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A relatively low-cost and easy-to-use method for estimating 

the charge level on aerosols has been developed. It uses the 

properties of an electrostatically enhanced (electret) filter 

combined with an optical particle counter to obtain size-de­

pendent charge levels of workplace aerosols. The optical 

particle counter is calibrated to give a "filtration equiva­

lent" particle size. For the size range of the present measure­

ments, this is similar to geometric size. The aerosol 

concentration is measured before and after neutralization to 

determine a penetration ratio that can be approximately cor­

related with particle electrical mobility. For a particle of a 

given size, the penetration ratio increases with increasing 

particle charge level. The method was calibrated with 

monodisperse methylene blue particles charged to a known 

level. A polydisperse CaC03 aerosol, characterized as to 

size-dependent charge levels, also was measured. Finally, 

the charge level on a copy-machine toner dust was measured 

to simulate a highly charged workplace aerosol. The method 

is limited to the size range of 0.1 µm to 0.7 µm by the char­

acteristics of the electretfilter. Electrical mobilities ranging 

from 0.01 to 1 cm2/statVsec can be measured. The charge 

level on one particle size in a size distribution is 

proportional to the charge on other sizes, and can thus be an 

indicator of charge level of the overall aerosol. Although of 

limited size-range capability, the method can serve as an 
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indicator of the importance of aerosol charge for sampling 

or for health effects. 

[fil tatic _elec�rification of aerosol particles can be of 
practical importance when considering the health 
impact of aerosols and aerosol sampling. This is es­

pecially true for small particles whose deposition in the alve­
olar region of the lung can be considerably amplified by 
charges. The experimental results of Melandri et a1.< 1 > sup­
port Yu's<2> theoretical work showing that when the average 
charge per particle exceeds a threshold value (approximately 
50 unit electrical charges (e) for a 1 µm particle) the electri­
cal image forces on a particle would enhance deep lung de­
position. Industrial hygienists may take note of electrostatic 
effects for several reasons. High levels of charge on particles 
can contribute to enhanced deposition on workplace surfaces 
and worker skin, potentially increasing exposure. 

Particle loss due to electrical charge when sampling as­
bestos is familiar to many industrial hygienists. Baron and 
Deye<3 > have described the trajectories of highly charged 
fibers entering a sampling cassette, noting resultant losses 
and nonuniformity of deposit at the filter surface. Liu et a1. <4> 

calculated that sampler aspiration losses are small for the 
aerosol charge levels measured in several workplaces by 
Johnston et al. <5> However, sample loss through the sampling 
train can be substantially affected by particle charge, de­
pending on the type of material and how the sampling train is 
handled. For example, tubing, cassettes, and cowls can be 
charged when they are flexed, twisted, or come in repeated 
contact with charged or easily charged materials, such as 

Copyright 1994, American Industrial Hygiene Association 
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FIGURE 1. Basic apparatus for the filter charge­

assessment method 

packing peanuts. Sampling filters made of plastic materials, 
e.g., polyvinyl chloride, polycarbonate, and polytetrafluo­
roethylene, can become charged through handling and dur­
ing sampling. Thus, these materials can significantly 
increase particle deposition within the filter by attraction or 
repulsion of charged particles. 

In a review of static electrification of workplace 
aerosols, John and Vincent(6l explain why moderately 
charged isometric dusts found in traditional workplaces pose 
little problem. In spite of this, they advocate charge mea­
surement to ensure that fine-fiber dusts and new technology 
aerosols do not enhance inhalation hazards and sampling bi­
ases. Examples of workplaces where such problems may 
occur include charged-spray painting, the manufacture or 
use of new ceramic and composite fibers, and the manufac­
ture or use of highly charged photocopy-machine toner dust. 

The electrical mobility (Z, cm2/statYsec) of a particle is 
indicated by the final velocity reached by a particle in a unit 
electric field: 

Z= neCc 
31tl)d

p 

(1) 

where n = number of unit charges, Cc
= Cunningham slip cor­

rection factor, YJ = viscosity of air, and d
P 

= particle diameter. 
Thus, when a particle is placed in an electrical field, such as 
near the surface of a charged sampler or between the charged 
plates of an electrostatic elutriator, its velocity will be pro­
portional to the charge on the particle and the strength of the 
electric field, and inversely proportional to its diameter. 
Measurements of particle charge are often made using the 
electrical mobility of a particle.(?) 

