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Passive Aerosol Sampler. Part I: Principle of Operation

Jeff Wagner and David Leith

University of North Carolina, Department of Environmental Sciences and Engineering,

Chapel Hill, North Carolina

A method has been developed to estimate average concentra-
tions and size distributions with a miniature passive aerosol sam-
pler. To use the passive sampler, one exposes it to an environment
for a period of hours to weeks. The passive sampler is intended to
monitor ambient, indoor, or occupational aerosols and has poten-
tial utility as a personal sampler. The sampler is inexpensive and
easy to operate and is capable of taking long-term samples to in-
vestigate chronic exposures. After sampling, the passive sampler
is covered and brought to the lab. Scanning electron microscopy
(SEM) and automated image analysis are used to count and size
collected particles withd ,> 0.1 pm. Alternatively, more advanced
microscopy techniques can be used for ambient-pressure analysis
or elemental characterization. Image analysisis used in conjunction
with particle density and shape factors to obtain the mass flux as a
function of aerodynamic diameter. The flux and a deposition veloc-
ity model are then used to estimate the average mass concentration
and size distribution over the sampling period. The deposition ve-
locity model consists of a theoretical component and an empirical
component. The theoretical component incorporates gravitational,
inertial, and diffusive mechanisms, but can be approximated by the
simple terminal settling velocity in many cases. This article, Part I,
describes how measurements are made with the passive sampler.
The sampler design, theoretical component of the deposition veloc-
ity model, and microscopy methods are presented. Part I describes
wind tunnel experiments performed to measure sampler precision
and determine the empirical component of the deposition velocity.

INTRODUCTION

Epidemiological studies have shown a relationship between
particle exposure and community health effects (e.g., Dockery
et al. 1993; Thurston et al. 1994; Pope et al. 1995). The causal
mechanisms in this relationship are not yet clear, partly due to
uncertainties in exposure assessment. In occupational and in-
door environments, the threat posed by specific aerosol toxins is
better understood, but many aerosol exposures remain unchar-
acterized.
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Current techniques to assess aerosol exposures have limita-
tions. For example, long-term chronic exposures are often es-
timated by averaging several short-term samples. Obtaining a
reliable average with this approach is difficult, however, be-
cause short-term levels may vary over time or be autocorrelated
(Rappaport 1994). Mean exposure can also be assessed with a
continuous monitor, but power and maintenance requirements
make this method relatively expensive.

Another problem is the large number of samplers needed for
some types of exposure studies. Monitoring community expo-
sure with a few centrally-located samplers may not adequately
represent exposures in outlying regions (Liu et al. 1995). Sim-
ilarly, multiple samplers are required to represent the exposure
variability between individuals in heterogeneous populations.
Many samplers are also needed to investigate the relationship
between indoor, outdoor, and total personal exposure levels (Suh
et al. 1992). These tasks can be costly and labor intensive if con-
ventional pump-operated samplers are used.

Although personal samplers are typically much smaller than
stationary samplers, their sampling pumps can be noisy, heavy,
or bulky. This issue is important because any inconvenience
experienced by a person wearing a personal sampler may al-
ter behavior and produce nonrepresentative exposure estimates
(Wiener and Rodes 1993).

This paper presents a miniature passive aerosol sampler that
can be used to estimate long-term average size distributions and
concentrations. The passive sampler is intended to monitor am-
bient, indoor, or occupational aerosols over a period of hours
to weeks and has the potential to be used as an area monitor or
as a personal sampler. The longer sampling times of the pas-
sive sampler should improve assessments of long-term mean
exposures. The sampler is cheaper and easier to operate than
conventional samplers and therefore a larger number of passive
samplers can be deployed. Because the passive sampler is much
lighter, smaller, and quieter than pump-operated personal sam-
plers, it may yield more representative measurements.

During sampling, particles passively deposit on the sam-
pler’s collection surface. Afterwards, the sampler is enclosed in
a plastic case and transported to the lab for analysis using scan-
ning electron microscopy (SEM). Alternatively, more advanced
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microscopy techniques can be used for ambient-pressure anal-
ysis or elemental characterization. During SEM analysis, col-
lected particles with d,, > 0.1 um are representatively counted
and sized and elemental compositions can be determined as well.
The resulting flux measurement (particles collected/(area-time))
and a semiempirical deposition velocity model are then used
to determine the average concentration and size distribution to
which the sampler was exposed.

