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Aerosol Research and Respiratory Protection Laboratory, Department of
Environmental Health, University of Cincinnati, Cincinnati, OH 45267-

Most filtering facepieces used today are made of electret mate-
rial (material with significant electrical charges on the filter
fibers). Because of the addition of this electrical removal
force, the filtration efficiency can be significantly increased
without increasing the air pressure drop inside the respirator;
pressure drop is closely related to physiological load. Howev-
er, the removal by electrical forces is reduced in time, as
aerosols deposit on the filter fibers. We have studied the con-
tribution of this electrical removal and its change in time as a
Junction of aerosol loading. To prove the change in aerosol
penetration is due to the reduction of electrical force, the elec-
trical charges were removed from new facepieces by the appli-
cation of appropriate chemicals.

The dust-mist filtering facepieces tested have similar fiber
diameters and packing densities, as determined by scanning
electron microscopy and pressure drop data. At a face velocity
of 10 cm/s (corresponding to 100 L/min through a complete fil-
tering facepiece) and an aerosol size of 0.16 um, electrical
Jorce removal accounts for 69% of the total filtration for the
respirator found to have the best filter quality but only 25% for
the respirator (from a different manufacturer) found to have
the worst filter quality. Our experimental data show that the
removal efficiency of these facepieces is reduced in time by as
much as this amount. However, under normal wear conditions,
the total aerosol particle load is not as high as shown and the
filtering facepieces are likely to be discarded before the fiber
charges (i.e., the electrostatic attractions) are significantly

diminished.
F used fibrous filters to remove particulate matter and

improve air quality. When filtering to meet air quali-
ty criteria, one must consider the minimum filtration efficien-
cy required and the air resistance. High resistance may result
in increased operation and maintenance costs. When select-

or decades, respirators and air pollution devices have

'On leave from Technical Research Centre of Finland, PO. Box
656, SF-33101 Tampere, Finland.

ing a respirator, one must consider the same parameters, fil-
tration efficiency and air resistance, with an additional condi-
tion: the air resistance must be tolerable to humans. The
human body has very limited respiration capacity and high air
resistance may present a significant burden to the wearer, es-
pecially in the case of long-term use.

Filtering facepieces have many advantages over elas-
tomeric respirators with cartridges: less maintenance, easier
communication with co-workers, less burden and less vision
obstruction. For these reasons, workers generally prefer filter-
ing facepieces to elastomeric respirators.

A filtering facepiece normally has a surface area of about
165 cm?®. Elastomeric respirators normally have two car-
tridges. In HEPA cartridges the filter material is usually pleat-
ed inside resulting in a total surface area of about 400 cm? for
the two cartridges. Therefore, an elastomeric respirator theo-
retically performs better than a filtering facepiece if the same
filter material is used because the larger surface area provides
not only lower air resistance but also more filter material to
collect the aerosols.

In our recent study'” on aerosol penetration through com-
mercially available, MSHA/NIOSH approved respirators,
some of the cartridges performed worse than some of the fil-
tering facepieces of the same category, although the car-
tridges contained a larger filtration surface area. We also
found considerable differences in the performance of filtering
facepieces of the same category. The best dust-mist filtering
facepiece provided over five times more protection than the
worst one tested.

In the present study, we investigated why respirators of the
same category perform so differently. The degradation of col-
lection efficiency by aerosol loading was also investigated.
Some filtering facepieces of a higher performance category
are made up of several layers of the same material used for a
lower category filtering facepiece. We have investigated the
cumulative effect of multiple filtration layers on pressure drop
and filtration efficiency.

BACKGROUND

Filtration mechanisms have been studied in great detail. Many
theories have been developed using models of flow patterns
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around the fiber.”” There are five known filtration mechanisms
which contribute to aerosol filtration: diffusion, interception,
impaction, gravitational settling and electrostatic attraction.