Several such charge measurement methods are avail­
able. (7l However, measuring the charge of an aerosol is not 
easy, especially outside the laboratory, even though comput­
er control and data management have somewhat streamlined 
data collection and analysis methods. (SJ Aerosol researchers 
avoid the problems caused by highly charged particles and 
their assessment by using charge "neutralizers," which 
reduce the charge level on individual particles to the 
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FIGURE 2. The principle of charge assessment using 

the aerosol penetration through partially penetrating 

filters 

3 

Boltzmann charge equilibrium, for which particles have low 
charge levels.(9l This is the same charge level acquired by 
particles that "age" naturally in the presence of background 
radiation. When sampling highly charged aerosols shortly 
after their generation, the typical industrial hygienist is not 
likely to measure the electrical charge level due to the size, 
cost, and complexity of the charge measurement methods. 
However, a simple method for determining the approximate 
aerosol charge level would allow the industrial hygienist to 
take appropriate action when needed. 

FILTER CHARGE-ASSESSMENT METHOD 

The basic principle utilized to develop a practical field 
charge measurement method uses the filtration differences 
between charged and charge-neutralized particles. These 
differences are caused by coulombic (charge to charge) and 
dielectrophoretic ( charge to image charge) interactions be­
tween charged particles and bipolar-charged filter fibers. Ar­
tificially electrified filtering (electret) materials made of 
charged fibers, the type manufactured for some disposable 
respirators, are suited for this application.00

•
11

•
12> Their elec­

trostatic filtration enhancement amplifies their sensitivity to 
charged particles while their open structure avoids restric­
tive pressure drops. This material is used to filter an aerosol 
before and after neutralization. Size distributions of charged 
and neutralized aerosols are measured with an optical parti­
cle counter (OPC). The charge measurement procedure re­
quires that a filter be attached to the sampling inlet of the 
OPC and that two measurements be made, one with and the 
other without connecting an aerosol charge neutralizer. The 
branched sampling inlet with a three-way valve shown in 
Figure 1 facilitates the measurement. In this method, 
charged ambient aerosol with number concentration CA en­
ters either branch of the apparatus and is filtered. The 
charged aerosol concentration after filtration is designated 
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CFc, while the aerosol concen-
tration after neutralization and 
filtration is designated CFN· 
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The application of the 
method is illustrated in Figure 
2, where the aerosol number 
concentrations are plotted as 
aerosol size distributions in 
Figure 2A. The charged ambi­
ent aerosol concentration CA is 
shown here to demonstrate the 
principle of the method, but is 
not measured since it is can­
celed out in the calculation of 
results. First, the size distribu­
tions of CFN and CFc are mea­
sured with the OPC. These 
values are then used to calcu­
late the filter penetration values 
versus particle diameter in Fig­
ure 2B. Filter penetration as a 
function of particle diameter (P 
= CF/CA) is either the neutral­
ized CFN or the non-neutralized 

FIGURE 3. Experimental aerosol generation and filtering systems. (A) methylene blue 

system, (B) CaC03 system, (C) toner dust system 

CFc divided by the ambient size distribution CA - Next, the 
difference in penetration of the charged aerosol penetration 
Pc and the charge-neutralized aerosol penetration PN over 
the penetration of the charged aerosol Pc is used to calculate 
the penetration ratio PR, 

CFN _ Cpc 
CA CA _ CFN -Cpc 

Cpc 
CA 

(2) 

The magnitude of PR corresponds to the aerosol charge 
level. For example, the penetration ratio equals 1.6 at the 
particle size of 0.48 µ,m in Figure 2B and indicates a charged 
aerosol. The value, PR= 0, indicates a charge level equal to 
the Boltzmann level. 

EXPERIMENTAL MATERIALS AND PROCEDURES 

The experimental systems used to evaluate the charge as­
sessment method are depicted in Figure 3. Test aerosols were 
sampled through branched sampling trains that allowed 
nearly instantaneous switching between the filtered line and 
an identical open line. Each line consisted of 1.9 cm i.d. di­
ameter copper tubing terminating at a stainless steel filter 
holder (Model 2220, Gelman Sciences Inc., Ann Arbor, 
Mich.), which held a 39 mm diameter disk of filter material. 
The filter was cut from a disposable respirator consisting of 
electrostatically enhanced filter material (Model 8710, 3M 
Co., St. Paul, Minn.). The sections of filter material used in 
the various experiments were matched according to their 
penetration curves. 

