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Collection Efficiency of Respirator Filters Challenged
with Monodisperse Latex Aerosols*

L.M. BROSSEAUA, J.S. EVANS* M.J. ELLENBECKER®, and M.L. FELDSTEIN®
ADepartment of Environmental Science and Physiology, Harvard University, School of Public Health, Boston, MA 02115;
BDepartment of Work Environment, College of Engineering, University of Lowell, Lowell, MA 01854;
CDcpartment of Biostatistics, Harvard University, School of Public Health, Boston, MA 02115

Collection efficiency was evaluated for 10 respirator manufacturers’ electrostatically-charged dust/mist filters challenged with eight sizes of
latex spheres in a range representative of the silica aerosol used in National Institute for Occupational Safety and Heaith (NIOSH)
certification tests. Minimum efficiency occurred at or below the smallest size of 0.102 um. Appreciable differences were found in the
performances of filters distributed by the 10 manufacturers. Filters produced by 1 manufacturer exhibited significantly lower collection
efficiency than other filters tested; those produced by 2 manufacturers performed somewhat better than the others tested. Statistical
evaluation of Weibull-transformed data using analyses of covariance and Tukey’s significant difference test allowed classification of the 10

manufacturers into three performance categories.

Introduction
Electrostatically charged filters are utilized in air purifying
respirators designed for use in environments contaminated
by moderately hazardous aerosols, i.e., those with permissi-
ble exposure levels equal to or greater than 0.05 mg/m®.
Currently, the National Institute for Occupational Safety
and Heaith (NIOSH) evaluates the performance of such
filters by challenging them with a polydisperse silica test
aerosol (geometric mean of 0.5 pum and geometric standard
deviation of less than 2.0) under steady flow conditions.”’ A
drawback of the NIOSH protocol is that it yields little
information useful for estimating a filter’s performance
when challenged with other aerosols or under different con-
ditions of use, e.g., cyclic flow.

To investigate alternatives to the NIOSH test protocol,
experiments were designed to include

e theoretical modeling of the filter’s efficiency,

® cmpirical modeling of the filter’s overall performance
characteristics, based on measurement of its size-
specific performance, and

® a new test protocol using cyclic flow and both silica
and asbestos test aerosols.

It is difficult to predict the collection efficiency of these
filters because the filter’s electrostatic charge, which accounts
for a significant amount of collection, is unknown and diffi-
cult to measure.” At the time of this study, few data were
available on size-specific penetration of electrostatically
charged dust/ mist respirator filters.

Reported here are results of experiments in which the
size-specific performance of 10 manufacturers’ filters was

*This paper was prepared in partial fulfillment of doctorai degree
requirements and was supported by NIOSH grant 5 R01 OH02154-02.
Drs. Evans and Ellenbecker received support from NIOSH grant
5 T15 OH078096.

determined using monodisperse latex spheres ranging from
0.1 to 2.0 um in diameter. These experiments had two pur-
poses: (1) to provide data needed in the empirical modeling
effort and (2) to assist in selection of a subset of filters for use
in subsequent experiments.

Methods and Materials

Suspensions of latex spheres (10% solids, Seragen, Inc.,
Indianapolis, Ind.) ranging in size from 0.102 to 2.02 um
were diluted in water and aerosolized with jet nebulizers,
which were found to disperse an aqueous suspension of latex
particles in a uniform manner such that few doublets and
triplets were formed. The RETEC X-70/ N nebulizer (Cavitron
Corp., Portland, Oreg.) was used for the five larger particle
sizes (0.460-2.02 um) and the MISTY-OX nebulizer (Medi-
cal Molding Corp. of America, Costa Mesa, Calif.) for the
three remaining sizes (0.102-0.238 um). The mean diameter,
standard deviation, and chemical composition of each size
latex sphere, and information on the appropriate nebulizer
and dilution ratio (volume of latex spheres to volume of
water)are given in Table I. Initial dilution ratios were chosen
as recommended by Raabe® and adjusted by trial and error
to obtain singly dispersed, aerosolized particles. These eight
sizes of latex particles were chosen to represent the range of
particle sizes of the polydisperse silica aerosol used to certify
these respirator filters.”"

The experimental apparatus is shown in Figure 1. Spheres
were aerosolized into a glass tube to which dried, filtered air
(6580 cm®/min for the RETEC and 11 280 ¢cm®/ min for the
MISTY-OX) was added. Air was drawn from the tube
through a KR-85 charge neutralizer (TSI, Inc., St. Paul,
Minn.) into the test apparatus. The dilution flows were
selected to ensure a relative humidity of 509 within the test
apparatus.