Many studies®'” have focused on diffusion, interception
and/or impaction simultaneously because these mechanisms
interact with each other and the sum of their individual contri-
butions to performance does not always equal the actual per-
formance measured. Particle deposition by diffusion is a
random process that occurs due to the particle’s interaction
with the random motion of the air molecules. It increases with
decreasing particle size and decreasing face velocity (flow
rate divided by the cross-sectional area of the filter surface).
Deposition by interception occurs when an aerosol particle
follows the air streamline within one particle radius of the
surface of the fiber. It is the only one of the five mechanisms
which is not affected by the face velocity. Interception is pro-
portional to the ratio of particle diameter to fiber diameter.
Deposition by impaction occurs when an aerosol particle de-
viates from the streamline and hits the fiber. Impaction de-
pends on the mass and velocity of the particle and somewhat
on its shape. The effect of this mechanism increases with in-
creasing face velocity, particle diameter and particle density.
Gravitational settling is normally negligible in respirator fil-
tration because the settling velocity is insignificant compared
to the face velocity.

The mechanism of electrostatic attraction can be signifi-
cant. Therefore, most filtering facepieces are made of electret
material, i.e. electrically charged fibers, which enhance the
aerosol capture efficiency without increasing the air resistance.
Electrostatic attraction depends on the degree to which the
fibers and the aerosol particles are electrically charged ™'
Charged aerosol particles deposit on the charged fibers be-
cause of Coulombic and induced dielectrophoretic forces.

As aerosol particles deposit on the filter, the effective
fiber diameter and the packing density (ratio of fiber to filter
volume) increase, With this increase in material onto which
the particles may deposit, the mechanical removal efficiency
due to interception, impaction and diffusion is expected to in-
crease, i.e. less particles should penetrate through the filter
with time, as shown in studies of industrial electret filters.()
In our study, we have examined the effect of loading respirato-
ry filtering facepieces.

In studies on industrial electret filters, some chemicals,
such as distilled water, sodium chloride solution, and ethanol
have been used to reduce the fiber charge."” Kanaoka et al.
found that an industrial electret filter treated with ethanol had
a significant increase in aerosol penetration, indicating that
some of the fiber charges were removed.® In our study, more
efficient chemicals were used to remove the electrical charges
on the filters in order to investigate the enhancement of parti-
cle removal by electrostatic attraction.

THEORETICAL ESTIMATION OF FILTRATION
EFFICIENCY

We experimentally determined the aerosol penetration for
several brands of filtering facepieces. The experimental pene-

tration data are compared to theoretical predictions. This
comparison was done macroscopically (entire filtering face-
piece) and microscopically (single fiber).

Macroscopically, the filtering facepiece is made of three
layers: the cover web outside, the support shell inside and the
filtration layers in the middle. The filtration layers are respon-
sible for most of the aerosol filtration and the air resistance.
Filter penetration exponentially decreases as the number of
filtration layers increases because the filtration layers are in-
dependent of each other when the aerosol particles deposit
uniformly throughout the filter material, i.e. when caking
does not occur. Thus, the penetration efficiency for m filtra-
tion layers, P, is multiplicative:

P, =(®)" )

where P, is the aerosol penetration of a single filtration layer.
The pressure drop across the respirator filter increases
linearly with an increase in the number of filtration layers be-
cause the air flow through the respirator is laminar. Thus the
pressure drop across m filtration layers, Ap,,, is additive:

Ap,, —mAp, (2

where Ap; is the pressure drop across a single filtration layer,

Microscopically, single fiber theories are normally used
to calculate the total capture efficiency.® Aerosol penetra-
tion, P, for a particle with n elementary charges is given by

p —40xEy @)
=exp| ——*
n p .

where o is the packing density; d; is the fiber diameter; x is
the filter thickness; and Ey , is total single fiber filtration effi-
ciency (of a particle with n elementary charges) due to the
combined effect of several filtration mechanisms:

E, is the single fiber efficiency due to diffusional deposition;
E,is

EZ,n =f(Ed’Er’Ei’Eg’Ep’Ec,n) (4)

due to interception; E; is due to impaction; E, is due to gravi-
tational settling; E, is due to the dielectrophoretic force; and
E, . is due to the Coulombic force.

The single fiber filtration efficiency due to diffusional de-
position” is given by

_ /3
E, = 2.6(1T“j Pe 2" (®)

where K is the Kuwabara factor and Pe is the dimensionless
Peclet number. The Kuwabara factor is a function of packing
density « (also called solidity):

K= —[1j 1na—0.75+a—(1)a2 (6)
2 4
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The Peclet number relates the diffusional transport of parti-
cles to the filter to the macroscopic flow, indicated by face ve-
locity v (before entering the filter):

_ 4
D

where D is the aerosol diffusion coefficient.
The single fiber filtration efficiency due to interception”
is represented by

Pe N

E;(l_iﬁ)[ R’ ] 8)
: K AN1+R

where R is the ratio of particle diameter, d,, to fiber diame-
ter, dg:

R=—"1 (o

d; )

In our calculations comparing our experimental data to

theoretical predictions we have represented the single fiber
efficiency for impaction by?”