The two sampling rates used produced face velocities of 
10 and 20 cm/sec at the filter face. To charge-neutralize the 
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aerosol, a Krypton 85 (Kr-85) neutralizer (Model 301 2, TSI 
Inc., St. Paul, Minn.) was used. A low-flow (0.06 Umin) 
OPC (Model LAS-X, Particle Measuring System Inc., Boul­
der, Colo.) calibrated with 0. 1 5, 0.25, 0.55, 0.72, 0.91, 1. 1 0, 
2.01 ,  2.40, and 3.20 µ,m monodisperse polystyrene latex 
(PSL) particles (DOW Chemical Co., Indianapolis, Ind.) 
was used to count and size-classify the sampled aerosol. All 
the polydisperse aerosol samples were passed through a vir­
tual impactor with a 2.5 µ,m cut point prior to entering the 
particle counter. This was done to augment the large-particle 
fraction of the sampled aerosol and increase the statistical 
precision of the large particle counts. ci 3J The aerosol size dis­
tribution data from the OPC wa� recorded with a personal 
computer. The filter penetration was determined by dividing 
the OPC counts per size interval downstream of the filter by 
those measured through the open line. Size-dependent pene­
tration values were plotted as the mean of 1 0  tests with the 
error bars showing the 95% confidence interval. 

The relationship of filter penetration to charge level on 
monodisperse particles was observed using the apparatus 
shown in Figure 3A. Methylene blue particles were generat­
ed from a 1/1 solution of distilled, deionized, and filtered 
(0.2 µ,m pore size filter) water and isopropyl alcohol (2-
propanol, A416-4, Fisher Scientific, Pittsburgh, Penn.) with 
a vibrating-orifice monodisperse aerosol generator 
(VOMAG) (Model 50-A, TSI Inc., St. Paul, Minn.). The par­
ticle diameter (0.48 µ,m) was calculated from the VOMAG 
operating parameters and solution concentration. The 
VOMAG was modified to induce an equal charge on each 
particle generated according to the method described by 
Reischl et al.04l To induce the desired unipolar charge on the 
generated aerosol particles, I to 55 volts were applied to the 
space between the generator's orifices. The VOMAG had 
inlet ports for introducing dry filtered laboratory air for 
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FIGURE 4. Effect of charge level carried by methylene 

blue particles on sampling and transport losses 

dispersion and dilution. A portion of the generator's 
monodisperse aerosol output was sampled for the optical 
particle counter and the electrometer measurements. The 
aerosol electrometer (Model 3068, TSI Inc., St. Paul, Minn.) 
readings were used in combination with the OPC particle 
concentrations to determine the charge per particle. 

The experimental apparatus shown in Figure 3B was 
used to measure how the charge assessment method related 
filter penetration to both particle charge and size. A polydis­
perse calcium carbonate (CaC03) aerosol was generated 
from dry powder (C-63, Fisher Scientific Co., Pittsburgh, 
Penn.) with a fluidized bed generator (Model 3400, TSI Inc., 
St. Paul, Minn.), which produced aerosols having sufficient 
charge to significantly enhance deep-lung deposition.05

•
1 6l 

This aerosol was introduced into a mixing chamber along 
with dry HEPA-filtered laboratory air. The average charge 
per particle in each size range was determined by using a 
split-flow electrostatic elutriator described by Johnston.<17l 
The elutriator penetration data and the electrical mobility 
distributions were calculated and smoothed according to 
Wake et al. (SJ 

The apparatus used in a field situation to measure 
aerosol charge is displayed in Figure 3C. Toner dust (styrene 
acrylate co-polymer and ammonium salt) from a photocopy 
machine toner-cartridge (Model SF-830NT1, Sharp Elec­
tronics Corp., Mahwah, N.J.) was sampled at the exhaust end 
of a shop vacuum cleaner (Model 3125-B, Eureka Co., 
Bloomington, Ill.) fitted with an unused dust-collection bag 
(Style C, Eureka Co., Bloomington, Ill.). 

