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Performance of N95 Respirators:
Reaerosolization of Bacteria

and Solid Particles

If a respirator does not contain an exhalation valve, and the respirator wearer sneezes or coughs,

one may expect previously collected particles to be reaerosolized. This may be of special concern

in environments contaminated with airborne microorganisms. The percentages of reaerosolization

were measured in a test setup where the number of reaerosolized particles were registered by

dynamic aerosol size spectrometry relative to the number of previously collected particles or

bacteria. Experiments at low relative humidity have shown that the reaerosolization of particles

below 1 pm, including Mycobacterium tuberculosis surrogate bacteria, does not exceed 0.025%,

even if the re-entrainment air velocity is as high as 300 cm/sec (i.e., 37 times the air velocity

through the respirator during breathing under heavy workload conditions). The reaerosolization

of larger particles into dry air was significant at the highest re-entrainment velocity of 300 cm/sec,

which simulates violent sneezing or coughing: 0.1% for 3 ym and about 6% for 5-pm test particles.

No reaerosolization was detected at relative humidity levels exceeding 35% at these conditions.

Thus, it is concluded that the reaerosolization of particles and bacteria, collected on the fibrous
filters of N95 respirators, is insignificant at conditions encountered in respirator wear.

Keywords: efficiency, filter, microorganism, Mycobacterium tuberculosis, reaerosolization,

respirator

n recent years, infections due to tuberculosis

bacteria (TB) have increased and gained con-

siderable attention because of the appearance

of multidrug resistant Mycobacterium tubercu-
losis.V) Since engineering controls cannot totally
protect physicians, nurses, and other health care
workers from TB patients, the Centers for
Discase Control and Prevention in 1994 issued
guidelines for respirator wear in health care facil-
ities where there is risk of TB transmission.?) In
June of 1995 new regulations, drafted by the
National Institute for Occupational Safety and
Health, were issued for nonpowered particulate
respirators (42 CFR 84).®) The new regulations,
which replace the previous ones at 30 CFR 11,
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require that all certified particulate respirators
have an efficiency of 95% or greater at the most
penetrating particle size (ca. 0.1 to 0.3 pm) when
tested at a flow rate of 85 L/min. All respirators
that are certified under these new regulations are
permitted to be worn for protection against TB.

The most prominent new respirator used in
health care environments, satistying the 95% min-
imum efficiency requirement, is the N95 respira-
tor (which is tested with NaCl particles). Recent
tests with airborne bacteria simulating the size
and shape of TB bacteria have shown that the
tested N95 respirators are over 99.5% efficient
against bacteria of TB size.®) Thus, N95 respira-
tors offer good protection in TB environments
if there is no face seal leakage between the res-
pirator and the wearer’s face.®” The questions
addressed by the present study are: can parti-
cles—in particular, bacteria of TB size and
shape—be reacrosolized from these new res-
pirators during exhalation and, if so, under what
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conditions? If bacteria are re-entrained by the exhalation flow, they
may re-enter the surrounding air and be transmitted to another
location; i.e., respirators with collected bacteria may become sec-
ondary contamination sources.

Very little information is available on the reaerosolization of par-
ticles from a filter. In a 1961 study the reaerosolization of silica
dust with a mean particle size of 1.3 pm was recorded by the
reduction in pressure drop across the filter as the particle load
was reduced.”) This method cannot be used to predict the
reaerosolization of a small number of bacteria from a respirator
filter. In another (1958) study, the dislodging of 10- to 800-pm
particles from a single fiber was investigated by microscopic
observation of the particles before and after an air jet was applied
to the filter.®) This method also is inadequate for accessing parti-
cle reaerosolization from a respirator filter, as the flow dynamics
through a fibrous filter are more complex. In the present study
dynamic aerosol size spectrometry was used to measure the re-
aerosolization of particles, including TB surrogate bacteria, under
conditions that simulate respirator wear.

EXPERIMENTAL METHODS
AND MATERIALS

hen a respirator is worn, airborne biological particles such as

bacteria, fungi, and pollen grains, and nonbiological particles
such as dust, mist, and fume are collected by the filter of the res-
pirator. Since some of these particles may penetrate through an
NO95 respirator, the aerosol concentration was measured up- and
downstream of the respirator in the loading phase of this study (see
Figure 1A). In this setup, biological or nonbiological particles
were aerosolized from a Collison nebulizer (BGI Inc., Waltham,
Mass.). To be compatible with the aerosol instruments, the aerosol
was diluted to about 1.5 X 10* particles/cm?® by mixing it with
clean air. Before exposure to the test respirator the acrosol was
charge-neutralized by passage through a 10 mCi #Kr electrostatic
neutralizer (TSI, Inc., St. Paul, Minn.). All loading tests were per-
formed at room conditions kept constant at a temperature of
about 25°C and a relative humidity of about 22%. This test setup
for loading the respirators is similar to the one used in previous
acrosol penetration studies.®?)