Previous investigators have raised concerns about passive
sample collection, noting that particle deposition is dependent
on wind speed and particle size (Lehtimaki and Willeke 1993).
Indeed, simply examining the deposited particles without con-
sidering the physics of the particle deposition will lead to highly
uncertain and distorted size distribution calculations. For this
reason, the present work incorporates a deposition velocity
model that calculates particle deposition as a function of both
particle size and turbulence level.

The passive sampler developed in this research differs from
the designs of previous investigators in several respects. The
passive dust monitor of Brown et al. (1995) collects particles
electrostatically with a charged electret. Calculation of aerosol
concentration requires knowledge of the average aerosol electri-
cal mobility and electret charge. Alternatively, electret mass can
be correlated with the results of conventional samplers (Brown
et al. 1996). The passive sampler of Vinzents (1996) collects
particles onto upward-facing, sideways-facing, and downward-
facing substrates. A light extinction technique can be used to
provide an index of mass concentration. The sampler of Vinzents
measures approximately 14 cm x 6 cm x 5 cm, somewhat larger
and heavier than the passive sampler of this research.

This article begins with a brief description of the sampler
design. The sampling and analysis procedures for the passive
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sampler are then described, including the theoretical basis of
the deposition velocity model and the microscopy methods.
Part II describes tests conducted on the passive sampler using a
specially-designed wind tunnel (Wagner and Leith 2001).

SAMPLER DESIGN

The design objectives for this research were to create a pas-
sive sampler that is small and lightweight, sturdy, convenient
for microscopy analysis, and resistant to sample contamination
or resuspension. A schematic of the passive sampler is shown
in Figure 1. The body of the sampler is composed of either
an aluminum or carbon SEM sample mount. Aluminum-based
samplers are preferable for size distribution analyses because
their high conductivity allows for good resolution. Carbon-based
samplers are preferable when elemental analysis is important to
minimize interference with the elemental spectra. A 1.5 cm di-
ameter cap supporting a stainless steel mesh is mounted onto the
SEM base with spray mount adhesive. The spray mount securely
fastens the mesh caps during sampling, but allows removal of
the caps afterwards for analysis. The semiquiescent collection
region is 1.2 mm deep and 6.8 mm in diameter, and the mesh
is 127 um thick. Because the machining of the SEM substrates
often creates microscopic grooves and imperfections, a circular
collection surface of smooth aluminum tape is mounted on the
“floor” of the collection region. The particles that collect on
the smooth substrate can then be analyzed with a minimum of
interference.

The purpose of the mesh cover is to prevent deposition of
very large particles, such as sand, hair, or other debris, onto
the collection surface. The particle sizes that are removed by the
mesh are determined by the mesh pore size. A smaller mesh size

collection surface

removable
mesh
cap

SIDE VIEW

SEM stub

TOP VIEW

Figure 1. Passive sampler design.
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is desirable because it will prevent more unwanted large particles
from depositing. However, a smaller mesh size will also collect
some smaller particles by diffusion and interception, which will
reduce the total sample size. Thus the mesh size was selected to
reach a compromise between these two concerns. A mesh with
holes of conical cross section and dimensions of 160 um (top
diameter) and 225 um (bottom diameter) has been selected for
general use (Buckbee-Mears, St. Paul, Inc.). However, a range
of mesh sizes is commercially available and can be selected with
respect to the sampling application.

DEPOSITION VELOCITY MODEL

Several particle deposition models have been described in
the literature for various applications, including studies of at-
mospheric dry deposition, particle deposition in microelectronic
clean rooms, smog chamber wall losses, and indoor air depo-
sition (e.g., Sehmel and Hodgson 1978; Slinn and Slinn 1980;
Liu and Ahn 1987; Nazaroff and Cass 1987; Cooper et al. 1989;
Schneider et al. 1994). An expression commonly used in these
models is the deposition velocity:

Vaep = F/C, [1]

where F is the flux of particles to a given surface and C is the
bulk aerosol concentration. The deposition velocity, F, and C
are all functions of particle diameter.

