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Development and Laboratory Performance Evaluation
of a Personal Multipollutant Sampler for Simultaneous
Measurements of Particulate and Gaseous Pollutants

Philip Demokritou, Ilias G. Kavouras, Stephen T. Ferguson, and Petros Koutrakis
Environmental Science and Engineering Program, School of Public Health, Harvard University,

Boston, Massachusetts

A personal multipollutant sampler has been developed. This
sampler can be used for measuring exposures to particulate matter
and criteria gases. The system uses a single personal sampling pump
that operates at a flow rate of 5.2 1/min. The basic unit consists of
two impaction-based samplers for PM, s and PM,, attached to a
single elutriator. Two mini PM, s samplers are also attached to the
elutriator for organic carbon (OC), elemental carbon (EC), sulfate,
and nitrate measurements. For the collection of nitrate and sulfate,
the minisampler includes a miniaturized honeycomb glass denuder
that is placed upstream of the filter to remove nitric acid and sulfur
dioxide and to minimize artifacts. Two passive samplers can also be
attached to the elutriator for measurements of gaseous copollutants
such as O3, SO,, and NO,.

The performance of the multipollutant sampler was examined
through a series of laboratory chamber tests. The results showed a
good agreement between the multipollutant sampler and the refer-
ence methods. The overall sampler performance demonstrates its
suitability for personal exposure assessment studies.

INTRODUCTION

Epidemiological studies have shown significant associations
between particulate matter and increased mortality and morbid-
ity. Recent results from various studies have indicated that the
respirable fraction of particulate matter (PM;y and PM;s) is
responsible for observed adverse health effects (Schwartz and
Dockery 1992; Pope et al. 1993; Dockery et al. 1993; Dockery
and Pope 1994). Results from these epidemiological studies have
been difficult to interpret due to findings from cross-sectional
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exposure studies that showed that outdoor particulate concen-
trations are a poor indicator of personal exposures to particles
(Clayton et al. 1993; Bahadori 1998).

Human exposures to particulate matter are predominantly
influenced by three factors: ambient particle concentrations,
contributions from various indoor sources, and human activ-
ity patterns. Recent findings from exposure studies indicate that
personal exposures and ambient PM; 5 concentrations are more
closely associated, especially for certain individuals (Rojas-
Bracho et al. 2000; Sarnat et al. 2000). However, two funda-
mental questions about the relationship between personal PM, 5
exposures and ambient concentrations still exist. First, it is un-
clear whether the personal-ambient concentration relationships
differ for specific fine particle components, such as EC, OC,
trace elements, sulfate, and nitrate; and second, it is possible
that health effects attributed to PM; s may be synergistically
linked to the effects from gaseous copollutants, such as ozone,
sulfur dioxide, and nitrogen dioxide.

Using an integrated monitoring system to directly measure
personal exposures to both particulate matter and gaseous copol-
lutants will minimize the errors associated with indirect assess-
ment methods and dramatically improve our understanding of
personal exposure to these air pollutants. Such a system, though,
has to be sufficiently compact, lightweight, and quiet to avoid
interfering with normal personal activities.

Various personal monitoring systems have been developed
(John and Reischel 1980; Marple et al. 1995; Koutrakis et al.
1989) to measure particle mass and a few inorganic ions. In this
paper, we present the development and the laboratory evalua-
tion of an integrated multipollutant personal sampler (MPS).
This system has the capability of simultaneously measuring
particulate mass (PM; s and PM (), elemental and organic car-
bon (EC/OC), sulfate, nitrate, and gaseous copollutants such as
ozone, sulfur dioxide, and nitrogen dioxide. The development
of this MPS is part of our ongoing effort to improve personal
and microenvironmental aerosol sampling technologies. These
new devices will enable us to improve our understanding of
factors affecting human exposure to particulate and gaseous air
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pollutants. This system will be used extensively in our field stud-
ies in various locations in the U.S.

DESIGN CONSIDERATIONS ON INERTIAL IMPACTORS

Impactors have been used successfully for particle collection
and classification (De la Mora et al. 1990; Marple et al. 1987,
Marple et al. 1991). The basic mechanism for inertial deposition
of particles is the specific motion of aerosol particles in the im-
paction zone or stagnation point. In this region, the streamlines
change abruptly. Particles larger than the impactor’s cutsize will
impact onto the plate, while smaller particles will remain in the
streamlines and will not be collected.

