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SIGNIFICANT FINDINGS

(1) Only high-efficiency filters performed consistently on both the spherical test aerosols
and three types of asbestos fibers. The high-efficiency filters tested were >99% efficient in all
cases. Neither the surface charge potential of filter cartridges nor the charge status of fibers
appeared to affect filter performance. On the other hand, the performance of low-efficiency filters
and masks deteriorated when the charge potential on the filter was removed or fiber aerosols were
discharged.

(2) The surface charge measurements of the respirator filters showed that some filters,
including those used in disposable respirators, are charged to enhance the collection efficiency. Our
data also showed that surface charges were decreased in a high-temperature, high-humidity environment
and disappeared after 1 week. While deposition of spherical particles and fibers in the charged
disposable filter was enhanced, the collection efficiency of filter cartridges that did not carry
electrostatic charges was not. Similar effects were found for the charge status on fibers. The
aerosols in equilibrium charge status were found to have lower deposition efficiency than the charged
aerosols. Because many aerosols found in the work environment are aged and in the charge equilibrium,
our results imply that they would not be removed as efficiently.

(3) Shorter fibers had a higher penetration rate, which indicates that fiber interception is an
important deposition mechanism. Experimental penetration data were mapped using contours of equal
penetration in a two-dimensional plot. The observed data showed one region of maximum penetration for
each condition. The mathematical model provides a similar penetration contour. The maximum
penetration occurred at the region of fiber diameter and length where the interception and diffusion
deposition are at a minimum. .

(4) Because of the filtration of longer ftbers, the biological effects of shorter fibers that
are inhaled may be different from bulk fiber aerosols. These differences may be related to deposition
pattern, deposition efficiency, clearance, and biologicat activities of inhaled fibers.

(5) Fibers can penetrate leaks in the face mask seal, with increased penetration for larger
leaks. The fibers that penetrated had similar size distributions as the bulk aerosols. Therefore, for
respirators with high-efficiency filters, penetration through face mask leaks can be a serious problem
for respiratory protection of workers.



USEFULNESS OF FINDINGS

Our findings confirm the current OSHA guidelines, which state that only high- efficiency
filters should be used for respiratory protection of workers dealing with asbestos and other types of
fibers. However, we have found that a significant fraction of fibers can still penetrate through
leaks in the face seal and other parts of the respirator. It is therefore important to ensure a proper
fit before a worker wears the respirator. The current procedures for testing the fit of a respirator
use spherical or ambient aerosols. Whether this procedure is adequate for fiber aerosols is not known
and should be studied.

We have also found that some filter cartridges had substantial charge potential, which enhance
filter performance. However, the surface charge may disappear quickly in high- temperature, high-
humidity environments, and the performance of the filter may deteriorate significantly. There are
many implications in this finding. For example. NIOSH test procedures may require a different way to
condition filter cartridges prior to an aerosol challenge. The test aerosol shouid also be charge
neutralized. [t may also be necessary to find ways to extend the shelf life of charged filter
cartridges or masks.



ABSTRACT

Current OSHA guidelines require the use of respirators fitted with high-efficiency
filters to protect workers in environments where they are at risk of exposure to asbestos and manmade
fibers. These filters must be approved under NIOSH certification criteria based on penetration tests
using spherical aerosols. Fiber acrosols are known to have different acrodynamic behaviors than
spherical particles and usually carry higher electrostatic charges. Because the carcinogenicity of
asbestos and other fibers are known to be due, in part, to fiber dimensions, it is very important to
know the efficiency of the respirator filters in relation to fiber dimension. We have investigated
the effects of fiber dimensions, flow rate, and charge status of filter cartridges on the penetration
of fiber aerosols. Four types of test respirator filters including two for passive respirators, one
for a powered respirator, and one disposable respirator were selected. Surface charges on respirator
filters have been determined using a non-contact field electrostatic field meter. Penetration tests
were performed for filter cartridges before and after charge neutralization. The surface charge
measurements on the respirator filters showed that some filters including those used in disposable
respirators are charged to enhance the collection efficiency. Only high-efficiency filters performed
consistently for both spherical test aerosols and the three types of asbestos fibers. The surface
charge potential of filter cartridges and charge status of fibers did not appear to affect the
performance of these filters. On the other hand, the performance of low-efficiency filters and masks
had deteriorated for aerosols when the charge potential on the filter was removed and/or fiber acrosols
discharged. Our data also showed that the surface charges decreased in a high-temperature, high-
humidity environment and disappeared after 1 week. Deposition of spherical particles and fibers in the
charged disposable filter was enhanced. On the other hand, for filter cartridges that did not carry
electrostatic charges, collection efficiency was not enhanced. Shorter fibers had higher penetration
rates, which indicates that fiber interception is an important deposition mechanism. Our data showed
one region of maximum penetration for each condition. The mathematical model provides a similar
penetration contour. The maximum penetration occurred in the region of fiber diameter and length where
the interception and diffusion deposition are at a minimum. The fibers could penetrate the face mask
seal, with increased penetration for larger leaks. The fibers that penetrated had similar size
distributions as the bulk aerosols. This factor will be a major concem for respiratory protection
against fiber aerosols.



BODY OF REPORT
BACKGROUND

Exposure by inhalation to asbestos fibers may lead to primary lung cancers, mesothelioma, and
pulmonary and pleural fibrosis. The carcinogenicity potential of asbestos fibers has been shown to
correlate with fiber dimensions and their durability in the lung (Stanton and Wrench, 1972; Pott et
al., 1983). Concems about the health risks associated with exposure to asbestos fibers have resulted
in restricting their use in many applications, including thermal insulation and construction
materials. However, many public buildings and private houses that contained asbestos as building or
insulation material now require removal of the asbestos, and the asbestos abatement industry continues
to grow. Manmade fibrous material, such as fiberglass and ceramic fibers, have been developed to
replace asbestos. Silicon carbide, silicon nitride, and other fibers are important constituents of
composite materials that have applications in aerospace and automotive industries. Health effects of
inhalation exposures to these manmade fibers have been evaluated (Drew et al.. 1988: Smith et al.,
1987). Potential sources of exposure to fibrous materials in occupational environments will continue
to increase with expansion of commercial applications.