These models vary in the particle transport mechanisms they
consider. For this research, the relevant deposition mechanisms
are convective diffusion, inertia, and gravitational settling. Ther-
mophoresis, electrostatic Coulomb forces, and electrostatic im-
age forces have not been included in the model. Any temperature
gradients that occur between the sampler surface and the sur-
rounding air are expected to be random and short lived. Therefore
the average temperature gradient is assumed to be zero over the
several-week sampling period. Similarly, any voltages that ac-
cumulate on the sampler are expected to be transient rather than
continuous and would be difficult to quantify accurately. Nev-
ertheless, when possible the sampler should be grounded. The
magnitude of electrostatic image forces are probably not impor-
tant compared to the other deposition mechanisms (McMurry
and Rader 1985).

A schematic for the deposition velocity model is shown in
Figure 2. A collected particle is assumed to travel from the tur-
bulent atmosphere into the passive sampler’s boundary layer,
through the sampler’s mesh holes, into the sampler’s collection
region, and finally onto the collection surface. Along this path,
several factors specific to the sampler and mesh geometry can
affect particles’ deposition velocities. For one, if the surround -
ing wind currents have a large horizontal component, particles
can be removed on the leading edge of the sampler by iner-
tia, diffusion and interception. In addition, some particles will
be removed by the mesh as they pass into the collection re-
gion. Even those particles that travel into the mesh holes can be
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Figure 2. Schematic of deposition into passive sampler with
horizontal mean wind velocity.

removed by the hole walls due to inertia, diffusion and inter-
ception. Once inside the collection region, some particles will
deposit on the underside of the mesh and the collection region
walls, enhanced by any air circulations induced inside the col-
lection region. Diffusive deposition inside the collection region
may also be influenced by the aerosol concentration inside the
collection region.

Expressions analogous to some of these deposition mecha-
nisms have been published in the literature, e.g., enhanced depo-
sition due to surface roughness (Wood 1981), deposition inside
a closed vessel (Crump and Seinfeld 1981), and deposition in
nucleopore filter holes (Heidam 1981). These expressions ap-
ply only loosely to the passive sampler’s geometry and flow
fields, however, and would require assuming values for the vari-
ables which could not be measured directly. Thus using a purely
mechanistic equation for the deposition velocity was judged to
be inappropriate.

We have adopted an alternative approach, conceptually di-
viding the overall deposition velocity into two components. The
first is the ambient deposition velocity, vg,p, Which describes
the deposition velocity a particle would normally have when de-
positing onto a flat, smooth surface. This component is expressed
as a mechanistic equation. The second component is the “mesh
factor,” y,,, an empirical correction which is intended to account
for the combined effects of the sampler and mesh, as discussed
above. The overall deposition velocity is then expressed as

Vdep = VambVm- [2]

The expression for v, is obtained using a procedure similar
to that used by Shimada et al. (1989) and Schneider et al. (1994).
For deposition onto a horizontal surface due to turbulent forces
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and gravity, one can set up the steady-state equation
dc
Fomp = VgpC = (D + De)d_y + v, [3]

where F,;, is the mass flux onto the surface, D(= kTC./
37 ud,s)isthe Brownian diffusion coefficient, & is the Boltzmann
constant, 7' is the ambient temperature, C, is the Cunningham
correction factor, u is the dynamic viscosity, D, is the turbu-
lent eddy diffusion coefficient, c is the concentration at height
y above the surface, v;(= 7g) is the terminal settling veloc-
ity, T = (pod>C.)/(18 1), py is the unit particle density, and
g is the gravitational acceleration. The equivalent-surface dia-
meter, d,, is the diameter of a sphere with the same surface area
as the particle. The aerodynamic diameter, d, is the diameter
of a unit density sphere with the same settling velocity as the
particle.