According to the impaction theory, the Stoke’s number, Stk, is
the governing parameter for impaction and is defined as follows:

p,,d,z,UCC
oW

Stk , [1]
where p is the dynamic viscosity of the air (g/cm s), d,, is the
diameter of the particle (um), p,, is the particle density (g/cm3 ),
W is the nozzle diameter, U is the jet velocity (cm/s), and C. is
the Cunningham slip correction factor. The slip correction factor
is given by the following equation (Hinds 1982):

C.=1+ i[6.32 + 2.01exp(—=0.1095 Pd )], [2]
Pd,
where P is the absolute atmospheric pressure (cm Hg) upstream
of the nozzle.

Various guidelines for the critical design parameters were ob-
tained from the numerical analysis of the Navier-Stokes fluid
flow equations (Marple 1970; Marple and Liu 1974). It has been
shown that for round nozzle impactors, the aerodynamic diam-
eter of particles collected with 50% efficiency (dsop = cutpoint
or separation point) corresponds to a 4/Stksg of 0.5. Therefore
theoretical dsy particle diameter can be calculated using Equa-
tion (1) for any desired flow rate and nozzle diameter.

There are three major areas of concern associated with the
design of an impactor: particle bounce from the collection sur-
face, overloading of collected particles on the impaction sub-
strate, and interstage losses (collection of particles on surfaces
other than the impaction plate). One approach frequently used
for minimizing particle bounce is the application of a sticky sub-
stance such as oil or grease on the impaction plate. The use of
oil as a coating medium requires the use of a porous substrate
to retain the oil. Porous metal disks (Reischl and John 1978),
porous glass frits (Koutrakis et al. 1989), and 10 um Teflon
membrane filters have been used in various impactors. Also,
the substrate has to perform well under various loading condi-
tions. Once a monolayer of particles is collected on the surface,
incoming particles may bounce after impacting onto already
collected particles. Therefore the substrate must have a large
enough capacity to maintain high collection efficiency, even un-
der heavy loading conditions. Other factors such as the grease
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coating thickness (Pak et al. 1992; Reischl and John 1978), par-
ticle hardness (Hinds et al. 1999), and shape can also affect
bouncing behavior.

Another important design parameter that also significantly af-
fects the overall impactor performance is the S/ W ratio, where
S is the distance between the nozzle exit and the impaction
plate and W is the nozzle diameter. According to the numeri-
cal analysis of conventional impactors by Marple et al. (1993),
the §/ W ratio should be > 1 for round nozzles and 1.5 for rect-
angular impactors, while the Reynolds dimensionless number,
Re, should be below 3000. Reynolds numbers over this limit
would result in a highly turbulent flow and increase particle
loss. Theoretical analysis and experimental results have also
shown that the efficiency curve will be sharpest for Re values
between 500 and 3000. The nozzle throat length, L, to nozzle
diameter ratio (L/W) is also considered to be a critical de-
sign parameter and affects the impactor collection efficiency.
Moreover, the nozzle throat length, L, should be long enough
to allow a full development of the flow with the jet velocity to
approach a parabolic profile at the nozzle exit. However, exces-
sive particle losses can be induced if the throat length is too
long. In this paper, the effect of the critical design parameters
of the personal particle samplers such as S/W, Re, and L/ W
as well as the impaction substrate method was experimentally
investigated.

METHODS

Description of the System

The integrated MPS and its various components are shown
on Figure 1. The basic unit consists of PM, s and PM;, im-
paction based samplers that remove particles larger than 2.5 um
and 10 pm, respectively. The samplers are attached to a single
elutriator to minimize entrainment of fibers and other airborne
material associated with personal activities. Two mini PM; 5
impactors are also attached to the basic unit. One is used for
sampling OC and EC, the other for sampling sulfate and nitrate.
The sulfate/nitrate sampler contains a mini glass honeycomb de-
nuder that is used to remove nitric acid and sulfur dioxide from
the sampled air. The system uses a single personal sampling
pump that operates at a flow rate of 5.2 1 min~! (Model AFC
400S, BGI Inc., Waltham, MA). Two passive diffusion samplers
are also attached to the side of the elutriator for the measurement
of gaseous copollutants such as O3, SO,, and NO,.