OSHA and EPA have set the permissible exposure timit (PEL) for asbestos fibers at (.2 fibers mL”
! of air in occupational environments (EPA, 1986; OSHA, 1986). Engineering control and work practice
are the preferred methods to reduce worker exposure in these environments. However, if these methods
cannot reduce the asbestos concentration below the PEL, then respiratory protection is required to
minimize exposure. The OSHA guidelines also require respiratory protection during maintenance and
repair activities and in emergencies.

Fiber particles with elongated shapes (ratio of length to diameter > 3:1) have different
aerodynamic characteristics than spherical particles of the same volume and density. The acrodynamic
behavior of fibrous aerosols is largely dependent on the diameter of the fiber. with the length of the
fiber having a minor influence (Stéber. 1973; Cheng, 1986). Asbestos fibers found in most occupational
environments have wide size distributions in both diameter and length (Walton, 1982). The diameter of
respirable asbestos fibers ranges from 0.01 to 3.0 pm, and the length ranges from 0.1 to 60 um (Walton,
1982). Manmade fibers, such as glass, ceramic, and carbon fibers, have a diameter between 0.1 to 10 um
and an aspect ratio ranging from 3 to 60. Because of the wide size range of fiber aerosols, it is
essential that a respirator certified for use on one type of fiber is also suitable for other types of
fiber aerosols with potentially very different size characteristics.

Data are limited on fiber filtration through respirator filters. Weeks and Burns (1970)
reported 0 to 2.6% penetration of a chrysotile asbestos aerosol through eight different respirator
filters. Brosseau et al. (1990) reported 0.001 to 0.2% penetration of an amosite aerosol at 32 L min™
constant flow. They also tested the same filters with silica aerosols. Ortiz ef al. (1988) compared
the penetration of chrysotile asbestos and an oil test aerosol of di(2-ethylhexyl) sebacate (DEHS)



through filter cartridges approved by NIOSH (1987;1990). A lower penetration rate (0 to 3%) was
observed for asbestos than for DEHS aerosols (0 to 30%), when the filters were taken from the package
without extended storage time. However, after a 1-week storage at a high temperature (38°C) and in
high humidity (99%+), the fiber penetration increased to 20% for some filters. Similar deterioration

of filter performance was found after filters received a substantial particle load of DEHS or were
instilled with water mist. This level of fiber penetration (20%) could certainly result in workers

being exposed to fiber concentrations that exceed the PEL in work environments with > 20 fibers mL"
concentration, even if they wore respirators. The only filter that performed consistently under all
conditions was a high-efficiency filter. Because OSHA has particular concerns about the inconsistency
in the reported observations of fiber aerosols through medium- (> 99%) and low- (> 95%) efficiency
filters, only high-efficiency filters (> 99.97%) can be used when air-purifying respirators are

needed for worker protection against asbestos fibers. (INIOSH, 1987; 1990).

Because earlier studies were not designed to evaluate the filtration processes for fibers,
there are no data on the effects of particle size and flow rate on filtration efficiency. Only the
overall penetration, which 1s the average penetration of a fiber with wide length and diameter
distributions, has been reported; size distributions of fiber aerosols that penetrate a filter and
enter the respiratory system have not been determined. This is an important concern in the respiratory
protection of workers, because of the importance of fiber dimensions to the carcinogenicity of
asbestos (Stanton and Wrench, 1972; Pott et al., 1983). On the other hand, electrostatic charges
associated with filter cartridges have been implicated in the inconsistent results of filter
performance reported by Ortiz et al. (1988), but their experimental design did not provide sufficient
information to test this hypothesis. No attempts were made to determine the electrostatic charges of
fibers, nor the electrical potential of filter cartridges under test conditions.

SPECIFIC AIMS

The specific aims of this research were to quantify the performance of respirator filters used
to protect workers in environments where they may be at risk of exposure to asbestos and manmade
fibers, and to elucidate the mechanical and electrical deposition mechanisms for the filtration of
fiber aerosols. This information will help to determine which types of fiber aerosols are most likely

to penetrate the respirable filters and to predict the performance of respirator filters under
different field conditions.

Specific Aim 1: Filter penetration tests using three different asbestos fibers will yield useful
information on the effect of fiber dimension. Electrostatic charges on fiber aerosols and filter
cartridges will be neutralized, and only mechanical deposition processes of fiber filtration, such as
diffusion, impaction, and interception, will be investigated. Two flow rates will be investigated.
Dimensions of fibers that are most likely to penetrate a respirator filter will be ascertained.
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Specific Aim 2: Penetration tests will also be performed using the spherical di-octyl sebacate (DOS)
aerosol according to the NIOSH test procedures. A direct comparison of the filter performance between
the fiber aerosols and spherical aerosols will be made.

Specific Aim 3: Freshly generated asbestos fibers usually carry high electrostatic charges. These
fibers will be neutralized to the Boltzmann charge equilibrium. Some filter cartridges consisting of
materials of low conductivity may carry electrostatic charges; these charges may be lost during
storage under conditions of high temperature and high humidity. Fiber penetration through filters
fresh from the package and stored under these conditions will be studied. Filtration under four
experimental conditions will be tested by combining the charge status of fiber aerosols and filter
cartridges.