A brass pipe was connected at its center to the outlet of the
charge neutralizer. A custom-designed filter holder with a

Copyright 1989, American industrial Hygiene Association
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TABLE |
Description of Latex Spheres

Latex Sphere

Size Dilution
(“_m)_ Chemical Ratio
Mean SD Composition Nebulizer (mL latex/mL water)
0.102 0.0072 carboxylate modified Misty-Ox 3.0x10°
0.173 0.0068 polystyrene Misty-Ox 36x10°
0.238 0.0034 polystyrene Misty-Ox 3.6x10°
0.460 0.0048 polystyrene RETEC X-70/N 59x10™
0.643 A polyvinyltoluene RETEC X-70/N 1.1 %1073
0.803 A polystyrene RETEC X-70/N 23x10°
1.370 A polyvinyltoluene RETEC X-70/N 9.1x10°
2.020 0.0135 polyvinyltoluene RETEC X-70/N 3.2x10°

ANo standard deviation was given by the manufacturer.

2.2-cm diameter opening was connected to one end of the
pipe. Attached to the filter holder and the other end of the
pipe were lengths of Tygon® tubing, which were joined
together with a “T” at their opposite ends. The third leg of
the T was attached to a laser light-scattering photometer,
described below. The portion of the test apparatus with the
filter holder represents the “downstream”side of the respira-
tor (that aerosol which passes through the filter into the
respirator facepiece); the opposite side of the test apparatus
represents air found “upstream” or outside of the respirator.
The pipe and Tygon tubing for each side were matched
carefully in length and configuration to minimize differences
in particle losses between the two sides. Upstream and
downstream (with no filter in place) particle concentrations
were measured periodically to confirm uniformity. Two
clamps located on each Tygon tube were used to close one
side, allowing air to be routed entirely through the other
side. The filter holder was sealed with three adjustable hand
clamps.

Latex sphere concentrations were measured in the upstream
and downstream portions of the test apparatus with a for-
ward light-scattering laser photometer (Particle Measuring
Systems, Boulder, Colo.). A laser probe (CSASP-100) at-

Ezcess Air

Dilution Air Pump

Figure 1—Respirator filter test system
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tachment was used to sample for the larger particle sizes
(0.460-2.02 um). The entire system airflow of 2700 cm®/min
was drawn through the probe; the purge flow was operated
at 28 cm®/ min. A different laser probe attachment (ASASP-X)
was used to measure the aerosol concentration for the
smaller-sized latex spheres with sample and purge flows of
90 and 1200 cm®/ min, respectively. The latter probe can be
operated at a maximum flow of 90 cms/min; thus, a sam-
pling probe was designed to sample isokinetically from the
total 2700 cm®/ min airflow, such that a concentration repre-
sentative of that in the entire airflow was measured.'”

At the time of these experiments, no standard methods for
testing filtration penetration with latex aerosols were avail-
able. Shortly afterward, however, the American Society for
Testing and Materials (ASTM) published Special Technical
Publication 975, in which Nicholson® outlined a standard
test method for measuring filter media efficiency using
monodisperse latex spheres. The ASTM method is similar to
that used in the present experiments. The primary difference
is in the approach taken for measurement of upstream and
downstream particle concentrations. The ASTM method
involves measurements physically upstream of the filter,
whereas in the present experiments the upstream concentra-
tion was sampled by diverting the flow around the filter.

Filters from 10 respirator manufacturers were selected
from the most recent list of NIOSH-certified dust/ mist filter
and respirator combinations.®” Dust/ mist filters were bought
either from local distributors or directly from the manufac-
turers. Manufacturers were not aware of the purpose of
these purchases. Three samples of each manufacturer’s fil-
ters were selected randomly from one lot and cut to fit the
experimental filter holder; thus, a total of 30 filters were
included in the experiments.

Of the 10 manufacturers’filter media tested in these experi-
ments, 9 were fabricated from a resin-impregnated wool and
polypropylene felt. Most manufacturers obtain the felt filter
material from the same source. Differences in filters may
exist, however, because each respirator manufacturer speci-
fies the amount of resin, the porosity and nature of the filter
material, and the degree of processing (needling or other
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methods used to condition the material) used in its filter
medium. In addition, a manufacturer also may process the
filter material further after it is received from the supplier.”®
The one manufacturer’s filters not made of resin-impregnated
felt consisted of an “electret” medium, formed from fibers
obtained by shredding charged sheets of polypropylene.