PM, ;(SPM2.5) and PM,, (SPM10) Personal Samplers
for Mass Sampling

Figure 2 illustrates the main components of the SPM, 5 and
SPM |y impactors. Both personal samplers consist of the fol-
lowing three components: (1) the acceleration nozzle (2); the
impaction substrate; and (3) the filter holder. The filter holder
component is the same for both samplers. All three components
are made of aluminum. The critical sampler design parameters
are shown in Table 1. The impaction substrate section consists of
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Figure 1. Personal environmental monitoring system.
a hollow aluminum disk with a height of 0.16 cm and a diameter Two types of impaction substrates were investigated: oiled

of 0.95 cm for PM; 5 and a diameter 1.9 cm for PMg. Both  porous metal disk and grease. A porous metal disk was inserted
samplers can operate at two different air flow sampling rates, 4  tightly in the hollow aluminum disk and was impregnated with
and 1.8 I min™!. This design feature provides flexibility to either mineral oil to minimize particle bounce. Metal disks of various
reduce the sampling time to <24 h or minimize pump capacity. pore sizes were tested. A greased surface was also tested as
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Figure 2. Personal samplers—SPM, 5 and SPMyj.
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Table 1
SPM; 5 and SPM design characteristics

Flow Nozzle diameter  Jet velocity Sampler pressure
(1/min) D (cm) (cm/s) Re S/W L/W \/Sﬁm drop (KPa)
SPM; s

4 0.243 1430 2325  1.56 1.00 0.49 1.1

1.8 0.188 1081 1352 1.36 1.00 0.48 1.2
SPM g

4 0.60 236 942 1.2 0.91 0.48 1.3

1.8 0.48 169 535 1.3 0.90 0.47 1.3

(p, = 1.1 glem®, p = 1.810 x 107 g/em.s, Pym

= 76 cm Hg). Where S is the distance between the

acceleration nozzle exit and the impaction substrate block (m); L is the throat length of the acceleration nozzle
(m); Stks is the Stokes dimensionless number for a particle having a 50% probability of impacting; W is the
characteristic dimension of the impactor that is the nozzle diameter or nozzle half width for round and rectangular
nozzles, respectively (m); U is the average velocity of the jet (cm/s); and Re is the Reynolds dimensionless number.

an impaction substrate. This was performed by filling up the
cavity of the hollow aluminum disk with silicone grease. The
grease surface was then smoothed to minimize turbulence in the
impaction zone. The smoothness of the impaction surface was
found to be important for the impactor’s performance.

The third component of the sampler is the filter holder, which
holds a standard 37 mm Teflon filter. All three impactor com-
ponents are held in place using four centering bolts. Leak tests
indicated excellent sealing. The pressure drop across the sam-
pler, including the 2 um pore PTFE Teflon filter, is within the
acceptable pump limits (see Table 1). Finally, sensitivity is ad-
equate for a 24 h sampling period with a 5.7 and 2.6 ug/m?
estimated limit of detection for the flow rates of 1.8 and
41 min™!, respectively.

Minisampler for EC/OC Measurements (EC/OC)
The EC/OC sampler is shown in Figure 3. It consists of a
conventional inertial impactor, which removes particles larger

o Plate

- | — Housing

g Filter —

s 7 Filter Support
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/ T N\
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\
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Figure 3. Minisampler for EC/OC measurements.

than 2.5 um at a flow rate of 0.8 1 min~!. Downstream of the
impactor is a filter pack that contains a 15 mm quartz filter. The
two impaction substrate methods were also investigated: oiled
metal disks of various pore sizes and a greased surface. Table 2
shows the sampler design parameters.

Quartz filters can be analyzed using a Thermo/Optical Reflec-
tance (TOR) method to determine concentrations (Chow et al.
1992). Estimated limits of detection for this method for a 24 h
sampling period are 1.6 and 0.37 pug/m? for OC and EC, re-
spectively. The flow rate per unit filter area is also 71 cm® mm™2
min~! for the minisampler, while the value for the FRM sampler
is 110 cm® mm™2 min~'. Therefore sensitivity is adequate for a
24 h sampling period and is comparable with that of the FRM.