Specific Aim 4: Filtration of fiber aerosols in a fan model filter using stainless steel wire screens

will be investigated. Charge-neutralized asbestos fiber acrosols will be used. The fiber filtration
model will be established by modifyving the existing model. and this model will be further extended to
predict fiber aerosol collection on respirator filters.

Specific Aim 5: Penetration of fiber aerosols through leaks in the face seal will be measured in a half-

face respirator mounted on a simulated face. These leaks will be created by placing wires of 1.0 and
2.0 mm diameter in the respirator. Three asbestos fibers will be used for the test.
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PROCEDURES AND METHODOLOGY
Test Respirator Filters

Characterizaiion of Test Filters

Four types of respirator filters were used in the study: 1) a high-efficiency filter, AORS7A
(American Optical Corp., Southbridge, MA), 2)a dust/fume/mist filter cartridge, (Type S, MSA,
Pittsburgh, PA, 3) a high-efficiency filter for powered respirators (Type A, MSA, Pittsburgh, PA),
and 4) a disposable, low-efficiency filter 3M8710, 3M, St. Paul, MN). Following current NIOSH test
procedures, the AORS7A and dust/fume/mist filters, which are used in dual cartridges, were tested at 16
and 42.5 L min’'; the disposable-type filter and the filter for the powered respirators were tested at
32 and 85 L min™'. Physical properties of the test filters that may have influenced the aerosol
penetration were measured, including fiber diameter, total filtration area, filter thickness, filter
solid fraction. and filter charges.

The fiber diameter was determined by examining the filter in an Olympus microscope (Scientific
Instr. Co., Phoenix, AZ) coupled with an TV monitor and a desktop computer. An image analysis software
(Optimus 5.0, Optimus Corp., Seattle, WA) was used to determine the fiber diameter. The filter solid
fraction was determined by measuring the filter thickness and filter volume occupied by filter
material. The volume of the filter sample was measured using a helium pycnometer (Multipycnometer,

Quantachrome Corp., Syossett, NY). The surface charge measurements are described in the following
section.

The measured physical properties of the four respirator filters are listed in Table 1. These
values were used in the mathematical model to calculate theoretical prediction of filter performance.

Filter Surface Charge Measurements

The hypothesis postulated was that an increased electrical charge on a filter cartridge would
increase the efficiency of the filter. To test this hypothesis, filter cartridges were used directly
from the box and after treatment with an antistatic fluid (Zero Charge, Tech Spray, Amarillo, TX). The
surface charge on the filters before and after the treatment was measured with an electrostatic field
meter (Model 245, Monroe Electronics, Lyndonville, NY). The field was carefully placed on a movable
table with a nonconducting surface (Daedal Inc., Harrision City, PA). The probe of the field meter was
placed about 5 ¢cm from the surface to measure the electrical field and the surface charge. Measured

values of nine equally spaced locations on the filter surface were obtained and the mean value
determined.

Respirators are not as efficient under high-temperature, high-humidity conditions (Ortiz et
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al., 1988). However, the mechanism triggering the decreased performance has not been elucidated. We
hypothesized that this deficiency was related to the electrostatic charge status of the fiiter. To test

this, we placed new filter cartridges in a oven (Model 5851, National Appliance Co., Portland, OR)
maintained at 38°C and >90% relative humidity for up to 11 days. The filters were taken out from time
to time for surface charge measurement.

Test Materials

Three asbestos fibers of different diameters were tested: an ultrafine chrysotile
(Calidria), a special asbestos; a UICC crocidolite with a mean diameter of 0.08-0.1 um; and a UICC
amosite (Davis ef al., 1986; Gentry ef al., 1989). The diameters of these fibers ranged from 0.02 to
1.4 um where the dominant deposition mechanism in the filtration process changes from diffusional
deposition to inertial deposition. We expected to find the maximum penetration size by using these
fibers in the filtration study. The wide range of fiber lengths (0.2 to 10 um) was also important to
examine as a direct interception mechanism.

Penetration tests with the same respirator filters were performed using the DOS (Sigma
Chemical Co., St. Louis, MO) aerosol according to NIOSH test procedures. The overall penetration was
estimated by measuring upstream and downstream concentrations. A direct comparison of the filter
performance between the fiber aerosols and the spherically shaped DOS aerosols was obtained.

Experimental Apparatus
Spherical Particle Penetration of the Filters

The experimental setup for measuring fractional penetration of DOS aerosols in the test
respirator filters is shown schematically in Figure 1. A TSI condensation aerosol generator (model
3076. St. Paul. MN) was used (Liu and Lee, 1975). DOS was dissolved in isopropanol and delivered by an
syringe pump at a flow rate of 0.75 cm’ sec™ to a nebulizer in order to produce droplets. The droplets
were heated for evaporation in the heating column, and the DOS vapor condensed to form submicrometer
aerosols. The particles then moved at a flow rate of 3.5 L min™' through a Kr-85 discharger, which
lowered their charge to the Boltzmann equilibrium charge level. The neutralizer tube was placed
inside an active carbon absorber, which absorbed the isopropanol. The flow rate was increased prior to
the particles reaching the test chamber in order to meet test requirements. A mixing fan was placed
inside the cone located before the chamber to increase aerosol uniformity. A honeycomb flow
straightener was placed between the fan and the chamber to reduce the turbulence. The test chamber was
acylinder (12 inch I.D. x 17 inch long ); flow in the test chamber was laminar, and the aerosol
concentration was uniform. Pre-filter and post-filter probes were located in the test chamber to
sample the aerosols. A magnehelic pressure sensor measured the pressure differential across the test
filter. A change in pressure indicated that aerosol particles had built up on the filter. A real-time
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aerosol monitor (RAM-1, MIE Inc., Bedford, CT) was connected to the sample probes and measured the
mass concentrations before and after the filter. A quartz crystal microbalance (QCM) cascade impactor
(Model PC-2, California Measurements Inc., Sierra Madre, CA) determined the aerosol size to be about
0.25pum,

