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The objective of this study was to examine the facing-the-wind sampling efficiency of three per-
sonal aerosol samplers as a function of particle phase (solid versus liquid). Samplers examined
were the IOM, Button, and a prototype personal high-flow inhalable sampler head (PHISH).
The prototype PHISH was designed to interface with the 37-mm closed-face cassette and pro-
vide an inhalable sample at 10 l min21 of flow. Increased flow rate increases the amount of
mass collected during a typical work shift and helps to ensure that limits of detection are
met, particularly for well-controlled but highly toxic species. Two PHISH prototypes were
tested: one with a screened inlet and one with a single-pore open-face inlet. Personal aerosol
samplers were tested on a bluff-body disc that was rotated along the facing-the-wind axis to
reduce spatiotemporal variability associated with sampling supermicron aerosol in low-velocity
wind tunnels. When compared to published data for facing-wind aspiration efficiency for
amouth-breathingmannequin, the IOM oversampled relative tomannequin facing-the-wind as-
piration efficiency for all sizes and particle types (solid and liquid). The sampling efficiency of the
Button sampler was closer to the mannequin facing-the-wind aspiration efficiency than the IOM
for solid particles, but the screened inlet removed most liquid particles, resulting in a large under-
estimation compared to the mannequin facing-the-wind aspiration efficiency. The open-face
PHISH results showed overestimation for solid particles and underestimation for liquid particles
when compared to the mannequin facing-the-wind aspiration efficiency. Substantial (and statisti-
cally significant) differences in sampling efficiency were observed between liquid and solid par-
ticles, particularly for the Button and screened-PHISH, with a majority of aerosol mass
depositing on the screened inlets of these samplers. Our results suggest that large droplets have
low penetration efficiencies through screened inlets and that particle bounce, for solid particles,
is an important determinant of aspiration and sampling efficiencies for samplers with screened
inlets.
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INTRODUCTION

A large body of literature exists regarding the sampling
efficiency of personal samplers at varying wind speeds,
orientations to the wind, and operating conditions for

solid particles (Kalatoor et al., 1995; Kenny et al.,
1997; Roger et al., 1998; Kenny et al., 1999;
Aizenberg et al., 2000; Li et al., 2000; Aizenberg
et al., 2001; Kennedy et al., 2001; Paik and Vincent,
2004; Witschger et al., 2004; Gorner et al. 2010).
Yet, to our knowledge, only one laboratory study inves-
tigated droplet (i.e. liquid-phase particle) aspiration of
the IOM (Institute of Occupational Medicine) sampler
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(SKC Inc., Eighty Four, PA, USA) (Zhou and Cheng,
2010). Although many occupational aerosol exposures
involve solid particles, exposure to liquid-phase aero-
sol remains an area of concern for the occupational
health community. Exposure to metal removal (metal-
working) fluid aerosols is common, with reported mass
median diameters ranging from 2.5 to 7.0 lm and geo-
metric standard deviations often .2.5 (Piacitelli et al.,
2001). Droplet exposure also may occur during paint-
ing and other spraying operations, which often contain
toxic anti-corrosives or solvents (Carlton, 2003;
Glindmeyer et al., 2004; Sabty-Daily et al., 2005).
Printing processes (although likely comprised primar-
ily submicron aerosol) and wet cleanup or pesticide ap-
plication in agricultural activities (Amin et al., 1999)
may also result in workers’ exposures to droplets.

The National Institute for Occupational Safety and
Health (NIOSH) estimates that the number of work-
ers in the USA exposed to metal removal fluid drop-
lets may exceed 1 million (Sheehan, 1999). The
health effects from exposure to metal removal fluids
are significant and range from larynx, rectum, pan-
creas, skin, scrotum, or bladder cancers for straight
oils to chronic respiratory diseases, including lipid
pneumonia, hypersensitivity pneumonitis, asthma,
acute airways irritation, and chronic bronchitis, for
both straight and water-soluble oils (Wilsey et al.,
1996; NIOSH, 1998). To reduce potential health
risks associated with metal removal fluid exposure,
NIOSH recommends that exposures be limited to
0.4 mg m�3 for thoracic particulate mass or 0.5 mg
m�3 for total particulate mass (as collected by
a ‘closed-face’ 37-mm cassette, see below) for an
8-h exposure. In 2001, the American Conference
of Governmental Industrial Hygienists (ACGIH)
proposed an oil mist threshold limit value–8-h
time-weighted average (TLV–TWA) of 0.2 mg m�3

measured as ‘inhalable’ aerosol; however, this TLV
was withdrawn in 2010. Regulations based on an in-
halable fraction are common in the UK and Europe.
For example, the UK Health and Safety Executive
(HSE) has suggested guidance values of 3 mg m�3