B - (Stsz (10)
2K
where Stokes number, Stk, relates the particle’s inertial stop-
ping distance to the filter diameter and is defined as:
2
Stk = Pydy €V (11)
18nd;
The density of the particle is represented by p, (e.g., 0.95
g/cm’ for corn oil), C, is the Cunningham correction factor, n
is the viscosity of air (1.81 « 107 Pa/sec at normal temperature
and pressure) and J is:

1 =(29.6-280:")R? —27.5R>* (12)

The single fiber filtration efficiency caused by aerosol
gravitational settling®® is given by

g o P Cee

13
g 18nv (13)

which represents the ratio of the particle’s gravitational set-
tling velocity to the face velocity of the flow through the filter.

The single fiber filtration efficiency due to the interaction
between a polarized charged fiber and an aerosol particle® is
given by

B :[1‘0‘)2/5 N, (14)
P K 1+ 27tNdz/3

N,is a dimensionless parameter:

24 2
g -1 20°d°C,

= (15)
g, +2 3e,(1+€)’ndv

d

where & is the dielectric constant of the aerosol (2.2 for corn
oil); € is the dielectric constant of the fiber (2.5 for

polypropylene); €, is the dielectric constant in vacuum
(8.8544 + 107> C*/Nm?); and ¢ is the fiber charge density.

The single fiber filtration efficiency due to the Coulombic
force between a charged fiber and an aerosol particle with n
elementary charges"®, E_ ,, is given by

PN N
B, =(12%) M (16)
w\TK ) Te2mN_ "

where N is a dimensionless parameter related to the number
of electrons with charge e (1.6 * 107 C or 4.8 « 107 electro-
static units).

necC,

= 17
37r£0(1+£f)ndpv a7

c,n

Summation of all of the single fiber filtration efficiencies
may result in an overestimation of the total single fiber filtra-
tion efficiency because the different filtration mechanisms
may compete for the same particle.?” Most of the interactions
among these mechanisms have not yet been quantified and di-
rect summation had to be used assuming there is no interac-
tion.!'® We have, however, taken into account the interaction
of diffusion and interception” through the combined single
fiber filtration efficiency for diffusion and interception, E:

-\’ 1-a) R?
E, =16 —%| p ‘/3+0.6(——)
a ( K ) ¢ K Ji+r 8

The single fiber filtration efficiency caused by all of the me-
chanical filtration mechanisms, E,, is related to the penetra-

tion efficiencies of these mechanisms and has been represent-
ed by

E, =1-(1-E,)1-E)(1-E,) (19)

where E, is obtained from Equation 18, E, from Equation 10,
and E, from Equation 13.

The single fiber filtration efficiency, E, , for the two elec-
trical filtration mechanisms has been determined by direct
summation:

Ee,n = Ep + Ec,n (20)

where E, is obtained from Equation 14, and E, is calculated
using Equation 16.

The total single fiber filtration efficiency is then calculat-
ed by adding the combined electrical single fiber efficiency to
the mechanical efficiency:

EZ,n = Em + Ee,n (21)

Equation 21 has been used in Equation 3 to calculate the
aerosol particle penetration for each charge level. We neutral-
ized the challenge aerosols to Boltzmann equilibrium. Thus,
the aerosol particle penetration P is:

f

—40xE - —40xE
P = B(0) exp[———x’o—] +2) B() exp(——ﬂ](zz)
) m

53

AM. IND. HYG. ASSOC. J. (54) / February 1993



Downloaded by [CDC Public Health Library & Information Center] at 09:39 27 June 2014

B(n) is the Boltzmann distribution:

2.2
B(n) = —2_exp| Z° (23)
J7d KT | d kT

where k is the Boltzmann constant (1.38 « 107" dyn * ¢cm/K)
and T is the absolute temperature (298 K in our calculations).