Penetration of Asbestos Fibers in the Filter

Figure 2 shows the experimental apparatus used in the filter penetration studies. Amosite and
crocidolite fiber aerosols were generated by a small-scale powder disperser (SSPD, Model 3433, TSI
Inc., St. Paul, MN). The SSPD consisted of a rotational disk coated with powder and a suction tube to
take up the fibers from the disk and disperse them as an aerosol (Cheng et /., 1995). The aerosol was
delivered at a flow rate of 22.5 L min™'. Fine chrysotile fibers were generated by nebulization. The
powder was washed and suspended in methanol. The suspension was then nebulized using a Retec nebulizer
(InTox Inc., Albuguerque, NM). The aerosol was passed into a ¥ Kr discharger tube to neutralize the
fibers. through a dilutor to maintain proper concentration. and into the test chamber where a small fan
and flow straightener distributed the flow evenly. In the case of experiments using charged fibers.
the * Kr discharger was taken out of the delivery line. The test chamber was the same unit used for the
DOS penetration experiments described earlier. A fiber air monitor (FAM-1, MIE Inc., Billerica, MA)
served as a real-time monitor for fiber concentration flowing through the chamber. An asbestos filter
sampler with conductive material (Millipore Corp., Bedford, MA) was used to collect samples in the test
chamber for initial fiber concentrations. The filter cartridge was placed in a test assembly. Fibers
that penetrated the cartridge were collected in a filter downstream of the test assembly. Twenty-five
and 47 mm membrane filters (mixed cellulose acetate and nitrate, Millipore, Bedford, MA) were used in
upstream and downstream samplers. The pressure in the test chamber and the pressure drop across the
test cartridge were monitored to verify that the desired flow rates were maintained. Each filter
cartridge was tested at both flow rates with both charged and neutralized fibers, then treated with the
antistatic spray and retested.

Penetration Through Respirator Leaks

Penetration by three asbestos fibers (in charge equilibrium) through leaks in a half-face
commercial respirator certified by NIOSH was investigated using crocidolite fibers. The experimental
apparatus is shown in Figure 3. The SSPD was used to disperse the crocidolite fibers. The fiber
aerosol passed into a ¥ Kr discharger tube to neutralize the fibers, through a dilutor to maintain
proper concentration, and into the test chamber where a small fan and flow straightener distributed the
flow evenly before it was delivered to a large test chamber (15 in L.D.). The chamber had a cone-shaped
inlet with a fan to mix the incoming air and a honeycomb flow straightener to provide uniform
concentration within the test section of the chamber. A half-face respirator with two high-efficiency
filter cartridges (AORS7A, American Optical Corp., Southbridge, MA) was mounted on a simulated human
face (fiberglass mannequin). This filter cartridge was chosen because it allowed practically no
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penetration by either crocidolite fibers or DOS particles. Therefore, the penetration inside the

respirator was presumed to result from leaks in the respirator. The face seal leaks were created by
placing holes of 1 or 2 mm diameter near the center of the face mask. Constant flow rates of 32 and 85 L
min"' were used. FAM-1 served as a real-time monitor of fiber concentration flowing through the ‘
chamber. An asbestos filter sampler with conductive material (Millipore Corp., Bedford, MA) was used
to collect samples in the test chamber for initial fiber concentrations. All fibers that penetrated

the face mask were collected in a filter inside the mannequin. Twenty-five and 47 mm membrane filters
(mixed cellulose acetate and nitrate, Millipore, Bedford, MA) were used in upstream and downstream
samplers. The pressure in the test chamber and the pressure drop across the test cartridge were
monitored to verify that the desired flow rates were maintained.

Fiber Sample Preparation

The generator, chamber. filter. and samplers for fiber experiments were housed in a vented
glovebox enclosure.  Each filter cartridge was tested at both flow rates with both charged and
neutralized fibers. then treated with the antistatic spray and retested. For each experimental
condition, duplicate samples were taken. Filter samples were taken to determine aerosol concentration
and diameter/length distribution. Filter samples were coated with carbon in a vacuum coating plant.
Copper electron microscope (EM) grids were placed on top of the filter substrate attached to the carbon
film. The filter was then placed in acetone for 20 minutes to dissolve the filter substrate. The grids
were examined and photographed in a Hitachi-7000 Scanning Transmission EM (STEM, Hitachi Ltd., Tokyo
Japan) at a magnification of 2000. The photographic negatives were enlarged to a final magnification
of 6000. A series of 10-20 photographs was taken to cover a certain area of grid space. These
photographs were then placed together. Individual fibers in the viewing area were counted, and the
length and diameter for each fiber were measured with an electronic digital caliper MAX-CAL, Cole-
Parmer Instrument, Niles, IL). Only fibers with aspect ratios > 3.0 were considered in the efficiency
calculations. Approximately 200 to 600 individual fibers from each montage were measured to derive a
diameter/length distribution for the upstream fiber samples. However, in some cases, the downstream
samples contained fewer numbers of particles that penetrated the test filter.

Determination of Fiber Concentration

For each sample, the number of fibers in each diameter and length interval was entered into a
table. The number concentrations can be calculated from the sum of fiber counts (N) in the viewing area
(A), the sampling volume (V), and the total filter area (A)):

c=_"1 (1)

This formula assumes that fiber collection on a given filter sample was uniformly distributed. Flow
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and particle concentration profiles in both the upstream and downstream field samples were calculated
to determine the validity of this assumption. Figure 4 shows the schematic diagram of the 47 mm
membrane filter sampler used to collect all fibers penetrating the test respirator filter. The flow

profile inside the sampler is plotted in Figure 5. Figures 6 and 7 show the velocity and concentration
profiles at the collecting surface of filter. The flow rate through the asbestos filter sampler was 1

L min’', whereas the flow rate for the downstream filter sampler was between 16, 32, 42.5, or 85 L min™',
the same flow rate as through the test respiratory filter. Figures 5 and 6 show the calculated velocity
and particle concentration profile at the collecting surface as a function of radial distance. The

results suggested that the velocity and concentration profile were nearly uniform across the

collecting surface except near the wall, where they decreased to zero. Based on the calculated
concentration and velocity profiles, we concluded that Eq. (1} was valid if samples for EM grids were
taken in most areas of the sample filters. We decided to take samples from areas close to the center.