for oil-based and 1 mg m�3 for water-based metal re-
moval fluids (Stear, 2003). Although this guidance
value is not regulated, it is given as a recommenda-
tion to workplaces. Regulations are similar in other
European countries: e.g. 8-h exposure limits, using
inhalable sampling convention, of 1 mg m�3 in
Sweden (Lillienberg et al., 2010) and Austria (IFA,
2011) and 5 mg m�3 in Belgium (IFA, 2011). Al-
though the USA has lagged Europe in the adoption
and use of inhalable samplers, the ACGIH has rec-
ommended that all total particulate matter sampling
regulations should be replaced by size-selective

physiologically relevant TLVs based on inhalable,
thoracic, or respirable aerosol fractions (ACGIH,
2006). As such, it is important to understand the fac-
tors that determine the aspiration and sampling effi-
ciency of inhalable aerosol samplers. The aspiration
efficiency is the efficiency with which particles are
transported from the ambient air into the inlet of
a sampler (Paik and Vincent, 2004). The sampling
efficiency is the efficiency with which particles are
transported to the collection substrate (i.e. filter).
The aspiration and sampling efficiencies are not nec-
essarily equivalent as aspirated particles can deposit
to the sampler walls (i.e. transmission losses) before
reaching the substrate.

Currently in the USA, polystyrene 37-mm cas-
settes are commonly used to assess occupational ex-
posure to aerosols. The cassette can be operated in
either an ‘open-face’ or ‘closed-face’ configuration.
The open-face configuration has a circular inlet of
diameter nearly the width of the filter itself; the
closed-face configuration has a reduced inlet diame-
ter of 4 mm. Both these configurations are typically
operated between 1 and 4 l min�1 of flow, with 2 l
min�1 being the most common. While many studies
have examined sampling efficiencies of 37-mm cas-
settes for solid particles (Kenny et al., 1997; Kenny
et al., 1999; Witschger et al., 2004; Gorner et al.,
2010), limited work has investigated liquid particle
sampling efficiency. For droplet exposures, Beaulieu
et al. (1980) reported that the open-face cassette col-
lects �30% more mass than the closed-face cassette.
This difference, however, likely depends on particle
size and composition as the concentration ratio mea-
sured between open- and closed-face cassettes
ranged from 1.0 to 3.8 for other aerosol types. The
ratio of the wind speed to the velocity of air through
the inlet is also likely an important factor. Beaulieu
et al. concluded that workers’ exposures were prob-
ably being underestimated when assessed with
a closed-face cassette. Other researchers have sug-
gested that the open-face cassette is actually over-
sampling the aerosol (Buchan et al., 1986). Several
laboratory studies have measured orientation-averaged
sampling efficiencies for the closed-face 37-mm cas-
sette near 100% for 10 lm solid particles, but the sam-
pling efficiencies dropped to below �20% for
particles .40 lm for calm air conditions and at low
wind speeds (Kenny et al., 1997; Kenny et al., 1999;
Gorner et al. 2010). Fewer studies have examined
the sampling efficiency of 37-mm cassettes when fac-
ing-the-wind. Li et al. (2000) reported performances
of closed-face 37-mm cassettes facing the wind at
wind speeds of 0.55 and 1.1 m s�1, which, when com-
pared to mannequin aspiration efficiency reported by
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Kennedy and Hinds (2002), slightly oversampled par-
ticles smaller than �20 lm but then sharply under-
sampled for larger particle sizes. Although the 37-
mm cassette (open- or closed-face) does not meet
any physiologically based size-selective sampling cri-
teria, it remains one of the most common methods to
assess aerosol exposures in the USA because this sam-
pler is inexpensive, relatively easy to use, and dispos-
able.

To address some of the limitations inherent with
the 37-mm cassette, a personal high-flow inhalable
sampler head (PHISH) was proposed and modeled
by Anthony et al. (2010). The PHISH was designed
to collect an inhalable sample at a higher flow (10 l
min�1) and interface with the existing 37-mm cas-
sette. The increased flow rate, compared to other in-
halable samplers (e.g. IOM sampler at 2 l min�1 or
Button sampler at 4 l min�1) was intended for appli-
cation in low-concentration environments where in-
creased sample mass is needed. The original PHISH
design (which was subsequently modified as a result
of this work, discussed below) consisted of a single
15-mm circular inlet hole covered with a 30-gage
metal screen (30% open area, pore diameter of 254
lm). The mesh screen was intended to prevent aspi-
ration of larger particles (.100 lm) that are consid-
ered to be outside the inhalable size convention
(ACGIH, 1999). To construct the screened PHISH,
a metal washer (38 mm outer diameter, 15 mm inner
diameter) was adhered into the inset of the middle

spacer of the 37-mm cassette with epoxy, flush with
the leading edge. The metal screen was then adhered
to the face of the washer with epoxy (Fig. 1a).
Hence, the inlet face of the PHISH sampler was flat,
in contrast to standard 37-mm three-piece cassettes.
Additionally, all testing in the present study was per-
formed with the PHISH inlet directly facing the
wind, as opposed to the 30� downward angle that
is typical when the standard 37-mm cassette is used
as a personal sampler. This geometry requires that
the PHISH must be attached to a holder to maintain
proper alignment (Fig. 1).