The air velocity through a filter significantly affects its
collection efficiency.”’ To obtain a velocity representative of
NIOSH test conditions, it was necessary to scale down the
NIOSH test airflow of 32 000 cm®/ min by the ratio of the
filter area tested to the actual filter area. The actual filter area
was determined by measuring the area of the filter after it
was sealed within its particular respirator cartridge, and
ranged from 36.1t0 48.8 cm®. An average test airflow of 2700
cm®/ min was selected on the basis of these measurements.

Two experiments were performed, the first to test large
particle collection and the second to test collection of the
smaller sizes. In the first experiment, the 30 test filters were
placed, in random order, into the filter holder. For each
filter, the five larger latex particle sizes (0.460, 0.643, 0.803,
1.37,2.02 um) were generated in random order. The particle
concentration was allowed to stabilize for several minutes
and was checked in the downstream section with the pho-
tometer. Upstream and downstream aerosol concentrations
were measured sequentially for 1-min periods. Three upstream
and two downstream samples were taken for each latex
sphere size, with approximately 1.5 min between each sam-
ple. Penetration was calculated by dividing the average
downstream count by the average upstream count.

In the second experiment, the same 30 filters were tested
with the three smaller particle sizes (0.238, 0.173, and 0.102
um). The same protocol was used as in the previous experi-
ment. Although it might have been preferable to test the
smaller sizes first, calculations showed that, at most, 0.2 mg
of the five larger latex aerosols would be collected on the
filters. This represents 0.19% of the mass of the test filter and,
thus, would not affect significantly the filtration of the
smaller latex aerosols.
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Figure 2—Size-specific performance (all data)
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Fractional Penetration

Results

The results of these experiments are summarized in Figure 2,
which presents the average penetration for all 10 manufac-
turers’ filters as a function of particle size. Visual examina-
tion of the data reveals a strong dependence of collection
efficiency on particle size. Penetration ranged from approx-
imately 10% at the smallest experimental sizes (0.102 or
0.238 um) to about 1% at a particle diameter of 0.460 pm and
decreased to less than 0.5% at the largest diameter (2.02 um).

Although most of the filters exhibited quite similar collec-
tion characteristics, those produced by Manufacturer |
appeared to perform worse than most, and those of Manu-
facturers 4 and 9 appeared to perform somewhat better than
most. This is illustrated in Figure 3, which presents the
fractional penetration of four of the eight particle sizes
tested, chosen to illustrate the size dependence of the
manufacturer-specific data.

Although this simple description of the data provided a
sense of the manufacturer- and size-specific behavior of the
filters tested, it did not provide an accurate understanding of
the variability of the results and the sources of such variabil-
ity. By fitting a model to the data, a more stable estimate of
the within-manufacturer and between-size variability of
results could be obtained, and meaningful groups of filters
with similar performance characteristics could be formed.

A two-parameter Weibull function was found to charac-
terize adequately the relationship between penetration, P,
and particle diameter, dp:

p=ekdh M

The Weibull model was chosen because the parameters of
the model, k (location) and v (shape), can be estimated easily
by ordinary least squares regression of the transformed
expression:

In(~In P) = In(kdp) = In(k) + v In(d}) (2)

The transformed expression is a linear function with two
estimable parameters: In(k)—the intercept, and v—the slope.
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Figure 3—Penetration (four sizes) ranked by maufacturer
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TABLE Il
Coeftficients, Standard Errors, and R’ from
Regression of In(-In P) = In(k) + v In(d,)
for Ten Manufacturers®

Ink v
Manutacturer (s€ini) (se.) R®  sencinp)

1 1.4 (0.04) 0.43(0.03) .87 0.16

2 1.7 (0.02) 0.41(0.02) .97 0.10

3 1.7 (0.04) 0.40(0.03) .86 0.15

4 1.8(0.03) 0.38(0.03) .89 0.13

5 1.8 (0.03) 0.39(0.03) .90 0.13

6 1.7 (0.03) 0.38(0.02) .93 0.11

7 1.8 (0.04) 0.39(0.03) .89 0.14

8 1.8(0.03) 0.39(0.02) .91 0.12

9 1.8(0.04) 0.39(0.03) .85 0.16
10 1.7 (0.03) 042(002) .94 01N
Pooled 1.7 (0.01) 0.40(0.01) .84 0.17

*Particle diameter (d,) must be expressed in um.