To integrate Equation (3), the terms can be rearranged and
converted into dimensionless form:

1 dc-‘r 00 dy-‘r
/+ v uet / D+ + DS’ [4]
C t o+ e

o+ —amb

where ¢t = (¢/C), v;’mb = (Wamp /), v = (v /uy), y© =
(yus/v), Dt = (D/v), D} = (D,./v), v is the kinematic vis-
cosity, and u, is the turbulent friction velocity. Integration is
carried out from infinity, where ¢t = (C/C = 1), to a distance
from the surface equal to the particle’s stop distance, o. After
integrating the left-hand side, one obtains

—1
?[ln h, —vr)—In@, , —

ot N =17, [5]

where It denotes the integral on the right-hand side of Equa-
tion (4). Rearranging terms yields

+ + =it
vy d=c e )
Vamb = .

(6]

1 —eul*

Assuming steady-state, the fluxes at infinity and at o from the
surface are equal. Then

+
v x 1
C;_+ = %’ [7]
Yo

where var is the nondimensional velocity of a particle at a dis-
tance of o from the wall. Substituting Equation (7) into Equa-
tion (6) and rearranging yields
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The expression for /1 can be adapted from the work of Wood
(1981):

1
It = , [9]
BB 462 x 1074 +)?

where S, is the Schmidt number (= v/D), T+ = (tu?/v) and
the surface is assumed to be smooth.
An empirical expression for vj was developed by Sehmel
(1970):
vf = 1.49(z )70, [10]
Finally, substituting Equation (10) into Equation (8) and con-
verting back to dimensional form yields

—,
= , 11
Vamb = 11 = 0.6720®u, 002,08y e—ul] — | [11]
where I = (I /u,) and I'" is given by Equation (9).
To estimate u., one can use the correlation
u

where u is the wind speed at height z above the ground and zg
is the surface roughness. Various authors have compiled values
for zg corresponding to different surfaces (e.g., Sehmel 1980;
McRae et al. 1982), and u can be estimated by consulting data
relevant to the given indoor, workplace, or ambient environment.
Depending on the sampling application, these data may include
previous measurements conducted at the site, literature results
for a similar environment, or public-access meteorological data.

When u, < 0.4 m/s, an important simplification to Equa-
tion (11) can be made. Figure 3 is a plot of v,,,;, vs. d, for values
of u, from 0.2 to 0.8 m/s. The figure shows that foru, < 0.4 m/s,
the ambient deposition velocity is largely independent of u, and
[13]

~
Vamb = V¢

1E-1
~O—Equation 11, u* =02 m/s
1E-2 + —&~ Equation 11, u* = 0.4 m/s
- Equation 11, u* = 0.8 m/s
@ 1E3 4 —quation 13
E
2
> 1E-4 +
1E-5 -
1E-6 }
0.1 1 10

da (um)

Figure 3. Deposition velocity, v, versus aerodynamic par-
ticle diameter, d,, plotted for various friction velocities, u*.
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for d, > 0.5um. The simplification can be assumed to hold for
all d, when calculating PM2.5 and PM 10, since these mass met-
rics usually will be dominated by particles with d, > 0.5 um.

Equation (13) can be used to approximate Equation (11)
in many cases. In U.S. outdoor environments, © = 4 m/s (at
z = 10 m) is a representative wind speed. Using this wind speed
and Equation (12), one finds that u, < 0.44 m/s over all sur-
faces with zg < 2.6 cm. This z( range corresponds to nonurban
and nontree-covered areas (McRae et al. 1982). In indoor envi-
ronments, typical wind speeds are much lower, on the order of
u = 0.1 m/s. Thus Equation (13) should be applicable in some
outdoor and most indoor sampling applications.

The expression for y,, has been determined experimentally
in a wind tunnel:

VYm = I, du <1.63 um,

14
ym = (5.95 x 10_3)Re;0'439, d, > 1.63 pum, [14]

where Re, = (d,v;/v). The methods used for this determination
are described in detail by Wagner and Leith (2001).