Fiber Size Distributions

From the measured length and diameter for each fiber, a diameter/iength matrix can be
established for each sample taken during the experiment. The distribution can be expressed as a
bivariate lognormal distribution if the diameter and length distributions can be shown to follow
lognormal distribution (Cheng, 1986). Figures 8 and 9 show examples of the cumulative length and
diameter distributions plotted in log-probability scale for amosite fibers from one experiment. The
straight line of cumulative distributions in the log-probability scale is indicative of a log-normal
distribution. Data for other fibers were similar (data not shown). Therefore, we can express the
fiber iength/width distribution with a bivariate lognormal distribution as:

1, d) = 1 exp _A2+B2—2"cAB]
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where 1, and (., are the the natural logs of the count median length and diameter (CML and CMD), and [3;
and [, are the natural log of the geometric standard deviations (a,) for length and diameter.

Determination of Fiber Penetration

From our data, both the overall and size-specific penetrations of a fiber through each test
filter can be obtained. The overall penetration is defined as the ratio of the fiber concentration
leaving the test filter (C) and the initial concentration (C,):

C

P‘l - -(—:-'. | (3)

(4]

The fiber concentrations C and C, were calculated from upstream and downstream samples.

The size-specific fiber penetration, P(d.]), is defined as penetration by a fiber with
diameter. d. and length, 1. The expertmental design called for fiber counts in specific size intervals
(diameter between d and d +Ad, length between | and Al) for both upstream and downstream samples to be

measured. Therefore, experimental observations of penetration for fibers in such size intervals can
be calculated as:

A, N(dD)
T dovestream

P, = . . 4
@ = —a5 )

Ay umtrem

This is called the histogram method; however. its accuracy is limited because there are fewer

particles in a specific size range, especially tor high-efficiency filters, where few particles

downstream of the test filter were observed. The accuracy can be improved if all collected particles

can be used for the calculation. One such method has been described by Gentry and his coworkers (1987,
1989). His method involves using a weighing factor for each size class. The penetration for each size
class is then calculated by summation of particle counts in all size classes. The weighing factor is
chosen to approximate 1 for fibers within the given size interval and to approximate 0 when the size is
far away from the given size. The problem in using this method is that the results are influenced by the
choice of the weighing factor, and there are no rigorous ways to determine the best weighing factor.

Instead of using the weighing factor, a new method is proposed here. From the size and

concentration data obtained in upstream and downstream samples, mathematical expressions may be used
to describe these size distributions. The penetration, P(d,l) can then be expressed as:
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lim C g(d, 1) AdAl
P, 1) = Ad-0, Al-0
lim C, f(d, I) AdAI (5)
Ad~0, Al-0

_ Cgd D)
C, f(d, 1)

where f{d, 1) and g(d, |) are the density functions of size distributions for upstream and downstream
samples. These distribution functions are obtained using particles of all sizes in a given sample.

For asbestos samples used in this study, the bivariate lognormal distribution can be used, and f(d,])
and g(d. 1) are substituted with Eq. (2 ). From the mathematical equation, we can also obtain the total
penetration by integration over all particle sizes:

= oo

ff C g(d, D) dd dl
P, I) = &

I C, f(d, 1) dd dI ()]
[

C
C

[+)

This result is the same as Eq . (1).

Theoretical Model

Penetration of asbestos fibers in respirator filters can also be studied using filtration
theories such as the fan model, which is an idealized filter model with well-defined properties
(diameter, packing density, fiber arrangement, and flow resistance). However, it is also a good model
to describe aerosol filtration in certain filters, such as wire mesh screens (Cheng ez al., 1985) and
fibrous filters (Kirsch and Fuchs, 1968). Filtration efficiency through the fan model filter has been
developed for spherical particles (Kirsch and Fuchs, 1968; Stechkina et al., 1969; Cheng et al.,
1990). We have verified the filtration theory for the fan model filter using monodisperse aerosols

with wire mesh screens and have demonstrated that the aerosol penetration can be expressed as (Kirsch
and Stechkina, 1978; Cheng ef al., 1985):
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£

ml, (N

where o is the solid volume fraction of the fiber, d; is the screen fiber diameter, and h is the
thickness of the filter units. The single fiber efficiency, 1, in Eq. (7) summarizes the following
mechanical deposition processes, including diffusion, interception. and impaction:

Ir2y12a Ll pevpzr . gt ®
V2

n = 2.7Pe 73 +
k, k 4k}

o]

where k_ is the hydrodynamic factor of the filter, and I is a function of « and R. The parameters
representing diffusion, interception, and impaction are: (1) Peclet number (Pe = d,U/D), (2) intercept
parameter (R = d /dy), and (3) Stokes number (St = p,d2,UC/18ud,), respectively, where U is the facial
velocity; p, is the unit density; d, d,, are the particle diameter and the aerodynamic equivalent
diameter. respectively; C is the slip correction factor; D is the diffusivity of the particle; and p is

the viscosity of air.