Experimental Material and Methods

Eight filtering facepieces of different category (1 nui-
sance dust, 4 dust-mist, 2 dust-mist-fume and 1 HEPA) were
challenged with corn oil aerosol for 8 hours to study the load-
ing effect. A dynamic measurement system (discussed further
below) continuously measured the effect of loading on the
pressure inside and aerosol penetration through the filtering
facepieces.

Three filtering facepieces made of the same filtration ma-
terial were chosen to study the cumulative effect of multiple
filtration layers: a dust-mist respirator (MSHA/NIOSH ap-
proved) with one filtration layer; a CEN P2 respirator (used in
Europe, regulated by the European Committee for Standard-
ization) with 4 filtration layers; and a HEPA respirator
(MSHA/NIOSH approved) with 6 filtration layers. The filter-
ing facepieces (made by the same company) were sealed to a
mannequin to measure the air resistance and the penetration
of aerosol particles.

We chose the best and the worst dust-mist filtering face-
pieces, based on our previous study,"* to investigate what
makes respirators (of the same defined category) perform dif-
ferently. Either isopropanol (class 1B, Fisher Scientific, Fair
Lawn, NJ) or static guard (Alberto- Culver Company, Melrose
Park, IL) was applied to the facepiecesto reduce (or mask) the
fiber charges. The respirators were immersed in either of
these chemicals for one hour and were then dried naturally for
24 hours. A portion of each filtering facepiece was installed
in a filter holder (model 2200, Gelman Sciences, Inc., Ann
Arbor, MI). The effective filtration area was measured to be
approximately 13.2cm? The air flow was adjusted to a face
velocity of 10cm/sec, corresponding to an instantaneous in-
halation flowrate of about 100 L/min. A Collison nebulizer
was used to load the filter with corn oil aerosol having a count
median diameter of about 0.6 m and a geometric standard
deviation of about 1.8. Each filter was loaded with up to 40
mg/cm? of corn oil, assumed to coat the fibers uniformly.
After loading, the respirator piece was weighed using an ana-
lytical balance and was then placed in the test chamber (held
in the same filter holder) to measure the aerosol penetration.
This process was repeated until the filter became clogged.

Two corn oil aerosols were used in this study: A loading
aerosol and a challenge test aerosol. The loading aerosol was
produced with the Collison nebulizer to coat the fibers as de-
scribed above. The challenge test aerosol was used to mea-
sure the aerosol penetration through the filter. The design and
characterization of the challenge aerosol generation and sam-
pling system used in this study have been described in detail
elsewhere."""" A newly developed size-fractionating aerosol
generator®**¥ delivered the corn oil test aerosol with a select-

CORN OIL AEROSOL CONC.= 5 mg/m’
Dee= 0.3um, Q= 100 L/min

100 ND

|

S

AEROSOL PsNm=RATION, @ %
N (2]
o (@]

1DMF_~

8 10

4 6
TIME, hr

FIGURE /. Aerosol penetrations of 7filtering facepieces.
ND: nuisance dust respirator. DM: dust-mist respirator.
DMF: dust-mist-fume respirator

ed size distribution. The aerosol was neutralized to Boltz-
mann charge equilibrium using a 10 mCi Kr 85 radioactive
source. Filtered dilution air flow carried the aerosols to the
test chamber. The aerosol concentrations before and after fil-
tration were sized by an Aerodynamic Particle Sizer (model
APS33B, TSI Inc., St. Paul, MN) and a Laser Aerosol Spec-
trometer (model LAS-X CRT, PMS Inc., Boulder, CO). The
optical particle size recorded by the latter instrument was
converted to physical size by calibration with an Electrical
Aerosol Classifier (model 3071, TSI Inc., St. Paul, MN) and
then into aerodynamic size through knowledge of the density

0.135 ¥ T T T ¥ T T T T T
g [------ PREDICTED BASED
30k ON HEPA DATA
E
£ |———— EXPERIMENT
25 (BEST FIT)
G
<
-20r  HEPA(6 LAYERS) .
8
s 15F
L
% 10F ~—P2(4 LAYERS)
7t
W or -
g R
0 T — T T T T
0 40 0 80 100
AIRFLOW, 6, L/min
FIGURE 2. Effect of the number of filtration layers on
pressure drop acrossfiltering facepieces. DM: dust-mist
respirator (| filtration layer). P2: respirator regulated
by European Standard (4 filtration layers). HEPA: high
efficiency respirator (6 filtration layers)
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FIGURE 3. Effect of the number of filtration layers on
aerosol penetration

of the test aerosol (p, = 0.95 g/cm’ for corn oil). The air flows
were controlled by a mass flow controller (model 247C, MKS
Instruments Inc., Andover, MA). The pressure drop across the
respirator filter was measured using an inclined manometer,