The half-mask respirators used in this study were loaded for 30
to 50 minutes at a flow rate of 85 L/min, which corresponds to
the breathing flow rate under heavy work load conditions.*1?
This flow rate is required for certification under the new regula-
tions'® and results in a loading velocity through the filter of about
8 cm/sec. The aerosol concentrations up- and downstream of the
respirator were measured by an aerosol size spectrometer
(Aerosizer, Amherst Process Instruments, Inc., Hadley, Mass.).
The Aerosizer is particularly useful for experiments with airborne
bacteria because it can measure airborne bacteria down to about
0.5 pm,112) below the 0.8-pm mean aerodynamic diameter of
TB surrogate bacteria.!21) The total number of particles collected
by the filter (i.c., the filter load, L) is calculated by measuring
the volumetric airflow rate through the respirator during load-
ing (Q,), the loading time (t; ), the upstream aerosol concentra-
tion (C,,), and the downstream concentration (Cyy,,). The ratio
of the two aerosol concentration measurements yields the filter
collection efficiency (E).

E=1- Cdown (1)
B C

up
Thus,

L= QEC, 2)

The particle load was about the same for the NaCl and poly-
styrene latex (PSL) particles: 10° particles/cm?. The particle size
distribution decreased with particle size for both particle types.'>)
The loading lasted about 30 minutes and did not increase the pres-
sure drop across the filter. Thus, all reaerosolization experiments
reflect initial particle loading where particles deposited on the fil-
ter’s fibers do not interfere with each other. Exploratory experi-
ments with filters overloaded with NaCl particles showed increased
particle reaerosolization. However, reaerosolization as a function
of mass loading was not pursued in this study. The bacterial load-
ing also lasted about 30 minutes and reached approximately the
same loading density of 10° bacteria/cm?. Thus, all three types
of particles used in these experiments were loaded so that there
was only particle-to-fiber interaction, but no particle-to-particle
interaction in the reaerosolization phase.

A Respirator Loading
\T est Respirator
. e V=28cm/s
.], . @" Corresponds to Breathing
3 B at 85 L/min
Aerosol Size
Spectrometer
B Reaerosolization

Test Respirator

‘e 4 V =300 cms
: Corresponds to Violent
‘e Sneezing or Coughing

-

Aerosol Size
Spectrometer

FIGURE 1. Schematic representation of respirator tests. A: Measurement of
respirator loading; B: measurement of particle reaerosolization from respirator.

Figure 1B shows that the flow direction in the particle
reacrosolization experiments is opposite to the loading direction,
thus representing the exhalation cycle of respirator wear. The max-
imum reaerosolization velocity tested was 300 cm/sec, i.c., 37
times the loading velocity. This velocity simulates very adverse
exhalation conditions, such as violent coughing or sneezing. This
maximum velocity was determined by the following assumptions:
2 liters of lung tidal volume are exhaled during a 0.3-second peri-
od of violent coughing or sneezing through a mouth area of 22
cm?.19) The percentage of reaerosolized particles (R) as measured
by the Aerosizer is
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No. of Reaerosolized Particles

X 100% 3)
No. of Loaded Particles

The nonbiological test particles selected for the experiments
were (1) NaCl particles, which are used for certifying N95 respira-
tors under the new regulations,®) and (2) PSL particles, which are
commonly used for testing and calibrating because of their spher-
ical shape and their availability in many monodisperse particle
sizes. In selecting the test bacteria, two requirements had to be
met: (1) they must be nonpathogenic and (2) they must have a size
and shape similar to M. tuberculosis.'”) Based on these require-
ments, Bacillus subtilis ATCC 6051 (American Type Culture
Collection Inc., Rockville, Md.) was chosen as the TB surrogate
because of its 0.7 to 0.8-ym width and 2 to 3-pm length.!8) To
cover a broader spectrum of bacterial sizes, tests were also con-
ducted with B. megatherium ATCC 14581, whichis 1.2 to 1.5 pm
wide and 2 to 5 pm long.'¥

The procedure for preparing the bacteria for the tests was
the same as the one used in previous experiments.®'21°) Both bac-
terial cells were stored on a Tryptic soy agar slant at 5°C (Difco
Laboratories, Detroit, Mich.). Before the acrosol experiments were
started, the cells were streaked onto Tryptic soy agar plates and
incubated at 25°C for 18 hours after incubation. They were moved
off the plates with sterile deionized water and washed with deion-
ized water in a centrifuge at 2860 X g (Marathon 6K, Fisher
Scientific, Pittsburgh, Pa.). The washing removed residues from
the liquid suspension so that the Aerosizer would count only
bacteria.121?)