Minisampler for Sulfate and Nitrate Measurements (MSD)

An accurate measurement of personal exposure to labile
species such as ammonium nitrate or other semivolatile com-
pounds is a challenging task. Volatilization of ammonium ni-
trate collected on Teflon filters over a long sampling period is
well known and has been observed in several studies (Koutrakis
et al. 1992). In order to prevent vaporization of the volatile am-
monium nitrate, a sodium carbonate coated glass fiber filter is
used. Because acidic gases such as nitric and nitrous acids can
react with the coated filter and introduce positive artifacts in the
nitrate measurement, it is necessary to use a diffusion denuder
to remove these acidic gases.

Table 2
Minisamplers MSC and MSD—design characteristics
Nozzle Jet
Flow diameter velocity
(I/min) D (cm) (cm/s) Re S/W L/W +/Stksg
0.8 0.14 869 808 136 0.95 0.50
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Figure 4. Minisampler for Sulfates and Nitrates (MSD).

The various components of the sampler are shown in Figure 4.
The first stage of this sampler is a conventional inertial impactor
that removes particles larger than 2.5 um ata flow of 0.8 Imin™".
This component is identical to that of the EC/OC minisampler.
A miniaturized all glass honeycomb diffusion denuder is placed
downstream of the impactor. This denuder is coated with sodium
carbonate/glycerol to remove nitric acid, nitrous acid, and sulfur
dioxide gases. This denuder was previously developed in our lab
and has been evaluated for efficiency and capacity over a 24 h
sampling period (Koutrakis et al. 1989). Particles are collected
downstream of the denuder on a 15 mm glass fiber filter, which
is also coated with sodium carbonate/glycerol. Table 2 shows
the critical design parameters for the minisampler.

Nitrate and sulfate collected on the filter can be measured
by ion chromatography of aqueous extracts. Estimated limit of
detection of this method for a 24 h sampling period are 0.257
and 0.240 pg/m? for sulfate and nitrate, respectively. Sensitivity
is adequate for a 24 h sampling period and is comparable to that
of the Federal Reference Method. Preliminary field intercom-
parison data for sulfates and nitrates show good agreement with
the reference methods (Results from our field studies will be
published after completion.).

Passive Samplers for SO,, NO,, and O;

Two passive samplers are attached diametrically on the side
of the elutriator for the measurement of gaseous copollutants.
The samplers sample the air through the elutriator. In order to
minimize losses of these reactive gases, the aluminum elutriator
is coated with PFA Teflon. The first passive diffusion sampler
is used to collect ozone. This sampler is based on a method
previously developed and validated in our laboratory (Koutrakis
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et al. 1993) and uses a nitrite coated glass fiber filter to collect
ozone.

The second passive sampler is used for simultaneous mea-
surement of gaseous sulfur dioxide and nitrogen dioxide (Ogawa
& Company, USA 1998). This sampler uses a triethanolamine
coated cellulose filter to collect these gases.

Previous studies have shown that the collection rate of pas-
sive samplers depends on the wind speed (Liu etal. 1995). In our
system, air flows through the elutriator with constant face veloc-
ity across the passive samplers; therefore the sampler collection
rate remains constant. Estimated limits of detection (LODs) for
a 24 h sampling period are 6 ppb for Ozone, 8 ppb for NO,, and
5 ppb for SO,.

Experimental Characterization of Samplers

The experimental setup that was used for the characteriza-
tion of personal samplers is shown in Figure 5. The sampler’s
collection efficiency was examined as a function of several de-
sign parameters, such as Re, §/W, L /W, and substrate method.
Particle concentrations were continuously monitored upstream
and downstream of the test sampler.