RESULTS AND DISCUSSION

The aerosol penetration increases with time for all filtering
facepieces tested, as shown in Figure 1. Each line connects

o
n

DM
(1 LAYER)
0.05 = o 2
g (4 LAYERS)

HEPA
(6 LAYERS)

1 gl L L 1

FILTER QUALITY, ge 1/(cm H,0)

o
o
)]

5 10
AERODYNAMIC DIAMETER, Dge, m

FIGURE 4. Effect of the number of filtration layers on
the filter quality factor

—

the data obtained with different brands of filtering facepieces.
The data for the HEPA filtering facepieces are not shown be-
cause the percentage of aerosol penetration is close to zero.
The indicated flowrate, Q, of 100 L/min simulates an inhala-
tion rate of that magnitude. This corresponds to a breathing
rate of about 50 L/min or less. During exhalation, no contam-
inants penetrate from outside to inside the respirator. The
flowrate of 100 L/min is the highest flowrate tested and simu-
lates a heavy work load.

FIGURE 5. Scanning electron micrographs of the filtration layer in two dust-mist filtering facepieces. Mean fiber diameter = .2 um
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The data of Figure 1 are shown for particles with an aero-
dynamic diameter, D,., of 0.3 wm. Particles of other submi-
crometer sizes have similar increases in aerosol penetration
with time. This increase with time suggests that all of the test-
ed facepieces carry some degree of electrical charge on their
fibers and that particle removal by electrical attraction ac-
counts for a significant fraction of aerosol particle removal in
filtering facepieces. As the fibers get coated by the parti-
cles—liquid corn oil aerosol particles in this case, used con-
ventionally in fit testing—the electrical charge on the fibers
is shielded and becomes less effective in attracting particles.
Performance evaluations of industrial electret filters have
shown similar increases in aerosol penetration.(™®

The effect of the number of filtration layers on pressure
drop and aerosol penetration was examined first. Macroscop-
ically, the pressure drop across the facepieces increased lin-
early with airflow (see Figure 2), indicating that the flow is
laminar. For instance, the pressure drop across the HEPA res-
pirator is 1.35 mm H,O at 5 L/min, 8.1 mm H,0 at 30 L/min,
and 27 mm H,O at 100 L/min. Because of the presence of a
cover web and a support shell, the correlation of Equation (2)
is not perfect. Since the pressure drop data of the HEPA filter
are affected the least by the cover web and the support shell,
the pressure drop data across the HEPA filter were used to
predict the pressure drops across the P2 and DM respirators.
Figure 2 shows reasonable agreement between the expected
and experimental values.

Figure 3 shows that the aerosol penetration exponentially
decreases with the number of filtration layers. The HEPA fil-
tering facepiece has the thickest filtration layer; thus, the
aerosol penetration through the HEPA facepiece is least
affected by the cover web and the support shell. We used
Equation 1 and the aerosol penetration curve for the HEPA
facepiece to predict the aerosol penetrations through the other
respirators with less filtration layers. The differences between
the best fit curves for the experimental data and the predicted
curves are probably caused by the additional particle removal
in the cover web and the support shell. The validity of Equa-
tion 1 for different particle sizes deserves further study.