Estimates of In(k) and v (with particle diameter in um) for
each of the 10 manufacturer’s filters are given in Table 11.
Also given are estimates of In(k) and v derived from the full
data set formed by pooling the results from all 10 manufac-
turers. The model explains between 85% and 97% of the
variation in the transformed data. The estimates of In(k)
range from 1.44 (Manufacturer 1) to 1.82 (Manufacturers 4
and 9). The estimates of v vary from 0.38 (Manufacturers 4
and 6) to 0.43 (Manufacturer 1). To investigate systematic
bias in model performance, residual plots were prepared and
inspected; no significant problems were found.

To test the hypothesis that the size-specific collection
efficiency was similar for all manufacturers, an analysis of
covariance was employed. The null hypothesis that there
were no manufacturer-related performance differences was
rejected.

To determine which manufacturer’s filters were responsible
for the observed difference in intercepts, the residuals from
the pooled regression were examined using Tukey’s honestly
significant difference test. This test allowed the manufacturers
to be grouped into three performance categories:

Set | (high penetration) Manufacturer |
Set 2 (typical performance) Manufacturers 6, 3, and 10
Set 3 (low penetration) Manufacturers 9 and 4

The four remaining manufacturers (2, 8, 7, 5) could be
placed in sets 2 or 3. The one manufacturer which utilized
“electret” material as a filter medium was located in the set
exhibiting low penetration in comparison with most of the
other manufacturers’ (resin-impregnated felt) filters.

Details of the statistical tests are included in the Appendix.

Discussion

These experiments provide evidence of size- and manufac-
turer-specific performance of electrostatically-charged fil-

Am. Ind. Hyg. Assoc. J. (50) October, 1989

ters challenged with neutralized monodisperse latex spheres
ina range of diameters between 0.1 and 2.0 um. The observa-
tion that the greatest fractional penetration occurs for parti-
cles 0.1 pm in diameter or smaller is consistent with the
observations of Stevens and Moyer.”” For continuous air-
flows between 16 000 and 85 000 cm®/ min, they found that
particles with diameters between 0.03 and 0.1 um were col-
lected least efficiently by dust/ mist filters.

The results, which were described adequately by a two-
parameter Weibull distribution, may be used as inputs to
semiempirical models designed to predict the overall pene-
tration that would be expected when such filters are chal-
lenged by polydisperse aerosols with known size distribu-
tions. The estimates of the standard deviation of the
residuals from fitting such models provide some indication
of the uncertainty inherent in such estimates of overall
penetration.

Of course, any attempt to predict the behavior of a filter
challenged with a specific aerosol must account for several
factors not addressed by these experiments. In particular,
the influence on collection efficiency of any charge the aero-
sol may carry and the potential degradation of electrostatic
filter performance during storage must be considered.

Electrostatic filters carry a significant charge, and it has
been shown that charged aerosols are collected differently
from “neutralized” ones."®'" In the case of the present
experiments, the aerosol was neutralized, such that it carried
a Boltzmann charge distribution.” The NIOSH respirator
approval tests do not call for aerosol neutralization.”
Moyer and Stevens'!” found that charged silica aerosols
were collected by dust/ mist filters with higher efficiency than
were similar neutralized aerosols (at 16 000 cm3/ min), where-
as a charged lead fume aerosol was collected with slightly
lower efficiency than was the neutralized aerosol. Thus, it
would be difficult to predict how a charged aerosol might be
collected by these respirator filters, unless more were known
about the type and degree of charge.

The charge on electrostatic filters has been shown to
degrade after prolonged exposure to high relative humidity,
high temperature, and oil aerosols."®'* The experiments
described here utilized newly purchased filters; no special
efforts were made to protect the filters. The filters were
stored for, at most, 18 months in a research facility where the
temperature normally is between 17° and 20°C and the
relative humidity tends to remain below 40%. Thus, the
results are thought to describe the behavior of filters which
have experienced very little charge degradation.