Polydisperse particles were generated by nebulizing an aque-
ous suspension of 2-20 pum hollow glass spheres (density:
1.1 g/cm3; Polysciences, Inc., Warrington, PA) with a Retec
Model X-70/N nebulizer using filtered air at 7 psi. The aerosol
was mixed with filtered room air. The test air mixture of poly-
disperse glass spheres then passed into the top end of a vertical
cylindrical duct (35.0 cm [L] x 7.6 cm [/D]) made of anodized
aluminum. Additional filtered room air was also added at the
top of the duct. Turbulence was induced near the top of the
duct, using a rectangular plate, to assure uniform concentration
throughout the duct. The sampler was connected at the bottom
of the duct. Alternate measurements were performed upstream
and downstream of the sampler. An isokinetic probe placed in-
side the duct was used for the upstream measurements. In each
experiment, the concentration and size distribution of particles
were measured for 10 min upstream, 10 min downstream, and
10 min again upstream. The aerodynamic particle sizer (APS;
Model 3320, TSI Inc., St. Paul, MN) was used to measure par-
ticles in the size range of 0.5 to 10 um. At the start of each
working day the APS calibration was checked at five particle di-
ameters (0.99, 2.13, 2.90, 4.56, and 9.14 p«m) using polysterene
microspheres (Polysciences, Inc, Warrington, PA) to ensure the
instrument’s calibration.

For each particle size, the sampler’s collection efficiency was
determined as follows:

Collection Efficiency = M, [3]
Cup
where C,, and Cy, are the particle concentrations upstream and
downstream of the impactor, respectively.
Particle loss onto the sampler nozzle and internal surfaces
was determined by removing the impaction plate section of the
sampler and repeating the previously described experiment.
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Figure 5. Experimental setup for the characterization of samplers.

RESULTS AND DISCUSSION

Experimental Characterization of Personal Samplers
SPM, ; and SPM,,

The effect of the critical design parameters such as Re, S/ W,
L /W, and substrate method on the performance of the sampler
was investigated. Two impaction substrate methods were primar-
ily investigated as part of our design development: oiled metal
disks and greased surfaces. Disks with various pore sizes (2, 20,
40, and 100 um) were tested. Also, several types of grease were
tested.

The grease is semisolid consisting of base oil, thickener, and
additives. Base oil is critical for the impactor’s performance
because it wicks up by capillary action through the collected
particles providing a continuous wet surface for particle collec-
tion. Thickeners are used to increase the viscosity of the grease.

Additives improve characteristics such as temperature range,
corrosion resistance, adhesion, etc. Selecting a type of grease
to be used for an impaction substrate is not an easy task. A
proper grease for impaction applications has to be high in base
oil, soft enough to allow particle embedding, and usable under
a wide temperature range. The grease used in our samplers is a
silicone base oil grease (Dow Corning 111) suitable over a wide
temperature range (—40°C to 204°C).

Figures 6a and b show the SPM, 5 sampler collection effi-
ciency as a function of the aerodynamic diameter for various
impaction substrates for both 4 and 1.8 LPM flow rates. A slight
decrease in the collection efficiency for particles larger than the
impactor’s cutpoint was observed for oiled metal disks. Col-
lection efficiency also decreases with pore size. Thus particle
bounce for particles larger than the separation point is more
pronounced for larger pore sizes. Additionally, the impactor’s
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Figure 6. Collection efficiency for SPM, 5 personal sampler.

performance was found to vary slightly with the pore size. For
a pore size of 100 pum, the collection efficiency curve becomes
less sharp and particles smaller than the cutpoint appeared to
be collected on the impaction substrate (collection efficiency on
the order of 20% for particles smaller than the cutpoint). The
collection of particles smaller than the cutpoint probably occurs
because the oil was blown away from the large pores. As a result,
the air streamlines penetrate into the substrate where the small
particles were intercepted.

The greased surface impaction substrate appears to be supe-
rior to the oiled metal disk. Collection efficiencies approached
almost 100% for particles larger than the cutpoint. Similar results
were also reported by Demokritou et al. (2001) and Lawson
(1980). The roughness of the greased surface was also found to

be critical for the overall collection efficiency of the sampler.
Two different surface types were investigated: a “rough” and
a “smooth” surface. The rough surface is created by using an
applicator to spread grease over the hollow substrate in order to
create a wavy surface. A razor blade was used to “shave” the
greased surface to create an extremely smooth surface. Figure 7
shows a significant difference in both cutpoint and overall col-
lection efficiency of the SPM, 5 sampler for the two surface
types. The turbulence generated due to the surface roughness is
probably responsible for particle losses of particles smaller than
the cutpoint.