If the number of filtration layers affects aerosol penetra-
tion in a multiplicative way, Equation 1, and pressure drop in
an additive way, Equation 2, then the logarithm of the aerosol
penetration should be related to the linear pressure drop for a
given flowrate and particle size. This can be expressed
through the filter quality factor, qg, defined as

[+

In| —

P (24)
Ap

As seen in Figure 4, qpis approximately the same for each
facepiece tested at a given flowrate. The dust-mist facepiece
has a somewhat higher qy. for particles above 1 um, because
the additional particle removal by the web and shell has the
greatest effect on this factor when only one filtration layer is
used. The filter quality for the HEPA filtering facepiece was
determined only at the 100 L/min mask flow because the par-
ticle count inside the facepiece was insufficient at the lower
flow rates. The filter quality for the P2 filtering facepiece is

qr =

TREATED WITH
STATIC GUARD

100
>
ES
E 10 TREATED WITH
£ ISOPROPANOL
a
]

TREATED WITH
STATIC GUARD

100

PRESSURE DROP

TREATED WITH
ISOPROPANOL

TREATMENT

1 1 L 1 vl

20 40 2
AEROSOL LOADING, mg/cm

60

FIGURE 6. Pressure drop as a function of aerosol load-
ing for two brands of dust-mist filtering facepieces. Face
velocity = 10 cm/sec

not shown for particle sizes larger than 1.2 pum for the same
reason.

Two dust-mist filtering facepieces were chosen to exam-
ine the difference in performance of respirators in the same
category. These are identical with filtering facepieces A and
D in Figure 5 of reference 1. The best performing facepiece
will be referred as FF-A and the worst as FF-B. Scanning
electron micrographs of the filtration layers of the two face-
pieces, Figure 5, indicate that both have approximately the
same mean fiber diameter of about 2 um, the same distribu-
tion of fiber diameters, and the same porosity. Their mechan-
ical filtration efficiencies should, therefore, be similar to
each other.

The pressure drop across the dust-mist filtering face-
pieces was examined first. The pressure drop is affected only
slightly by the structure for a given packing density and fiber
diameter.***> Figure 6 shows that FF-A and FF-B induce
about the same pressure drop when tested as received. As the
filter material is loaded with aerosol particles, the pressure
drop increases for each respirator in a similar manner. In res-
pirator wear, the facepieces are discarded before excessive
aerosol loading is achieved, because the pressure drop be-
comes unacceptable. The OSHA-regulated maximum allow-
able resistance requirements for DM respirators, at a
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continuous airflow of 32 L/min after the silica test, are 30 mm
H,O at initial inhalation, 50 mm H,O at final inhalation and
20 mm H,0 at exhalation.®® The similarity in performance
indicates that the two filtering facepieces tested have approxi-
mately the same packing density, since they have the same
mean fiber size. The chemically treated filters have a higher
initial pressure drop. This may occur if particles deposit on
the fibers, thereby decreasing the porosity, or if the structure
of the filter is modified after the chemicals evaporate. We did
not observe a significant increase in fiber diameter under the
microscope. It appears that the surface tension of the liquid
pulls the fibers together during drying, thus reducing the
thickness of the filter and increasing its packing density. The
initial packing density of the two dust-mist filtering face-
pieces was estimated to be about 0.05.

Electrically charged filters (electrets) are normally very
stable, lasting for years.”” However, the fiber charge is re-
duced and the performance decreases when electret filters are
exposed to high humidity, high temperature, industrial
aerosols, or some chemicals."™ Isopropanol and static
guard were found to be capable of removing almost all the
fiber charges. This is demonstrated in Figure 7. For filters
without any chemical treatment, the aerosol penetration first
increases with aerosol loading because of the reduction of the
electrical force due to fiber coating. With further aerosol
loading, the aerosol penetration decreases because of the fil-
ter’s increased packing density. Ultimately, the filter clogs
and aerosol penetration approaches zero. For instance, for FF-
A, the maximum penetration is 92% for 0.16 um aerosols at a
load of about 38 mg/cm* and 37% for 1.19 um aerosols at a

AEROSOL LOADING, mg/cm?

FIGURE 7. Change in aerosol penetration due to reduction in fiber charge upon loading by aerosols. Face velocity = 10 cm/sec

load of 27 mg/cm®. The 0.16 um size was chosen to represent
the aerosol penetration behavior in the submicrometersized
range, where the electrical forces may dominate. The two su-
permicrometer sizes were chosen to represent sizes for which
other particle removal mechanisms, such as interception, are
significant. The corn oil challenge aerosol was polydisperse
with a count median diameter of 1.9 um and a geometric stan-
dard deviation of 1.7 (measured by the Aerodynamic Particle
Sizer).