The NaCl particles were generated from a 3.5 mg/cm? solu-
tion of NaCl (Fisher Scientific, Pittsburgh, Pa.). The PSL particles
were generated from water suspensions of monodisperse 0.60,
1.02, 2.94, 3.96, and 5.10-um PSL particles (Bangs Laboratory,
Carmel, Ind.).

Three models of N95 half-mask respirators, certified under the
new 42 CFR 84 regulations, were chosen for the tests. Each of the
three models represented a different manufacturer and contained
charged polypropylene filters sandwiched between an inner and
an outer cover web. In the data presentation these models are dis-
tinguished from each other by the labels A, B, and C. To measure
the reaerosolization from an entire respirator as it is worn, no part
of the test respirators was removed for the tests.

For each model, one was randomly selected from its supply box
and was equilibrated at the test conditions for more than 24 hours
prior to being tested. At least five tests were performed at each test
condition. The presented data show the means and standard devi-
ations for each test.

RESULTS AND DISCUSSIONS

Prior to performing reacrosolization experiments with bacteria,
the three N95 respirator models were first performance-tested
relative to the new regulations, i.c., with NaCl certification
aerosols. Figure 2 shows the percentage penetration (P) of NaCl
particles as a function of their acrodynamic diameter (d,). The
penetration is the ratio of Cy,,, to C,, as measured by the
Acrosizer; i.c., P = 1 =E. As seen, the maximum NaCl particle pen-
etration, tested at the certification flow rate of 85 L/min, is less
than 4% for N95 respirators of Companies A and B and slightly
less than 5% for the respirators of Company C. Thus, all three
respirators satisfy the certification requirement of 95% or more
in collection efficiency.
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N95 Respirators Tested with NaCl

T=25°C RH=227%
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FIGURE 2. NaCl particle penetration through N95 respirators manufactured by
three different companies, tested at the certification flow rate of 85 L/min

Reaerosolization of NaCl particles from these respirators is
shown in Figure 3. Essentially no NaCl particles of d,<1 pm were
registered by the Aecrosizer. The reaerosolization of 1-um NaCl
particles was about 0.007% for all three respirator models; i.e., less
than 1 particle per 10,000 collected particles was re-entrained by an

N95 Respirators Tested with NaCl
T=25%C RH=227%
Respirator Company: O A OB A C
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FIGURE 3. NaCl particle reaerosolization from N95 respirators manufactured by
three different companies, tested at a reaerosolization velocity of 300 cm/sec
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airflow representing the burst of airflow during violent sneezing
or coughing. By varying the rise time between no flow and full
reacrosolization flow from 300 msec to 10 sec, the percentage
reacrosolization was found to be dependent only on the magni-
tude of the reaerosolization velocity. Oscilloscopic time records
of the reacrosolized particles have shown that all particles are
re-entrained within milliseconds of reaching the maximum re-
entrainment velocity.!®) Reaerosolization was, therefore, only
recorded over a period of 30 sec. As also seen in Figure 3,
reacrosolization increased with particle size, reaching about 0.02
to 0.05% in mean reaerosolization at d, = 1.4 ym. Too few NaCl
particles were on the respirator filter above 1.4 pm to result in
measurable reaerosolization, as the count mean diameter of the
aerosolized NaCl solution was about 0.2 pm.

Figure 4 shows that the reaerosolization of NaCl and PSL
particles and TB surrogate bacteria is a function of particle size.
The insert shows that the reaerosolization percentage is less than
0.05% for particle sizes below 1.5 pm. In this figure the re-
aerosolization velocity simulates violent sneezing or coughing.
Theoretically, one expects some difference between the re-
aerosolization percentages of different types of particles, because
particle shape may influence the re-entrainment of particles as
air flows over them. However, such differences are not discernable
at this low level of reacrosolization. The reacrosolization of TB
surrogate bacteria was found to be about 0.02%, irrespective of
whether the bacteria were electrically charge neutralized by the
85Kr radioactive source or were in their natural state as aerosol-
ized by the Collison nebulizer. Thus, the degree of reaerosoli-
zation is insignificant for particles below 1.5 pm, irrespective of
their composition and charge level.