ANALYSIS

After sampling is completed, the passive sampler is trans-
ported to the lab in a protective case. In the lab, the case is
opened, the mesh cap is removed, and the remaining substrate is
then ready for analysis. Analysis of the collected particles can
be performed with several different microscopy techniques. En-
vironmental SEM or atomic force microscopy can be utilized to
count particles at ambient pressure. With a modified collection
substrate, transmission electron microscopy techniques such as
cluster analysis, spot-reaction sulfur identification, or EELS
spectroscopy could be used (Mamane and de Pena 1978; Saucy
et al. 1987; Maynard 1995). An SEM and energy-dispersive
x-ray detector were used by Wagner and Leith (2001). SEM is
appropriate when the major aerosol constituents are nonvolatile.
The energy-dispersive x-ray detector is useful for identifying el-
ements with atomic numbers of 11 and greater. In addition to
making an inventory of the elements present in the total collected
sample, the chemical compositions of individual particles can
be examined in conjunction with their morphology to make in-
ferences about their sources.

To measure the deposition flux as a function of particle size,
multiple microscope images are captured by computer at several
different magnifications. Fields are selected across the sampler
substrate in a random manner, and the particles are semiauto-
matically counted and sized with the aid of an image analysis
software package.

A decision rule is used to count and size particles that are
only partially within a given SEM field. Borders of width W,
corresponding to the largest particle size expected to be present,
are applied to the bottom and right sides of each SEM field. All
particles touching these two borders are sized, while all particles
touching the other two sides are not. The maximum measurable
particle size is then equal to W. At the highest magnifications,
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W is not allowed to exceed 1/8 of the field height. In addition, a
minimum measurable particle size of d, = 7 pixels is set for all
magnifications to prevent inaccurate sizing of small particles.

After counting, both the deposition model and count distri-
bution are discretized into size bins. The number and width of
size bins is arbitrary; for comparison of results with those from
another sampler, one can create size bins that match those of the
other sampler. The mass flux for size bin i is then

_ Nin(d_ev)?pp

) 15
6A;t [ ]

i

where N; is the number of particles counted in size bin i, p,, is
the particle density, and ¢ is the sampling time. The total field
area used for counting, A;, varies with particle size because
for any given magnification, some size bins will not be within
measurement limits. For these size bins, the magnification’s field
area is not counted. The equivalent-volume diameter, d,,, is the
diameter of a sphere with the same volume as the particle. The
3rd moment average, d.,,, is used to give the average mass of
the size bin:

1

dey)in 33
T (dey)i L dev ddev

e (dey)in
j;deu )iL ddev

R
|

. [16]

_ |: (dev ;‘,h B (dev ;‘,L :|%
L4 de)in — @)

where (d,,); 1, and (d,,); » are the lower and upper limits of size
bin i.

Because many particles are nonspherical, their sizes are mea-
sured in terms of their projected area diameters (d), is the di-
ameter of a sphere with the same projected area as the particle).
The d,, values are then converted to d,, d,,, and d,. These
conversions are made using the following expressions (Davies
1979; Noll et al. 1988):

12
des = dpa (i> s [17]
b
d
dey = S” [18]
12
:OpCc,dev 1
d, = doy| ——— . 19
ev( p()Cc,da Sd) [ ]

where f isthe surface shape factor, S, is the volume shape factor,
and S is the dynamic shape factor. Equations (18) and (19) can
be combined to give

du _ (Cc,dev> ]/2(&i> ]/ZL
dpa Cc,da Lo Sd Sv .
Note that for particle sizes >1 um, C. = 1 and (d,/d,,) be-
comes independent of particle size.

Published data can be used to estimate these parameters

(Table 1). Except where indicated, all tabulated values are either
measured quantities or are derived from measured quantities.