Samples were taken while the vacuum cleaner was ac­
tively engaged in dust collection. A Kr-85 neutralizer was 
first used to neutralize the sample. However, since this neu­
tralizer is cumbersome for field use and requires a radioac­
tivity permit, a 110 volt AC-powered bipolar ionizer (Model 
X-Static, Westward Electronics, Denver, Colo.) was used to 
neutralize samples as an alternative to the Kr-85 neutralizer. 
The bipolar ionizer produces large quantities of ions of both 
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FIGURE 5. Effect of charge level carried by methylene 

blue particles on penetration through the filter 

polarities, neutralizing particles in a manner similar to the 
Kr-85 radioactive source. The ionizer unit (4 X JO X 1 1  cm3) 

was placed, with the discharge needles facing toward the fil­
ter, at the mouth of a 25 cm tapered sheet-metal cone that 
acted as the sampling-train inlet. The ionizer was turned on 
and off to obtain the neutralized and non-neutralized sam­
ples, respectively. 

Size measurements obtained with an optical particle 
counter are "optical-equivalent" diameters that are signifi­
cantly smaller than the physical diameters when the particles 
are light absorbing.(18) Therefore, the measured optical di­
ameters in this study were corrected to "filter-equivalent" 
diameters using the technique described by Liebhaber and 
Willeke.09) The "filter-equivalent" diameter is the diameter 
of a unit density sphere having the same penetration value as 
the particle in question. 

This correction was performed by replacing the 3M filter 
medium in the experimental apparatus (Figure 1 )  with filter 
media cut from a partially penetrating filter that employed 
much less electrostatic collection, but had mechanical col­
lection characteristics similar to those of the 3M filter. A dis­
posable respirator (Gerson model 1 71 0, Gerson Inc., 
Middleboro, Mass.) utilizes filter material with the appropri­
ate penetration characteristics for this application. By com­
paring the penetration values of the PSL calibration aerosol 
particles (0. 1 to 3 .0 µ,m) to the penetration values of the 
aerosol of interest, their respective diameters can be equat­
ed. In the supermicrometer size range the filter-equivalent 
diameter is predominantly an "aerodynamic-equivalent" di­
ameter, while in the submicrometer size range it is mainly a 
''geometric-equivalent" diameter. Since the charge-determi­
nation method studied here deals mainly with submicrome-
1:er size particles, the diameters of the optically measured and 
then filter-corrected particles were described and plotted as 
"particle" diameter. 

The temperature and relative humidity (RH) were moni­
tored during all experiments and ranged between 24 °C and 
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28 °C, and 14% and 50% RH, respectively. RH is known to 
affect the static electrification of particles when they are 
generated from bulk materials that come into contact with 
other surfaces. The RH may alter the moisture content of the 
bulk material and the surface conductivity of an interacting 
surface.<5· 16l The temperature and RH in these experiments 
were only expected to affect the charge level imparted onto 
the particles during generation. Once the charged particles 
were airborne, temperature and RH should not have altered 
the charge carried by particles, and therefore, were not ex­
pected to have any significant influence on the measurement 
of the charge levels. 

RESULTS 

Monodisperse methylene blue particles with a mean particle 
diameter of 0.48 µ,m were generated with various charge lev­
els. The penetration of these particles through the aerosol 
generation and sampling system shown in Figure 3A was 
measured with the OPC. The final particle concentration CT 

over the initially generated concentration C1 is the particle 
penetration (CT/Ci) through the experimental system. For 
particles with less than 7 units of electrical charge (e), the 
system penetration was more than 0.85 (Figure 4). As the 
charge level carried by the particles increased, the losses 
within the system also increased. Over 90% of the generated 
aerosol was lost at the 80e charge level. 
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At each of the charge levels, the methylene blue particle 
penetration through the filter was measured at a face velocity 
of 20 cm/sec. This filter face velocity was selected because 
at the initially selected lower velocity, 10 cm/sec, there was 
insufficient particle penetration of the highest charged parti­
cles through the filter to give a statistically significant parti­
cle count at the detector. Low counts also were due to 
particle losses within the experimental system, making the 
filter penetration measurement more difficult and less cer­
tain, especially at charge levels of 80e and higher. 

The relationship between penetration ratio and charge 
level in Figure 5 indicates that the penetration ratio of the 
electret filters was a function of particle charge level, and, 
hence, particle electrical mobility. The methylene blue parti­
cles used for the neutralized aerosol were given a fixed level 
unipolar charge with the VOMAG at the value predicted for 
a particle at Boltzmann charge equilibrium (l .7e).cisJ Use of 
a radioactive source to neutralize this aerosol may have been 
more appropriate but probably would not have given signifi­
cantly different results. The penetration ratio for the methyl­
ene blue particles increased from 0.25 at 3.9e to 1.69 at 80e. 
The penetration ratio at 80e did not appear to follow the in­
creasing trend with charge and may have been low due to er­
rors induced by low particle counts. 