The thickness of the greased surface also affects the overall
collection efficiency. It has been shown that bounce decreases
with the coating thickness (Pak et al. 1992; Reischl and John
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Figure 7. Collection efficiency for “rough” and “smooth” grease surfaces.

1978). A greased coating with a thickness of a few micron can
rapidly become ineffective. This is because particles accumulate
on the surface and incoming particles bounce off those previ-
ously deposited (Turner and Herring 1987). Using a thick and
smooth grease coating (0.16 cm) as an impaction substrate was
found to be very effective in eliminating particle bounce, since
particles were deeply embedded into the grease and silicone oil
wetted their surface.

A loading test was also conducted to evaluate the sampler
performance under heavy loading conditions. For this test, the
SPM,; 5 sampler was exposed to an extremely high concentration

aerosol of 1,423 ,ug/m3 for 5 h at a 4 LPM flow rate. This
represents a total collected mass of 1.36 mg collected on the
greased surface. This highly loaded greased substrate was then
tested experimentally under normal loading conditions to obtain
the sampler collection efficiency as a function of aerodynamic
diameter. The results from these experiments showed that the
overall collection efficiency and cutpoint of the sampler did not
change with particle loading.

The effect of the S/W ratio on sampler performance was
also experimentally investigated. Figure 8 shows the collection
efficiency curve for the SPM, s, 1.8 LPM sampler, for various

SPM 2.5, 1.8 LPM, L/W=1

se e o0
‘0‘ mﬁé& 2 % Y
# A DD
o\° % AA
> A
2)
o . o SIW=1.3
o
£ . A & S/W=1.65
bp A S/W=2.0
0 1 2 3 4 5 6 7 8 9 10

Aerodynamic Diameter pm

Figure 8. Collection efficiency for various S/ W ratios.
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Figure 9. Collection efficiency for SPM, sampler.

S/ W ratios for the greased surface impaction substrate. As can
be seen, both the collection efficiency curve and particle bounce
depend on the S/ W ratio. Also, it is worth mentioning that the
experiments demonstrated that the effect of S/ W ratio was more
pronounced for the oiled metal disks as compared to the greased
surface.

Figures 9a and b show the collection efficiency of the SPM
sampler as a function of the aerodynamic diameter for the 4 LPM
and 1.8 LPM nozzles, respectively. As can be seen, the collection

efficiency curve shows very sharp characteristics for both airflow
rates.

Table 3 summarizes the experimentally determined 50% cut-
point along with the geometric standard deviation (o) of the
developed samplers with a greased surface. The (o,) parameter
characterizes the sharpness of the collection efficiency curve.
This is the ratio of the aerodynamic particle diameter corre-
sponding to 84% efficiency to the 50% cutoff point diameter
(Marple et al. 1976). The results indicate that both SPM; 5 and
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Table 3
SPM; s and SPM g personal samplers—experimental
characterization data

Flow (1/min) Cutpoint (©m) o,
PM, 5
4 2.4 (£0.1) 1.15
1.8 2.4 (£0.1) 1.14
PMi
4 10.6 (£0.1) 1.12
1.8 10.3 (£0.1) 1.15

SPM,y samplers have reasonably sharp cut characteristics
(0 <1.2) with cutoff points close to the theoretical design
values of 2.5 and 10 pm, respectively. Particle nozzle and wall
losses are also within the acceptable 5-12% range, as illustrated
on Figure 10.

Experimental Characterization for the Personal
Minisamplers (EC/OC and MSD)

The particle collection efficiency for the minisamplers for oil
coated and greased impaction substrates is shown in Figure 11.
As can be seen for the greased surface, substrate collection effi-
ciencies approach 100% for particle sizes above the impactor’s
cut-off size. Therefore the greased surface impaction substrate
is superior to the oiled metal disk. The experimentally deter-
mined 50% cutpoint of the sampler and its geometric standard
deviation are 2.4 (£ 0.1) and 1.16, respectively, for the greased
surface substrate method. Particle nozzle and wall losses for par-
ticles smaller than 2.5 um were also found to be on the order of
10%. Finally, the MSD minisampler was found to have identical
collection efficiency curves with the EC/OC minisampler.