For a fiber aerosol of diameter, d, and length, I, the acrodynamic equivalent
diameter, d_, is defined as (Kasper, 1982):

d =4d _Eﬂ_, 9
e "\; xp C(d,)

where d, (= (1.5d%1)'?) is the volume equivalent diameter of the fiber, p, and p are the unit density and
particle density, respectively; d, is the adjusted diameter for fiber (Dahneke, 1973; Cheng, 1991); and
C(d) is the slip correction factor with respect to diameter, d. The dynamic shape factor, x, of the

fiber aerosol in random orientation can be expressed as the following function of the aspect ratio (f =
I/d) (Kasper ef al., 1985; Cheng, 1991):

1. 1,3m@P) - 05 3Cp) + 05
K 3 |32/3 4[32/3

). (10)

The diffusion coefficient of the fiber aerosol is defined as (Spurny et al., 1986):

_ kTC(d,)

) 11
k3mud, (1
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where k is the Boltzmann constant, and T is the temperature.

RESULTS AND DISCUSSION

Surface Charge on Filter Cartridges

Negative surface potentials were detected in all four types of filter cartridges. The MSA Type
A cartridge and 3M 8710 face masks had higher potentials between 800 and 1800 volts, whereas two other
types of cartridges had much lower potentials of around 20 volts. The potential varied between
individual cartridges of the same type. Treatment with antistatic fluid removed all surface
potentials. Figure 10 shows the effects of conditioning under high temperature and humidity. Our
data showed that surface charges were reduced substantially within 2 days, and by the sixth day most
surface charges were removed.

Penetration of the DOS Aerosol

The DOS aerosol generated in this study had a mass median aerosol dynamic diameter of 0.30 um
and 0, of 1.27 based on the QCM impactor measurement. The aerosol collection efficiencies in the
filter cartridge and face mask are plotted in Figure 11 and Table 2. The effects of flow rate and
filter treatment on the collection efficiency of the low-efficiency face mask and the dust/fume/mist
filter were similar. In terms of the differences in percent deposition, charge played an important
role in increasing the efficiency of the filter, while flow rate had a very small effect on the
efficiency of the filter. The dust/fume/mist filter (MSA Type S) achieved a 95% efficiency at 16 L
min” with an untreated cartridge. The collection efficiency decreased to 94.7% when the cartridge was
neutralized. Slightly lower efficiency (94.5%) was observed at 42.5 L min™', and the efficiency
decreased further to 93.9 % when the cartridge was neutralized. The collection efficiency was the
lowest for the face mask (3M8710) with 84.6% and 78.2% at 32 and 85 L min', respectively. These
efficiencies were substantially reduced to 44.0 and 34.9%, respectively, when neutralized cartridges
were used. The treatment of the filter cartridge had a more significant effect on the face mask than
the dust/fume/mist filter because the face mask had a higher surface charge potential, whereas the
other filter had minimum surface potential.

Both high-efficiency filters (AORS57A and MSA type A) have efficiencies > 99.97% efficiency of
the test filter and were considerably more efficient than the disposable mask or dust/fume/mist

filter. The differences between the discharged and untreated filter cartridges were negligible. The
flow rate also had little influence on filter performance.

Our results confirmed that both high-efficiency filters indeed had > 99.97% collection of 0.3
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0.3 pm oil droplets, whereas the dust/fume/mist filter performed slightly less than the required 95%
efficiency, especially when the cartridge was discharged.

Fiber Size Distribution

Figures 12-14 show photos of amosite, crocidolite, and chrysotile collected in samples taken
upstream and downstream of filter tests. The measured size and diameter information for each test was
compiled into a matrix such as Tables 3 and 4. Figures 8 and 9 plot cumulative distributions of
diameter and length. Both cumulative distributions can be fitted into straight lines in a Jog-probability
scale, an indication that the size distribution of these fibers can be expressed as bivariate distributions.
The CMD, CML, o, and o, for each sample were calculated and are listed in Tables 5 -7. These
tables list information on filter tests using the face mask and the dust/fume/mist filter only. For the
other two high-efficiency filters, the filter efficiencies were >99 to 100%, but there were not sufficient
fibers in downstream samples to determine this kind of information. The upstream samples were
similar to those listed in Tables 5-7.

Amosite fibers had CMDs of about 1.6-1.9 um and CMLs of 0.8-1.4 um. The amosite fibers
that penetrated the respirator filters were shorter and thinner (CML=0.1-0.16 ym and CML=0.6-1.0
pm). Crocidolite fibers were shorter and thinner than the amosite fibers with CMDs of 0.07-0.12 ym
and CMLs of 0.58-0.67 um. The downstream samples of crocidolite were similar in dizmeter (CMD=
0.07-0.1 um) and were shorter than the upstream samples (CMD=0.42-0.58 um). The chrysotile
fibers were very thin and long with CMDs of 0.024-0.043 um and CMLs of 0.70-1.1 pan).
Downstream samples of chrysotile had CMDs of 0.025-0.034 um and CMLs of 0.43-@.85 um. Based
on the size information, we concluded that the shorter fibers had higher penetration rates through the

respirator filters, presumably because interception, which favored longer fibers, is an important fiber
collection mechanism in these filters.

Fiber Penetration

Total penetration rates of amosite, crocidolite, and chrysotile through the four types of
respirator filters are listed in Tables 8-10. These results showed that both the high-efficiency filter and
the filter for the powered respirator had similar performance with essentially 100% efficiency for all
three types of asbestos. There were small penetrations (< 1%) of the MSA Type A filter in some
cases. The effects of flow rate and charge status on the filter and aerosol were not obvious. On the
other hand, flow rate, aerosol charge, and treatment of the filter significantly influenced the fiber
penetration in the MSA type S filter and face mask. The most significant effects of the electrostatic
charge were observed in the face mask (3M 8710), which also had the highest surface potential. The
untreated face mask (3M 8710) collected over 96% of the charged amosite, crocidolite, and chrysotile.
The efficiency decreased slightly for the discharged fibers (94-97%). The filter performance
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deteriorated further (60-90%) when the filter masks were completely neutralized by antistatic spray.
The poorest performance was observed at the higher flow rate of 85 L miri' when both the face mask
and fiber were discharged. Depositions of 55.0%, 29.4%, and 23.5% were observed using amosite,
crocidolite, and chrysotile fibers.