CaC03 particle electrical mobility (Equation 1 )  was cal­
culated from measurements with the split-flow electrostatic 
elutriator (Figure 3B) and was approximately constant (Fig­
ure 6A). The average charge level at each size calculated 
from the mobility data was shown to be directly proportional 
to particle diameter (Figure 6B). The elutriator data point for 
a 1.7 µ,m particle with 30e (Figure 6B) was apparently an 
outlier and was not included in the calculated average value 
of 0.1 3 cm2/statVsec. 

The aerosol penetration differences between electrically 
charged and uncharged filters were noticed by Chen et a1.<20l 

during a study of loading and filtration characteristics of dis­
posable respirators. The data and filter performance parame­
ters reported in that study (effective fiber diameter [dFrnER], 
filter packing density [a], fiber charge density [8]) were used 
in a modified semi-empirical single fiber modei< 1 8 ·20l to pre­
dict the filter penetration for charged and neutralized aerosol 
for the filter material used in this study. The aerosol penetra­
tion curves in Figure 7 A depict the model penetration values 
at three filter face velocities. The calculated penetration ra­
tios for the three face velocities are plotted in Figure 7B. 

These modeled values are compared with the experimen­
tal data for the CaC03 aerosol at a face velocity of 10 cm/sec 
in Figure 7. As previously shown in Figure 6A, the CaC03 
particles had an average electrical mobility of 0.13 
cm2/statVsec independent of size between 0.2 to 2.24 µ,m. 
Therefore, this mobility was used to obtain modeled values. 
The average charge per particle calculated from the data in 
Figure 6A using Equation 1 increases with particle size (Fig­
ure 6B). 

The electrical mobility of the charge-neutralized 
aerosols was ZN, as calculated for Boltzmann equilibrium. 
The filter penetrations were measured as a function of the 
particle diameters of the charged airborne dust (Figure 7 A). 
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and the CaC03 data 

The penetration values of the charge-neutralized aerosol, PN, 
were more than twice those of the charged aerosol, Pc, at the 
smaller sizes, but converged at the largest sizes. When the 
penetration ratios of the measured penetration values are 
plotted, Figure 7B, they show a relatively constant value (in 
this case, about 1 )  in the sub micrometer sizes, but decreasing 
values for sizes larger than approximately 0.7 µ,m. 

The filter charge-assessment technique was applied to a 
field situation by measuring aerosolized photocopy machine 
toner-dust while the dust was being collected with a vacuum 
cleaner. Professional copier maintenance personnel general­
ly use vacuum cleaners equipped with more efficient HEPA­
filters, preventing the aerosol formation observed here. The 
two upper curves in Figure 8 indicate the penetration ratios 
of toner dust in the submicrometer size range. Two charge 
neutralization devices were tested: a Kr-85 neutralizer tradi­
tionally used for laboratory experimentation and a commer­
cial bi-polar ionizer. For comparison with the methylene 
blue experiment described above, the penetration ratio of a 
0.48 µ,m diameter toner-dust particle ( optically sized as 0.21 
µ,m diameter; approximately 1 .5 g/cm3 density) was 4.5 for 
the Kr-85 neutralizer and 3.4 for the bipolar ionizer. 

DISCUSSION 

The method described here can be used for estimating 
the charge level on aerosols. The method depends on the col­
lection characteristics of an electret filter and these charac­
teristics are compared to a semi-empirical filtration model. 
The following discussion presents some of the features, ex­
perimental difficulties, and limitations of the method as well 
as of the calibration procedures. 