The initial increase and subsequent decrease of aerosol
penetration also occurs with 2.45 um aerosols. Aerosol pene-
tration for this size (when examined on a logarithmic ordi-
nate) decreases significantly after the maximum penetration
point. The larger aerosol particles are apparently blocked
from passing through the filter before the smaller ones are.
Because of the low packing density of the respirator filter nei-
ther FF-A nor FF-B clogs easily when loaded with liquid
aerosols which uniformly coat the fibers. Figure 7 shows that
both FF-A and FF-B have considerable loading capacity (20
to 40 mg/cm?) for submicrometer-sized aerosols. As shown
previously in Figure 6, such loading densities are never
achieved in respirator wear, because the pressure drop be-
comes excessive. Figure 7 is shown here to prove the impor-
tance of aerosol particle removal by electrical attraction
forces.

For a chemically treated filter, the initial acrosol penetra-
tion is very close to the maximum aerosol penetration of an
untreated filter after loading. This indicates that most of the
fiber charges have been removed during the chemical treat-
ment. Static guard appears to have removed the fiber charges

57

AM. IND. HYG. ASSOC. J. (64) / February 1993



Downloaded by [CDC Public Health Library & Information Center] at 09:39 27 June 2014

100
TREATED WITH —
' STATIC GUARD FF A
80
i TREATED WITH
60 L ISOPROPANOL
40t
®R
o’
. 20F
=z
O
A -
5100
s L TREATED WITH —
E STATIC GUARD FF B
80
—
(@] L
3
L TREATED WITH
@ 60 ISOPROPANOL
<C L
40r WITHOUT
L TREATMENT
20
O i 1 1 [ S | 1 | S W
0.1 0.5 1 5 10
AERCDYNAMIC DIAMETER, Dge, um
FIGURE 8. Farticle size dependence of penetrated
aerosols for dust-mist filtering facepieces at the begin-
ning of a loading cycle with corn oil aerosols. Face ve-
locity = 10 cm/sec

more effectively than isopropanol. No increase in aerosol
penetration is observed for filters treated with static guard.
The curves of Figure 7 are approximate fits to the data points
and have been drawn to indicate the increases and decreases
in aerosol penetration.

The aerosol penetrations at the beginning of a loading
cycle are shown as a function of particle size in Figure 8.
After chemical treatment to remove the electrical charges
from the fibers, FF-A and FF- B have almost the same pene-
tration patterns. This again proves that FF- A and FF-B have
about the same mechanical properties: similar fiber diame-
ters and packing density. At the beginning of wear, FF-A
clearly has much lower aerosol penetration than FF-B,

The aerosol particle removal percentages (100 - penetra-
tion %) of Figure 8 have been used to calculate the relative
importance of aerosol particle removal by electrical versus
mechanical forces, as shown in Figure 9. Since static guard
appears to have removed the charges more effectively than
isopropanol, the curves for static guard in Figure 8 have been
used. For submicrometer-sized aerosols, aerosol particle re-
moval by electrical forces is 3.5 times greater than by me-
chanical forces for FF-A. For FF-B both forces have about the

ELECTRICAL REMOVAL
MECHANICAL REMOVAL

0.5 1
AERODYNAMIC DIAMETER,

FIGURE 9. Aerosol particle removal by electrical versus
mechanical forces. Face velocity = 10 cm/sec

same removal efficiency. For supermicrometer-sized aerosols,
mechanical force removal is higher than electrical force re-
moval. At lower face velocities, electrical force removal is ex-
pected to be relatively higher for 1 pum particles because of the
particles’ increased time of passage through the filter which
gives the electrical forces more time to act on the particles.

The experimental data were also analyzed by calculating
the aerosol particle removal efficiencies for all the forces that
may act on the particles in the filters under consideration.
Figure 10 shows the single fiber filtration efficiencies of di-
pole fibers when collecting aerosols neutralized to Boltz-
mann charge equilibrium. Figure 10 shows that dielec-
trophoretic attraction (resulting in single fiber filtration
efficiency, E,, Equation 14) is the primary collection mecha-
nism for singly charged aerosol particles in the size range of
about 0.2 to 5 um. Interception (E,, Equation 8) is the primary
mechanical filtration mechanism for aerosol particles larger
than 0.3 pm but smaller than 1.5 um. Coulombic attraction
(E., Equation 16) is greater than diffusion (E,, Equation 5)
for the indicated conditions. Both E_ and E contribute signif-
icantly when the aerosol particle is less than about 0.2 um, but
their contributions decrease with increasing aerosol size. The
contributions by impaction (E;, Equation 10) and gravitational
settling (E,, Equation 13) increase with increasing aerosol
size. E, is not significant when compared to the other filtra-
tion mechanisms.

