-
tween NaCl and T4 phage at 85 l min�1 (P 5 0.005)

Fig. 7. Between-respirator comparison: mean penetration
of MS2 (integrated for the size range of 0.02–0.09 lm) at

85 l min�1.

Fig. 8. Within-respirator comparison: mean penetration of
NaCl and MS2 (integrated for the size range of 0.02–0.09 lm)

at 85 l min�1.

Fig. 6. Between-respirator comparison: mean penetration
of NaCl [integrated for the size range of 0.02–0.5 lm (a) and

0.1–0.5 lm (b)] at 85 l min�1.
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where T4 phage penetration was 0.95% compared to
2.6% for NaCl (Fig. 9) for the N95 FFR. Overall, no
biological aerosol penetration exceeded that of inert
aerosols.

Several properties of airborne virus particles may
have influenced filtration in this study and could have
contributed to the observed—although inconsistent—
differences between the inert and biological aero-
sols. Particle parameters that effect diffusion, the
electrostatic collection mechanism or particle adhe-
sion to the filter fibers are believed to be relevant.
Particle shape may affect virus particle filtration
since it can influence its polarization and formation
of dipole charges in an electrical field (Flagan,
2001). Also, shape can influence particle drag by
altering terminal velocity toward an influencing fi-
ber, changing the probability of capture (Flagan,
2001). Dynamic shape factors that aid in describ-
ing behavior of airborne virus particles have not
been investigated. Lastly, shape may also influence
filtration through particle rebound. Boskovic et al.
(2005, 2007) recently observed differences in filtration
efficiency between spheres and perfect cubes of the
same electrical mobility diameter up to 0.3 lm.
Greater penetration of cubes was ascribed to differ-
ences in rebound probability during tumbling at the
fiber surface. It is not presently known how the
shape of virus aerosol particle may affect its re-
bound during filtration.

Electrical properties of virions may also influence
filtration. With a neutralized aerosol, the virus parti-
cle permittivity or dielectric constant is of interest.
This represents the ability of a particle to polarize
when in an electric field. The degree of polarization
will be proportional to the force of attraction between
the particle and the influencing fiber (the polarization

force). It has been shown theoretically and experi-
mentally that particles with high-dielectric constant
are captured by an electret filter with greater effi-
ciency than those with low-dielectric constant (Oh
et al., 2002; Yang and Lee, 2005; Wei et al., 2006).
The dielectric constant of NaCl is �6. While the di-
electric constant of the tested virions is not known,
similar size virions have been estimated to have
dielectric constants of .55 (Aristides et al., 2007;
Lepizco-Encinas and Rito-Palomares, 2007).

CONCLUSIONS AND FUTURE WORK

The penetration of four challenge aerosols through
three N-type FFRs at three inhalation flow rates was
determined. Challenges remain in aerosolizing vi-
ruses with the intention of creating a monodisperse
aerosol consisting of single virions. As seen in this
and other studies, remnant solutes, biological frag-
ments and the possibility of aggregate formation
can significantly contribute to the resulting particle
size distributions.

Inhalation airflow had a significant impact upon
particle penetration. The primary mechanisms of
ultrafine particle capture—diffusion and electret
charge interaction—are heavily influenced by the
filter face velocity. Since the selected 150 l min�1

flow may underestimate the 95th percentile PIF
during occupational tasks, additional study seems
feasible in this area to better define a very severe or
worst case condition. Also, further study of respirator
penetration during cyclic breathing with high PIFs
is needed.

The pressure drop across the filters was determined
and the filter quality factor calculated providing in-
formation on relative performance of the respirator
filters. However, the salience of this information
without reference to performance during respirator
wear is limited. Investigation of whether filter quality
factor is predictive of actual workplace protection
would determine whether it is a meaningful metric
of FFR performance.

The MPPS was ,0.1 lm for all aerosol chal-
lenges. This has been demonstrated previously for
electret-type filter materials using physiologically
relevant airflows. As a corollary, we also observed
that overall respirator penetration increases signifi-
cantly—when measured by count—if the ultrafine
fraction of the test aerosol is properly detected and
included in the integration. This finding is important
because the NIOSH filter certification protocol
assumes an MPPS of 0.3 lm (by mass) and cannot
adequately measure aerosol particles ,0.1 lm due
to limitations of photometry.

We observed that a better performing N95 FFR can
approach the filtration performance of some N99
FFRs over the tested particle size range. However,

Fig. 9. Within-respirator comparison for N95 at 85 l min�1:
mean penetration of NaCl compared to Bacillus subtilis phage

and T4 phage at 0.1 lm.
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this should be considered with caution and not gener-
alized because the presented results were obtained
for a single model of N95 compared to two specific
models of N99.

Overall, viral penetration through the tested FFRs
did not exceed that of inert NaCl aerosol. We ob-
served a difference between inert and bioaerosol fil-
tration where NaCl penetration exceeded that of MS2
(for N99 Model A at 150 l min�1) and that of T4
phage (for N95 FFR at 85 l min�1) which may be at-
tributed to a number of causes. The results suggest
that inert aerosols may generally be appropriate for
modeling filter penetration of similarly size viruses.
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