Monodisperse methylene blue particles with several se­
lected levels of charge were used to characterize the charge 
dependence of filter penetration. As also noted by Reischl et 
al.,04l the increase in charge level on the methylene blue par­
ticles produced a decline in the measured aerosol concentra­
tion (Figure 4 ). Though this decline in concentration is not as 
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noticeable for the 0.48-µ,m diameter particles carrying 
charges of 7 e or less ,  it is attributed to electrostatic losses 
within the aerosol generation and, to a lesser extent, within 
the sampling system. Several mechanisms can produce loss­
es of charged particles within a closed system: repulsion of 
charged unipolar particles from one another (space charge) 
and onto the enclosure walls ;  coulombic attraction or repul­
sion from the walls ;  and induced image charge attraction to 
the walls. ( ! SJ Space charge deposition is calculated to be the 
primary deposition mechanism that occurred almost wholly 
in the generation system.<2 1 l The apparatus was made of con­
ductive material ; hence, there should have been little 
coulombic interaction of the particles with the walls. Some 
induced charge losses ( 10%) were predicted in the OPC inlet 
for the highest charge level due to the low sampling flow rate 
and small inlet diameter.c22l Other OPCs with larger inlet 
flow rates and diameters would have lower losses. 

Although the losses in the generation system caused 
poor counting statistics at the high charge levels, the rela­
tively low losses expected in the measurement system 
should not invalidate the measured penetration ratio at elec­
trical mobility levels an order of magnitude higher than 
those observed in these experiments. However, very high 
mobility particles can be lost at the inlet and within the mea­
surement system and limit the range of the measurement. 

The aerosol penetration through an electrostatically en­
hanced (electret) filter can be used as an indicator of particle 
electrical mobility and, hence, particle charge (Figure 5). 
The semi-empirical filter model predicts that if the filter 
penetration of an aerosol is measured in its ambient state of 
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charge and after it is passed through an aerosol neutralizer, 
the difference between those two charge states (ambient and 
Boltzmann equilibrium) will be indicated by the filter pene­
tration ratio. Thus, for a given particle size, filter penetration 
ratio increases with increasing charge on an aerosol particle 
of a given size. 

The use of Equation 2 assumes that the losses of charged 
and uncharged aerosols through the mea5uring system, apart 
from the filter deposition, are the same. If additional losses 
occur due to charged particle deposition, i.e., CFc decreases, 
Equation 2 indicates that the penetration ratio will increase. 
This might be the case for particles with mobilities higher 
than those measured in this study. 

The data in Figure 5 indicate that for the methylene blue 
particles tested, the measured filter penetration ratio for the 
electrostatically enhanced filter increases with particle 
charge, and, hence, the particles' electrical mobility. At the 
highest charge level in Figure 5, the penetration ratio ap­
pears to level off at a value of about 2.5. Part of this leveling 
may be due to the increased losses of particles in the experi­
mental apparatus. However, it may also be close to the upper 
limit of the penetration ratio measurable with this filter, 
though it is not apparent why this should happen. Further in­
vestigation of this phenomenon needs to be carried out, since 
it may represent an important limitation to the method. 

The filter penetration data for the CaC03 aerosol are 
more likely to be representative of a workplace aerosol in 
terms of particle size distribution and charge. Johnston et 
al. C5l found a variety of mobility relationships with size for 
different types of laboratory-generated and workplace 
aerosols. Theory predicts and experiments have confirmed a 
most penetrating size for most fibrous filters in the range of 
0.1 to 0.3 µ,m.czoJ The drop-off of penetration ratio with parti­
cle size at about 0.7 µ,m in Figure 7B may be explained by 
the increasing influence of inertial impaction and intercep­
tion, which become the principal filtration mechanisms in 
the large-particle size range.< 1 3

) As also noted in Figure 7, the 
filtration model predicts this behavior. The characteristics of 
the filter, i.e., the sizes at which mechanical collection over­
shadows electrostatic collection, determine the size range 
for which relative particle charge can be estimated by this 
method. Figure 7B indicates that this maximum size is ap­
proximately 0.7 µ,m. The measurements do not extend to a 
small enough particle size to demonstrate a similar limit due 
to diffusional collection. Increasing the flow rate through the 
filter shifts the penetration range to smaller particle size. 

The model used in Figure 7 for comparison with the mea­
sured penetration values and the penetration ratios is a semi­
empirical model that adds up all single fiber efficiencies and 
does not include interactions between the several collection 
mechanisms. Thus, the shape of the calculated penetration 
and penetration ratio curves give an indication of the behav­
ior of the filter, but the absolute values predicted by the 
model do not exactly fit the data. 