The total single fiber efficiency on aerosol particles with
n elementary charges (Es ,, Equation 21) has been calculated
by summing the total mechanical single fiber efficiency (E,,,
Equation 19) to the electrical single fiber efficiency (E,,,
Equation 20). Es , has then been used to calculate aerosol
penetration, Equation 22, for aerosols in Boltzmann charge
equilibrium and exposed to a filter of thickness x = 0.4 mm.

Figure 11 shows the results of the calculations applied to
the two filtering facepieces used in this study. The thin solid
lines are the calculated mechanical penetration efficiencies
for the measured packing density o = 0.05 and electron-mi-
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FIGURE I0. Theoretical single fiber efficiency for a di-
pole fiber. 8: fiber charge density. di: fiber diameter. a:
packing density. v: face velocity. The indicated charge

density corresponds to dust-mist filtering facepiece FF-A

croscopically measured mean fiber diameter of 2 pm. As
seen, these modelled penetration efficiencies are less than the
experimentally determined mechanical efficiency data. Sin-
gle fiber efficiency calculations generally do not match the
experimental data, because the fibers are usually not of the
same size and are not uniformly distributed. During the man-
ufacturing process, fibers easily cluster and form equivalent
larger fibers. Some investigators have accounted for this non-
uniformity in the distribution of fibers in the media by intro-
ducing an inhomogeneity factor in the exponential of Equa-
tion 3.7 This inhomogeneity factor can be defined in terms
of pressure drop or single fiber efficiency. However, this ap-
proach may not totally match the theoretical values to the ex-
perimental ones, since most of the interactions among indi-
vidual single-fiber filtration mechanisms have not been
quantified. Therefore, we back-calculate an equivalent fiber
size from the penetration data. For our data, the equivalent
fiber diameter is 4.0 um for the measured packing density of
0.05. With these equivalent values, the single fiber efficiency
calculation matches the experimental data for mechanical re-
moval quite well, as seen by the upper solid lines in Figure 11.
The electrical charge on the filters has then been calculated
by matching the single fiber efficiency calculation for me-
chanical and electrical removal to the experimental data for
the chemically untreated filter. The fiber charge densities for
FF-A and FF-B were thus determined to be 4 X 107 and 1 X
107 C/m” respectively, i.e. FF-A has 4 times fiber charge of
FF-B. FF-A also removes 5 times more aerosol mass than FF-
B, when exposed to a regulated test dust."”

CONCLUSIONS

In theory, air resistance of respirator filters increases lin-
early with increasing filter thickness and aerosol penetration

v = 10cm/sec, x = 0.4mm, a = 0.05
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FIGURE 11. Comparison of theoretical calculations to
experimental data for the best and worst performing

dust-mist filtering facepieces. x: filter thickness

decreases exponentially with increasing filter thickness. In
practice, however, these relationships are not perfectly linear
or exponential but are influenced by added pressure drop and
aerosol removal in the cover web and support shell.

Chemicals, such as isopropanol and static guard, remove
most of the fiber charges efficiently, but may change the fil-
ter’s packing density or structure. Noninvasive radiation may,
therefore, be preferred in future studies as a means of elimi-
nating the fiber charge.

The electrical removal force on submicrometer-sized
aerosol particles can be stronger than the mechanical removal
force, if the fiber charge density is high. A dust-mist filtering
facepiece with 4 times greater fiber charge than another face-
piece of the same category was found capable of providing 5
times more protection than the other facepiece.

Aerosol penetration through electrically charged filtering
facepieces increases with time. The corresponding decrease
in respiratory protection should, therefore, be considered
when heavily loaded filtering facepieces are used in the work-
place. Normal wear incurs less change in performance than
shown in this study. During normal breathing, the cyclic flow
through the filter medium ranges from zero to a maximum
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value with a corresponding range of aerosol penetration val-
ues, and, therefore, particles deposited. The total aerosol load
in the filter medium will, in general, not correspond to the
aerosol load at the average flowrate, and may be affected by
the humidity inside the respirator.
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