[20]
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Table 1
Shape factors and densities for various particle types [D = Davies (1979); C = CRC (1997); S = Stein et al. (1969);
N = Noll et al. (1988); L = Lin et al. (1994); H = Hinds (1982)]

Particle type Ref. pp (glem?) S, Sy f da/d3,
Common dusts
Quartz D 2.65 1.2-14 1.36 24 0.97-1.16
Sand D 2.5 1.3 1.57 2.95 1.0
China clay D 2.2 — — — 0.92
Talc D 2.6 1.5 2.04 2.18 0.73-0.77
Anthracite coal D 1.5 1.5 1.37 2.2 0.70
Bituminous coal D 1.4 1.3 1.05-1.11 3.02 0.87-0.90
Glass D 2.6 — — — 1.08-1.34
Cotton D 1.5 — — — 0.72-0.78
Limestone (CaCO3) C/D 2.7 1.5 — — —
Gypsum (CaSO42H,0) C/D 2.3 1.6 — — —
Heterogeneous aerosols
1969 Pittsburgh aerosol S 2.2 — — — 0.68
1986 Chicago aerosol N 2.0° 1.89 1.41° — 0.63¢
1992 Chicago aerosol L 1.77 (fine)? 2.64 (coarse)® 1.61 1.41° — 0.74¢
General shapes
Sphere H [1.0] 1.00 1.00 3.14 1.00
Cube H [1.0] 1.11 1.02 — 0.89
Compact flake D — 1.34 — 2.38 —

“For d, < 1 um, multiply value by (Cegev/ Ceda)-
bEstimated, not measured.
“Calculated using estimated parameter.

To use Table 1, one must have some knowledge of the aerosol
sample’s identity. This information can be obtained from the
microscopy and x-ray fluorescence. In some cases, the aerosol’s
composition may be homogenous or well specified, e.g., when
sampling in certain industrial environments. In many cases, how-
ever, average parameter values must be assumed for a fairly het-
erogeneous aerosol. For example, a value of p, = 2.0 g/cm? has
been selected as an average value when sampling urban atmo-
spheric aerosols (Noll et al. 1988). Lin et al. (1994) estimated
different densities for fine and coarse particles based on their
respective primary components, (NH4),SO4 and SiO,.

Once average aerosol types have been identified, one can con-
sult Table 1 to obtain f, S,, and S;. (If Equation (13) is used, d,
does not enter into the calculations and f does not need to be
estimated.) For particle types with no listed S, or S; values, one
can calculate d, directly using the tabulated d,/d,, values. In
contrast with Equation (20), however, these values are not size
dependent and are only valid for particle sizes > 1 wm. For parti-
cles smaller than 1 um, one should multiply the tabulated value
by (Cegev/ Cean)- Regardless, an estimate of S, is still required
to obtain d,, for use in Equation (15).

To estimate shape factors whose values are not listed in
Table 1, one should determine the average shape of the collected
particles, i.e., flaky, angular, or rod-like. Then one can estimate
S, or S, using tabulated values for various particle shapes. Only

the most basic shapes are given in Table 1; many more are given
by Davies (1979) and Hinds (1982). In addition, procedures ex-
ist for calculating S, for a given geometric shape (Leith 1987)
and for agglomerates (Tohno and Takahashi 1990).

Using the mass flux together with Equations (1), (2), (9), and
(11) (or Equations (1), (2), and (13) for u, < 0.4 m/s), one can
then calculate C for each size bin. The midpoint of each size bin
is used to calculate d,; in Equation (9). To calculate t for each
size bin d,, is used, where

3 _(ap %
(du )i,h (du )l,L :| [21]
3((da)in — da)iL)

i
da)in 12 2
d— _ (dy)i L d” dd” _
a— (do)in dd -
(dy)i L a

and (d,); 1. and (d,); ;, are the lower and upper limits of size bini.

CONCLUSION

A method has been developed to estimate average concentra-
tions and size distributions with a passive aerosol sampler. To
use the passive sampler, one exposes it to an environment for
a period of hours to weeks. The sampler is then covered and
brought to the lab. Microscopy and image analysis are used in
conjunction with particle density and shape factors to obtain the
mass flux as a function of aerodynamic diameter. The flux and a
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deposition velocity model are then used to calculate the average
concentration and size distribution to which the sampler was
exposed.

The deposition velocity model consists of a theoretical com-
ponent and an empirical component. The theoretical component
incorporates gravitational, inertial, and diffusive mechanisms,
but can be approximated by the simple terminal settling veloc-
ity in many cases. Wagner and Leith (2001) describe the de-
termination of the empirical component and give the results of
laboratory tests of the passive sampler’s precision. Field testing
is now underway in an occupational environment.
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