Vreaerosolization _ 300 cm/s _ 37

Vloading 8 cm/s
N95 Respirator: T=25<C
Company A RH=227%

Test Particle

Charge—Neutralized Not Neutralized

A B. subtilis

v B. subtilis
O NaCl
© PSL
9 — = - —

REAEROSOLIZATION, R, %

0.4 1 2 9
AERODYNAMIC DIAMETER, da, um

FIGURE 4. Effect of particle type on the reaerosolization of bacteria and
solid particles

For large particles, however, reacrosolization may become
significant. As seen in Figure 4, about 6 to 7% of 5-um PSL parti-
cles were reaerosolized. These data are shown because single
bacteria (on the order of d, = 1 pm) may aggregate and form a
larger bacterial cluster, or they may be attached to larger inert
particles. The authors attribute the nonlinear increase in reaero-
solization with particle size to the particle size dependence of
the adhesion and aerodynamic drag forces. The particle adhesion
forces increase with particle size in an essentially linear relation-
ship, while the acrodynamic drag force increases with the square
of particle size.(2021)

Figure 5 shows the effect of reacrosolization velocity on the
reaerosolization of NaCl particles and two types of bacteria, B.
subtilis and B. megatherium. For each bacterium the data are
shown for a typical size. These sizes are close to those of M. tuber-
culosis. No reaerosolization was registered by the Aerosizer
below reaerosolization velocities of 200 c¢m/sec, which is about
25 times the loading velocity. As the reaerosolization velo-
city increases to twice that value, 400 cm/sec, reaerosolization
increases nonlinearly but remains at an insignificant level. The
curves are best fits connecting the data. Since these data are
close to the threshold of detection of the test setup, they cannot
be interpreted as to their dependence on air velocity. At the 400
cm/sec reentrainment velocity, the bacteria appear to be re-
entrained more easily than the NaCl particles, which may indicate
a weaker bond to the filter fibers or more surface area sticking
into the airflow, thus facilitating aerodynamic re-entrainment.

] - RS S —

N95 Respirator: Company A
| T=R5% RH=227%

¥ 0.12 b Vicading=8 cm/s i
x L 1
< i . 1
E 0.08 L B. subtilis (0.8 um) i
% B. megatherium L]
9 | (1.0 pm) ]
=
g + 1
2 0.04 - =
r \-NaCl (0.9 um) 1
0.00 A : ! L 1
200 250 300 350 400
REAEROSOLIZATION VELOCITY, Vr, cm/s
L | L l | [
25 30 35 40 45 50
Vreaerosolization
Vioading

FIGURE 5. Effect of reaerosolization velocity on the reaerosolization of bacteria
and Na(l particles

Experiments with filter materials of the same manufacturer, but
of different thickness, have not shown any increase or decrease
in reaerosolization with filter thickness, i.e., the majority of
reaerosolized particles and bacteria is collected on and dislodged
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from the top layer of the respirator filter. All of the above mea-
surements were made at a relative humidity of 22%. When the rel-
ative humidity was increased to levels of 35% or higher, no reaero-
solized particles were detected by the Aecrosizer. This decrease in
reaerosolization with increasing relative humidity is attributed to
liquid bridging between particles and filter fibers that increases the
adhesion force. Since the exhaled airflow of a worker wearing a
half-mask respirator is saturated with water vapor, the respirator
filter may be at a higher humidity level than the external air. Thus,
the data show the maximum reacrosolization that may occur.

CONCLUSIONS

his study has shown that inert particles and TB surrogate

bacteria of d, = 0.8 um, collected on N95 respirators, are not
reacrosolized during normal respirator wear. When the respirator
wearer coughs or sneezes at exhalation air velocity exceeding 25
times the breathing velocity through the respirator under heavy
work load conditions, some of the particles and bacteria may
reaerosolize. At air velocities of 300 cm/sec, corresponding to 37
times the inhalation air velocity through the respirator filter, the re-
aerosolization of TB surrogate bacteria as well as NaCl and PSL
particles below 1 pm is 0.025% or less, when the respirator and
airflow are at a relative humidity level of 22%. At this condition
of violent sncezing or coughing, only larger particles are
reacrosolized in significant amounts: 1% of 3-um and about 6% of
5-um PSL particles. No reacrosolization was detected at relative
humidities exceeding 35%. Thus, reacrosolization of TB bacteria
and other particles less than a few micrometers in size, collected
by the respirator filter during inhalation, is insignificant at con-
ditions encountered in respirator wear.

Since most respirators with 99% or higher efficiency at the most
penetrating particle size contain the same or similar filter material
as the 95% efficient respirator, but have a thicker layer of it, the
above conclusions are likely to be valid for all fibrous filter materials
used in respirators. If bacteria reproduce themselves during respi-
rator storage under favorable conditions, the new bacteria may
not be attached to the filter fibers, but to other bacteria. Further
research will examine whether bacteria can reproduce on respirators
and whether the new bacteria can be reacrosolized from the filter.
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