SUMMARY-CONCLUSIONS

An integrated MPS has been developed and evaluated through
a series of laboratory tests. The system can be used to collect
gaseous and particulate pollutants simultaneously. The system
has a modular and lightweight design. The basic unit collects
particles for mass/elemental analysis and has additional features
for particle speciation, including simultaneous measurements of
EC, OC, sulfate, and nitrate. Two passive samplers for measur-
ing gaseous copollutants such as Oz, SO,, and NO, are also
included. The system operates using a single sampling pump at
a total flow of 5.2 I/min.

All personal samplers show sharp cut characteristics with
cutpoints very close to their theoretical values. Particle losses
are also in the order of 5-12%. The overall performance of
the system demonstrates its suitability for personal exposure
assessment studies.

We are in the process of conducting a field intercomparison
study that is expected to be completed in the next couple of
months. All the preliminary field data show good agreement
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with the reference methods. The field intercomparison study
will be reported separately after its completion. The system will
be used in our field studies in various locations in the US to
provide valuable information on human personal exposure to
particulate matter.

REFERENCES

Bahadori, T. (1998). Human Particulate Exposure Assessment: Relationship
Between Outdoor, Indoor and Personal Measurements, Ph.D. thesis. Harvard
School of Public Health, Boston, MA.

Chow, J. C., Watson, J. G., Pritchett, L. C., Pierson, W. R., Frazier, C. A., and
Purcell, R. G. (1992). The DRI Thermal /Optical Reflectance Carbon Analysis
System: Description, Evaluation and Applications in U.S. Air Quality Studies,
Atmos. Environ. 27A(8):1185-1201.

Clayton, C. A., Perritt, R. L., Pellizzari, E. D., Thomas, K. W., Whitmore,
R. W., Wallace, L. A., Ozkayak, H., and Spenger, J. D. (1993). Particle To-
tal Exposure Assessment (PTEAM) Study; Distributions of Aerosols and
Elemental Concentrations in Personal, Indoor, and Outdoor Samples in a
Southern California Community, J. Expos. Anal. Environ. Epi. 3:227-250.

De la Mora, F., Hering, J., Rao, N., and McMurry, P. (1990). Hypersonic Im-
paction of Ultrafine Particles, J. Aerosol Sci. 21:169-87.

Demokritou, P., Kavouras, 1., Harrison, D., and Koutrakis, P. (2001 ). Develop-
ment and Evaluation of an Impactor for a PM, 5 Speciation Sampler, Journal
of Air and Waste Manage. Assoc. 51:514-523.

Dockery, D. W., Pope, III, A., Xu, X., Spengler, J. D., Ware, J. H., Fay, M. E.,
Ferris, B. G., and Speizer, F. E. (1993). An Association Between Air Pollution
and Mortality in Six U.S. Cities, New Eng. J. Medicine 329:1753-1808.

Dockery, D. W., and Pope, C. A. (1994). Acute Effects of Particulate Air Pollu-
tion, Ann. Rev. Pub. Health 15:107-132.

Hinds, W. (1982). Aerosol Technology, John Wiley & Sons Inc., New York.

John, W., and Reischl, G. (1980). A Cyclone for Size-Selective Sampling of
Ambient Air, J. Air Pollut. Control Assoc. 30:872-876.

Koutrakis, P., Fasano, A. M., Slater, J. L., Spengler, J. D., McCarthy, J. F., and
Leaderer, B. P. (1989). Design of a Personal Annular Denuder Sampler to
Measure Atmospheric Aerosols And Gases, Atmos. Environ. 23:2763-2773.

Koutrakis, P., Thompson, K. M., Wolfson, J. M., Spengler, J., Keeler, J., and
Slater, J. (1992). Determination of Aerosol Strong Acidity Losses Due to
Interactions of Collected Particles, Atmos. Environ. 26A:987-005.