The performance of the dust/fume/mist filter was quite different. There were small
electrostatic effects observed at 16 L min™. A higher efficiency was found for the charged fibers than
for fiber aerosols in charge equilibrium. The untreated filter cartridges had a slightly higher efficiency
than the treated filter. The lowest efficiency was observed for the treated filter with discharged fibers.
However, at 42.5 L min for the treated filter/discharged fiber, the performance returned to higher
efficiency.

Filtration Model and Size-Specific Penetration

Size-specific penetration of fibers was calculated from Eq. (5) based on measured bivariate
distributions from upstream and downstream samples. The results were then presented in 2-
dimensional contour plots using SigmaPlot software (Jandel Scientific Software, San Rafael). Figures
15 -17 show examples of penetration of amosite, crocidolite, and chrysotile through the face mask.
The contours in these plots represent fiber length and diameter with equal penetration probabilities.
Contour plots also showed that fibers within a certain size interval had maximum penetration through
the face mask. Under the experimental conditions, the maximum penetrable amosite fibers were those
shorter than 0.7 and with diameters between 0.05 to 0.1 um. For crocidolite, the maximum
penetration occurred for fibers of the same size characteristics of the amosite. These indicate that the
collection mechanisms for these two fibers in face mask were similar at a given conditions. For
chrysotile the maximum penetrable size were in a well defined size ranges of length between 0.2-1.5
ym and diameter between 0.02-0.04 pm.

Theoretical calculations of fiber penetration using the filtration model were also performed. A
example of the calculation for using the neutralized amosite experiment in treated face mask at 32 LL
min" is shown in Figure 18. Similar penetration contours was obtained. Comparison with
experimental observation (Figure 17) suggested that the theoretical model had similar penetration

probability. The shape of the contour plots is not exactly the same, but the maximum penetratable size
is similar.

Penetration of Fibers Through Leaks in the Face Mask

The penetration of crocidolite fiber through leaks in a dual-cartridge half face mask was
measured. AROS57A high-efficiency filter cartridges were used because previous tests showed 100%
deposition of crocidolite fiber through this type of filter under the same experimental conditions. Table
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11 lists the penetration of crocidolite through 1 and 2 mm holes in the mask at total flow rates of 32
and 85 L min’'. Penetration between 5% and 7% were observed for a 2 mm hole and 1% to 1.5% for
a 1 mm hole. The effects of the flow rate were not obvious in this study. Size distributions of
crocidolite obtained from upstream and downstream test filter are listed in Table 12. Our results
suggested that the size distribution did not change significantly after the fibers penetrated the leak. The
high penetration of crocidolite through leaks in the mask indicated that such a seal leak is an important
consideration in using a respirator for protection against fiber aerosols.
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CONCLUSIONS

Our results provide comprehensive information on the performance of respirator filters in
protecting workers from inhaling asbestos fibers. We completed all studies proposed in Specific Aims |
to 5. Four different filter types, including a high-efficiency filter, a dust/mist filter, a filter
for a powered respirator (high-efficiency filter), and a disposable face mask, were tested. Only high-
efficiency filters performed consistently on both spherical test aerosols and three types of asbestos
fibers. The high-efficiency filters tested were >99% efficient in all cases. Neither the surface
charge potential of filter cartridges nor the charge status of fibers appeared to affect filter
performance. The performance of low-efficiency filters and masks deteriorated when the charge
potential on the filter was removed or fiber aerosols were discharged.

The surface charge measurements of the respirator filters showed that some filters, including
those used in disposable respirators, are charged to enhance the collection efficiency. Our data also
showed that the surface charges were decreased in a high-temperature. high-humidity environment and
disappeared after 1 week. While deposition of spherical particles and fibers in the charged disposable
filter was enhanced. the collection efficiency of filter cartridges that did not carry electrostatic
charges was not. Similar effects were found for the charge status on fibers. The aerosols in
equilibrium charge status were found to have lower efficiency than the charged aerosols. Because many
aerosols found in the work environment are aged and in the charge equilibrium, our results imply that
these aerosols will not be removed as efficiently.

Shorter fibers had a higher penetration, which indicates that fiber interception is an
important deposition mechanism. Experimental penetration data were mapped using contours of equal
penetration in a two-dimensional plot. The observed data showed one region of maximum penetration for
each condition. The mathematical model provides a similar penetration contour. The maximum
penetration occurred at the region of fiber diameter and length where the interception and diffusion
deposition are at a minimum. Because of filtration of longer fibers, the biological effects of those
fibers that are inhaled may be different from the bulk fiber aerosols. These differences may be

related to deposition pattern, deposition efficiency, clearance, and biological activities of inhaled
fibers.