Between 0.1 and 0.7 µ,m, the measured particle mobility 
(Figure 6A) for the CaC03 aerosol and its penetration ratios 
(Figure 7B) are both essentially constant with particle size. 
This supports the proportionality of penetration ratio to 
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particle mobility indicated in Figure 5, but only within the 
limited size range. This relationship appears reasonable 
since the principle mechanism of electrostatic deposition in 
the electret filter is due to the coulombic interaction between 
the charged particles and the charged filter fibers. However, 
this measurement was made for only one type of aerosol 
under a single set of generation conditions and further exper­
iments need to be carried out to verify this relationship. 

In order to give optimal results for a selected particle 
size range, the electret filter method must be optimized with 
respect to filter face velocity. For a particle with a given 
electrical mobility, the velocity through the filter determines 
the time that the particle can interact with the charged fibers 
within the filter. Hence, as the face velocity through the filter 
increases, there is less collection of charged particles within 
the electret filter (Figure 7B). While lower face velocities 
allow measurement of larger particle sizes and increase the 
penetration ratio, an experimental limitation to low face ve­
locities exists. At very low face velocities, the enhanced col­
lection efficiency of the filter decreases the number of 
particles penetrating the filter, resulting in poor statistical 
precision. In addition, the model predicts that the penetra­
tion ratio is approximately proportional to the inverse of face 
velocity. Since this relationship is only an approximate one, 
the measurements should normally be done only at the cali-
bration face velocity. 

Johnston et al. made many measurements of the dust 
generated in the laboratory0 6l and in industrial workplaces<5l 

and found a consistent relationship between particle charge 
and size. Thus, if the charge level for the 0.5 µ,m particles is 
determined and found to be significant for lung deposition or 
sampling effects, then these electrostatic effects are likely to 
be important for the larger and smaller particles as well. 
Thus, the limited measurement range of the method present­
ed here is not likely to be a drawback in assessing workplace 
aerosols as long as the small and large particles are from the 
same source. If the small particles come from a different 
source than the large particles, their charge will not be in­
dicative of large particle charge. 

The penetration ratio data from the various experiments 
are compared in Figure 8. The methylene blue data are re­
plotted from Figure 5. The CaC03 data (Figure 7B) are also 
plotted, but since these data were taken at a face velocity of 
10 cm/sec, they were adjusted using the theoretical model to 
estimate the change in penetration ratio between 1 0  cm/sec 
and 20 cm/sec. Two sets of toner data are plotted; one set was 
taken using a Kr-85 radioactive source, and the other set was 
taken while using a commercial ionizer to neutralize the 
aerosol. The ionizer produces consistently lower penetration 
ratios, suggesting slightly less effectiveness in. neutralizing 
the aerosol. However, for most of the particle sizes the dif­
ference is not statistically significant. This indicates that the 
ionizer can be used for the electret filter measurement, mak­
ing the filter charge-assessment method more amenable to 
field use. 

The charge level on several aerosols has been estimated 
using the filter method. The purpose of making these mea­
surements is to allow estimation of the importance of these 



charge levels both from the health standpoint and from the 
sampling standpoint. Electrostatically induced dust deposi­
tion in the lung has been found to have a charge threshold 
value, above which deposition is enhanced and dose is in­
creased. < 1 ,2> The threshold value for particle charge over the 
range of particle sizes relevant to deposition in the deep lung 
of human subjects under typical breathing conditions can be 
described by the equation< 1 6> 

l n J === 54 �d/ 
�� 

(3) 

where P
r 

= density of particle, Pw = density of water, dv = 
equivalent volume diameter with units of µm, and dv = 0.8dp 

for a cubic or tetrahedral-shaped mineral-dust particle. As an 
example, the threshold value for 0.48 µm methylene blue 
particles (p

p 
= 1 .26 g/cm3) with a charge of 1 8. 7 e corre­

sponds to a penetration ratio value of 1 - 1.5. The threshold 
calculated for the CaC03 particles of the same size agrees 
with the methylene blue threshold. Based on this threshold, 
enhanced lung deposition of the toner dust appears likely, 
while enhanced deposition of the CaC03 powder, which is 
comparable to dusts typically found in the workplace, ap­
pears less likely. 

When coal, quartz, and mica dusts were generated in a 
study performed by Johnston et a1.< 1 6> with the same type of 
fluidized bed used in this study, the resulting aerosol had 
charge levels slightly below, but not significantly different 
from the threshold levels for particles ranging between 0.6 
and 7.5 µm diameters. When another form of mechanical 
dispersion, a glass venturi, was used by Kousaka et al.<23 > to 
generate calcium carbonate dust, it resulted in an aerosol 
with a geometric mean diameter of 2.06 µm and a measured 
average charge of 35e. < 1 6> The charges measured on the 
CaC03 in the present study agree with the Johnston study for 
small sizes, but not for larger sizes. However, the lower 
charge level measured on the larger sizes in this study agree 
with the levels found in the Kousaka study. 