Koutrakis, P., Wolfson, J. M., Bunyaviroch, A., Froehlich, S. E., Hirano, K., and
Mulik, J. D. (1993). Measurement of Ambient Ozone using a Nitrite-Coated
Filter, Anal. Chem. 65:209-214.

Lawson, D. (1980). Impaction Surface Coatings Intercomparison and Measure-
ments with Cascade Impactors, Atmos. Environ. 14:195-199.

Lioy, P. J., Waldman, J. M., Buckley, T. J., Butler, J., and Pietarinen, C. (1990).
The Personal, Indoor and Outdoor Concentrations of PM-10 Measured in an
Industrial Community During the Winter, Atmos. Environ. 24B:57-66.

Liu, L.-J. S., Koutrakis, P., Leech, J., and Broder, I. (1995). Assessment of
Ozone, Exposures in the Greater Metropolitan Toronto Area, J. Air & Waste
Manage. Assoc. 45:223-234.

Marple, V. A. (1970). A Fundamental Study of Inertial Impactors, Ph.D. thesis.
University of Minnesota, Minneapolis, MN.

Marple, V. A., and Liu, B. Y. H. (1974). Characteristics of Laminar Jet Impactors,
Environ. Sci. Technol. 8:648-654.

Marple, V. A., Rubow, K. L., and Behm, S. (1991). A Microorifice Uniform
Deposit Impactor (MOUDI): Description, Calibration and Use, Aerosol Sci.
Technol. 14:434-446.

Marple, V. A., Rubow, K. L., and Olson, B. A. (1993). Inertial, Gravitational
Centrifugal and Thermal Collection Techniques, In Aerosol Measurement,
edited by K. Willeke and P. A. Baron. Van Nostrand Reinhold, New York,
pp- 106-232.

Marple, V. A., Rubow, K. L., and Olson, B. A. (1995). Diesel Exhaust/Mine
Dust Virtual Impactor Personal Aerosol Sampler: Design, Calibration, and
Field Evaluation, Aerosol Sci. Technol. 22:140-150.



752

Marple, V. A., Rubow, K. L., Turner, W., and Spengler, J. D. (1987). Low Flow
Rate Sharp Cut Impactors for Indoor Air Sampling: Design and Calibration,
J. Air Pollut. Control Assoc. 37:1303-1307.

Ogawa & Company, USA. (1998). NO, NO,, NOx and SO, Sampling Protocol
Using the Ogawa Sampler. Pompano Beach, Florida 33060, USA, Version 3.

Pak, S., Liu, H., and Rubow, K. (1992). Effect of Coating Thickness on Particle
Bounce in Inertial Impactors, Aerosol Sci. Technol. 16:141-150.

Pope, 111, A., Xu, X., Spengler, J. D., Ware, J. H., Fay, M. E., Ferris, B. G., and
Speizer, F. E. (1993). An Association Between Air Pollution and Mortality in
Six U.S. Cities, New Eng. J. Medicine 329:1753-1808.

Reischl, G. P, and John, W. (1978). The Collection Efficiency of Impaction
Surfaces, Staub. Reinhalt. Luft. 55.

Rojas-Bracho, L., Suh, H. H., and Koutrakis, P. (2000). Relationship
Among/Personal, Indoor and Outdoor Fine and Coarse Particle Concentra-

P. DEMOKRITOU ET AL.

tions for Individuals with COPD, J. Expos. Anal. and Env. Epidemiology
10:294-306.

Sarnat, J. A., Koutrakis, P., and Suh, H. (2000). Assessing the Relation-
ship Between Personal Particulate and Gaseous Exposures of Senior
Citizens Living in Baltimore, MD, Air and Waste Manage. 50:1184-
1198.

Schwartz, J., and Dockery, D. W. (1992). Increased Mortality in Philadelphia
Associated with Daily Air Pollution Concentrations, Am. J. Epidemiol. 135:
12-19.

Sexton, K., Spengler, J. D., and Treitman, R. D. (1984). Personal Exposure to
Respirable Particles: A Case Study in Waterbury, Vermont, Atmos. Environ.
18:1385-1398.

Turner, J. R., and Hering, S. V. (1987). Greased and Oiled Substrates as Bounce
Free Impaction Surffaces, J. Aerosol Sci. 18:215-224.