It should be noted that the Weibull model is intended to
describe penetration only in the range of particle sizes stud-
ied in the present experiments (0.1-2.0 pm). It is well
known that the penetration of an aerosol through a filter will
reach a maximum and then decrease at sizes both smaller
and larger than the “most penetrating size.”™ Thus, the
Weibull models used in this study would not be expected to
represent well the penetration through these particular fil-
ters of particles smaller than about 0.1 pm.
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TABLE Alll
Tukey's Significant Difference Test, Mean Residual and q Statistic Values

Manufacturer Manufacturer #
Mean
# Resid”* 1 6 3 10 2 8 7 5 9
1 -0.28

6 -0.01 0.26°

-0.01 0.27%  0.00

10 0.00 0.28® 001 0.01

003 0.30° 004 004 003

0.05 0.33® 007 006 005 003

008 036® 009 009 008 005 0.03

009 037® 010 010 009 0.06 004 001

0.12 0.40° 0.13® 0.13% 0.12® 010 007 004 003
014  041® 015 014® 0.14® 011 008 0.06 004 0.01

w

O OO N N

AMean of the manufacturer-specific residuals from the pooled regression of In(-In P)
on In(dy).

BIndicates q is greater than q"o.0s2s0,10. Here g* = 4.56 and q = d; ;/(s*/n) "%, where s* (the
mean square residual) is 0.017 and n (the number of observations for each manu-

1,2

facturer) is 24.

Conclusions

The strong dependence of electrostatic filter efficiency on
particle size, the variability of industrial aerosol size distri-
butions," and the recognition that lung dose depends on
particle size as well as on mass concentration suggest that
information about fractional penetration over a range of
sizes would allow users to select filters appropriate for their
particular operations. The current NIOSH certification pro-
tocol, using a single aerosol with a specific size distribution,
does not provide such information.
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APPENDIX

The analysis of covariance began with estimation of the full
model:
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y=ap+aim +...+agmg +box + bimix + ...+ bomex (A1)

where y = In(-In(P)); x = In(d;); a = In(k); b = shape parameter
(v);and my, mg, . . . mg are binary dummy variables used to
indicate manufacturer. Implicitly, ao stands for the tenth
manufacturer, and thus, only nine such binary variables are
necessary. See Table Al

The F test for the significance of the interaction terms, i.e.,
equal slopes, was

0239
3.8/220

Since the critical value of Foos()9.220 = 1.93, the null hypoth-
esis that slopes are equal could not be rejected (P > 0.25).

Since location parameters were not significantly different
among the manufacturers, interaction terms were dropped,
and the parameters of the reduced model were fit:

y=ap+tam+...+asmg+bo (A2)

See Table Al

The F test for the significance of the dummy variables, i.e.,
equal intercepts, was

2.9/9
=——"_-184
3.9/229

Since the critical value of Foosa)9.200 = 1.91, the null hypothesis
that the intercepts are equal was rejected (P < 0.0005), and it
was concluded that there were significant differences in per-
formance among the 10 manufacturers’ filters."®

To determine which manufacturer’s filters were responsi-
ble for the observed difference in intercepts, the residuals
from the pooled regression were examined using Tukey’s
honestly significant difference test. The sample means of the
manufacturer-specific residuals were arranged in increasing
order, and the pairwise differences in means were computed.
The significance of each observed pairwise mean difference
was evaluated by computing the g statistic (the Studentized
range) and comparing it with tabulated values (at a = 0.05):

di,j
= (A3)

q_\/sz/n
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TABLE Al
Analysis of Covariance, Full Model

Source dat*  ss® MmsC
Mean 1 488.3
Slope 1 35.0
Dummy variables g 28 031
Interaction terms 9 0.2 0.02
Residual 220 3.8 0.02
Total 240 530.1

Adf = degrees of freedom.
BSS = sum of squares.
°MS = mean square.

TABLE All
Analysis of Covariance, Model
without Interaction Terms

Source dar* ss® Ms¢
Mean 1 4883
Slope 1 35.0
Dummy variables 9 29 033
Residual 229 3.9 0.02
Total 240 5301

Adf = degrees of freedom.
BSS = sum of squares.
°MS = mean square.

where d; j is the observed difference between the mean resid-
uals of Manufacturers i and j; s° is the residual mean square
from the pooled regression; and n is the product of the
number of replications (3) and particle sizes (8) tested for
each manufacturer.

If this q value is less than or equal to the critical vajue of
Qq.arx (Where a is the significance level [0.05], df is the residual
degrees of freedom from the analysis of variance [230], and k
is the total number of means tested [ 10 manufacturers]), then
the null hypothesis is rejected. The critical q value for this
situation is 4.5, as determined from a table of the q distribu-
tion found in Zar."® See Table Alll.
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