To estimate the effect of the charge levels on sampling 
efficiency, as characterized by the penetration values mea­
sured in this study, a value for charged particle sampling ef­
ficiency was taken from Baron and Deye.<3> Twenty-three 
percent of the charged asbestos fibers sampled at 1 Umin 
were lost to the conductive cassette cowl, which had a volt­
age potential of - I OOOV. For the same asbestos fiber mobil­
ity ( -0.5 cm2/statVsec ), higher cassette potentials exhibited 
greater losses, while higher airflow rates exhibited lesser 
losses. In this example, the electrical mobility is higher than 
expected for most workplace isometric aerosols; the charge 
on the sampler tends to be less for humid environments, but 
can be greater for low humidity environments. For compari­
son with the data in this study, the CaC03 had a mobility of 
0. I 3 cm2/statVsec, considerably less than the fibers in the 
above example. Thus, sampling problems would not gener­
ally be expected for an aerosol with this charge level. How­
ever, if the hypothesis that the penetration ratio is 
proportional to mobility is correct, then the toner dust has a 
3-1 0  times greater mobility than that of the CaC03 . The 
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toner dust is therefore more likely to exhibit significant sam­
pling biases. This finding is consistent with the design of 
toner dust, which carries high electrostatic charge levels so it 
can bind to photo-electrified images on copy paper. 

The particle size-dependent limitations of the electret 
filter method have been discussed above. The lower limit is 
determined by the detection threshold of the optical particle 
counter (approximately 0.1 µm), while the upper size limit is 
due to inertial and interceptional losses in the filter (approxi­
mately 0. 7 µm). The measurable range of particle mobilities 
can be estimated. The lower limit approaches the Boltzmann 
charge, since this is the reference charge level for the mea­
surement. The lowest penetration ratio observed in these 
studies was about 0.25 for the 0.48 µm diameter methylene 
blue particles. This corresponds to a particle charge of 
4e-5e, while the average Boltzmann charge for a particle of 
this size is predicted to be I .7e. Statistical variability deter­
mines how close the Boltzmann level can be approached by 
the charged aerosol . It appears that penetration ratios below 
0.25 will be difficult to measure precisely. 

Another limitation of the method is the requirement of 
aerosol stability over the sampling period. Since the charge 
measurement requires at least two measurements of the 
aerosol, the aerosol must be stable in concentration, size dis­
tribution, and charge during that period. This stability may 
be achievable under relatively controlled generation condi­
tions, such as in a toxicology chamber, but is difficult to 
achieve in workplace situations. The toner dust measure­
ments were carried out by taking 10 pairs of 30-second sam­
ples and averaging the results. Each measurement provided 
on the order of I 000 particles per channel. Thus, the total 
sampling time was on the order of 1 5  minutes; the resulting 
charge measurement is an average over this time period. 

CONCLUSIONS 

A technique for assessment of the electrical charge of an 
aerosol by measuring particle penetration through an electret 
filter has been proposed. By comparing the filter penetration 
of an aerosol to the penetration of the same aerosol after it 
has been passed through a charge neutralizer, a penetration 
ratio can be determined. The penetration ratio of an electro­
statically sensitive, submicrometer particle (e.g., 0.5 µm) 
can be used to indicate if the aerosol has a charge level too 
low to be of concern, or sufficiently high to warrant attention 
and controls. With further investigation and development, 
this technique may be incorporated in a system capable of 
rapid field assessment of aerosol charge levels. 

Several limitations of the method have been noted. The 
data suggest that very highly charged particles may be diffi­
cult to measure accurately due to losses in the measurement 
system. The limited size range of the technique (0.1 µm- 0.7 
µm) may cause uncertainty in assessing supermicrometer 
particle charge levels when several sources of small particles 
are present. Since the method of measurement is a function 
of particle mobility, the results may depend on particle size 
as well as charge. Improved electret filters with better theo­
retical understanding of their performance may allow the 
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improvement of the electret filter method. Field studies with 
different types of aerosols also need to be carried out to vali­
date the utility of this technique. 
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