Fibers could penetrate the face mask seal, with increased penetration for larger leaks. The
fibers that penetrated had similar size distributions as the bulk aerosols. Therefore, for

respirators with high-efficiency filters, penetration through face mask leaks can be a serious
problems for respiratory protection of workers.
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Figure 1

NIOSH RESPIRATOR CARTRIDGE PENETRATION STUDY
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Figure 3

NIOSH RESPIRATOR CARTRIDGE PENETRATION STUDY
EXPERIMENTAL SETUP FOR RESPIRATOR LEAK TEST
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Figure 4
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Figure 6
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Figure 10

Filter Surface Potential Measurements
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Filter Efficiencies for Neutral 0.3 ym DOS Aerosols
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Figure 12(A} and (B)
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Figure 13
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Figure 14 (A) and (B)
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Figure 17
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Table 1

Physical Properties of Respirator Filter

Filter Filter Type Filter Filter Solid Fiber Diameter
Thickness | Area Volume (pm)
(cm) {cm?) Fraction

Mean SD

3M 8710 disposable 0.0283 177 0.165 25.8 16.3
(front layer) mask

3M 8710 disposable 0.0573 177 0.114 3.89 0.81
(middle layer) mask

IM 8710 disposable 0.100 177 0.116 25.87 5.87
(back layer) mask

MSA Type S dust/mist 0.210 353 0.044 2.12 4.53

MSA Type A power 0.0338 1194 0.056 0.51 0.52

respirator
AOR 57A high efficiency 0.0445 586 0.064 0.30 0.22
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Table 2

DOS Aerosol Deposition in the Respirator Filter

Filter Type Filter Treatment Flow Rate Aerosol Penetration (%)
(L miat) Mean SD
3IM 8710 untreated 32 84.63 0.0168
3M 8710 neutralized 32 43.96 0.0060
3IM 8710 untreated 85 78.17 092
3IM 8710 neutralized 85 34.93 089 |
MSA Type S untreated 16 95.21 0.02
MSA Type S neutralized 16 94.68 0.05
MSA Type S untreated 42.5 94 .45 0.08
MSA Type S neutralized 42.5 93.92 0.11
MSA Type A untreated 16 99.99 0.01
MSA Type A neutralized 16 99.99 0.01
MSA Type A untreated 42.5 99.99 0.01
| MSA Type A neutralized 42.5 99.99 0.01
AOR57A untreated 32 100 0
AOR 57A neutralized 32 100 0
AOR 57A untreated 85 100 0
AORS57A neutralized 85 100 0
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Table 8

Amosite Fiber Deposition in the Respirator Filter

Filter Type Filter Fiber Aerosol | Flow Rate Fiber Deposition (%)
Treatment Charge Status | (L min™) Moan D

3M 8710 untreated charged 32 99.82 0.032

3M 8710 untreated neutralized 32 94.16 0.137
3M 8710 neutralized charged 32 88.82 NA
3IM 8710 neutralized neutralized 32 79.94 0.81
3IM 8710 neutralized neutralized 85 55.00 12.5
MSA Type S untreated charged 16 97.44 NA
MSA Type S untreated neutralized 16 91.37 NA
MSA Type S neutralized charged 16 94.74 NA
MSA Type S neutralized neutralized 16 73.16 NA
MSA Type S neutralized neutralized 42.5 97.93 NA
MSA Type A untreated charged 32 99.83 NA
MSA Type A untreated neutralized 32 99.61 NA
MSA Type A neutralized charged 32 100 NA
MSA Type A neutralized neutralized 32 99.98 NA
MSA Type A neutralized neutralized 85 100 NA
AOR57A untreated charged 16 100 NA
AOR 57A . untreated neutralized 16 100 NA
AOR57A neutralized charged 16 100 NA
AOR 57A neutralized neutralized 16 100 NA
AOR57A neutralized neutralized 42.5 100 NA




Table 9
Crocidolite Fiber Deposition in the Respirator Filter

Filter Type Filter Fiber Aerosol | Flow Rate Fiber
Treatment Charge Status | (L min™) | Deposition
(%)
3M 8710 untreated charged 32 96.75
3M 8710 untreated neutralized 32 95.85
3M 8710 neutralized charged 32 91.64
3M 8710 neutralized neutralized 32 74.08
3IM 8710 neutralized neutralized 85 2939
MSA Type S untreated charged 16 96.36
MSA Type S untreated neutralized 16 92.57
MSA Type S neutralized charged 16 96.96
MSA Type S neutralized neutralized 16 88.34
MSA Type S neutralized neutralized 42.5 96.92
MSA Type A untreated charged 32 100
MSA Type A untreated neutralized 32 98.93
MSA Type A neutralized charged 32 100
MSA Type A neutralized neutralized 32 100
MSA Type A neutralized neutralized 85 100
AOR 57A untreated charged 16 99,17
AOR 57A untreated neutralized 16 100
AOR 57A neutralized charged 16 100
AORS7A neutralized neutralized 16 100
AOR 57A neutralized neutralized 42.5 100

S/



Table 10
Chrysotile Fiber Deposition in the Respirator Filter

Filter Type Filter Fiber Aerosol | Flow Rate Fiber
Treatment Charge Status | (L min") | Deposition
(%)
3M 8710 untreated charged 32 100
3M 8710 untreated neutralized 32 97.40
IMR710 neutralized charged 32 59
3M 8710 neutralized neutralized 32 76.81
3M 8710 neutralized neutralized 85 23.50:
MSA Type S untreated charged 16 97.12
MSA Type S untreated neutralized 16 99.50
MSA Type S neutralized charged 16 99.29
MSA Type S neutralized neutralized 16 95.20
=MSA Type S neutralized neutralized 42.5 97.99
MSA Type A untreated charged 32 100
MSA Type A untreated neutralized 32 100
MSA Type A neutralized charged 32 100
MSA Type A neutralized neutralized 32 100
MSA Type A neutralized neutralized 85 100
AOR 57A untreated charged 16 100
AOR57A untreated neutralized 16 100
AORS7A neutralized charged 16 100
AOR57A neutralized neutralized 16 100
AOR 57A neutralized neutralized 42.5 100

s



Table 11

Crocidolite Fiber Penetration through Leaks in the Respirator Mask

Filter Type Filter Fiber Aerosol Hole Size Flow Fiber
Treatment | Charge Status (mm) Rate Penetration
(L minh (%)
AOR 57A untreated neutralized 1 32 1.43
AOR 57A untreated neutralized 1 85 0.98
AOR 57A untreated neutralized 2 32 5.62
AOR 57A untreated neutralized 2 85 6.88
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