Computational fluid dynamics simulations of the
screened PHISH inlet indicated that solid particles
(which are allowed to bounce off all surfaces) would
be ‘oversampled’ up to 35% and liquid particles
(which do not bounce) would be ‘undersampled’ be-
tween 50 and 95% under facing-the-wind conditions
(0.4 m s�1 freestream velocity) for particle diameters
between 5 and 100 lm. The degree of over- and
undersampling was defined relative to the facing-
the-wind mannequin aspiration efficiency reported
by Kennedy and Hinds (2002) (Anthony et al.,
2010). From these simulations, Anthony et al. con-
cluded that oversampling occurred as a result of par-
ticle bounce at or around the screened inlet (for solid
aerosol) and undersampling occurred by droplet de-
position onto the screen itself. Consequently, we
chose to investigate the sampling efficiency of the
PHISH operating with and without the mesh screen

Fig. 1. (a) Photograph of constructed screened PHISH; (b) photograph of open-faced PHISH.
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inlet. The latter configuration will be referred to as
the open-face PHISH, which consisted of a single
15-mm diameter inlet, simply the metal washer ad-
hered to the inner ring of a 37-mm sampling cassette,
operated at 10 l min�1 of flow (Fig. 1b).

This work reports facing-the-wind sampling efficien-
cies of three personal aerosol samplers. As only the
facing-the-wind sampling efficiency was measured,
comparing these results to the ‘orientation-averaged’ in-
halability convention is inappropriate. However, results
of this work may be compared to other physiologically
relevant estimates of human aspiration, such as the aspi-
ration efficiency of a mouth-breathing mannequin when
facing-the-wind, as reported by Kennedy and Hinds
(2002). Our wind tunnel velocity (0.4 m s�1) matched
the lowest wind speed tested by Kennedy and Hinds.
One significant limitation, however, is that Kennedy
and Hinds only determined the mannequin aspiration
efficiency with solid particles. Here, we are interested
in determining if differences in sampling efficiencies
for personal samplers exist between solid and liquid par-
ticles. Since an estimate of facing-the-wind human (or
mannequin) aspiration is not available for liquid par-
ticles, our results are only compared to the mannequin
aspiration efficiency for solid particles reported by
Kennedy and Hinds (2002), hereafter referred to as
‘mannequin aspiration efficiency’. As such, deviations
of personal sampler sampling efficiency from the
Kennedy and Hinds dataset for liquid particles do not
necessarily represent a deviation from physiological rel-
evance.

METHODS

The objective of this study was to examine the
sampling efficiency of the screened and open-faced
PHISH inlets and two other inhalable aerosol sam-
plers, as a function of particle size and phase (solid
versus liquid). Tests were conducted in a low-velocity
wind tunnel (0.4 m s�1 freestream velocity) under
facing-the-wind conditions over a wide range of di-
ameters (10–100 lm). Wind speed in the tunnel was
verified with a TSI Alnor Velometer Thermal Ane-
mometer (TSI, St. Paul, MN, AVM440) multiple
times during the course of wind tunnel testing. Sam-
pling efficiency was determined for the IOM sampler
(operated at 2 l min�1; SKC, Inc.), the Button sampler
(operated at 4 l min�1; SKC, Inc.), and the prototype
PHISH inlets attached to the standard open-face 37-
mm cassette (operated at 10 l min�1; Pall Corp., Port
Washington, NY, USA).

All experiments were conducted in a horizontal
wind tunnel (1 � 1 m in cross section, 3.5 m length).
Air entering the tunnel was first drawn through

HEPA filters using a 3.73-kW backward curved
airfoil fan. Air velocity through the tunnel was main-
tained at 0.4 m s�1. A second set of HEPA filters, lo-
cated at the rear of the tunnel, removed all test
particles prior to reaching the fan and exhaust. Par-
ticles were injected into the tunnel through an open-
ing in the ceiling, located either 0.5 m downstream
of the tunnel entrance for particles with diameters
,25 lm or 1.0 m downstream of the tunnel entrance
for particles .25 lm, to accommodate gravitational
settling of these particles in the slow-moving air.

In many wind tunnel studies, samplers are
mounted on a mannequin that rotates on a vertical
axis to determine the orientation-averaged sampling
efficiency. Instead, in this study, samplers were
mounted onto a rotating bluff-body disc (RBD) in
the wind tunnel, which rotates about a horizontal
axis to reduce spatiotemporal variability associated
with sampling supermicron aerosol in low velocity
wind tunnels (Fig. 2, Koehler et al., 2011). Briefly,
the RBD comprised a 40-cm diameter aluminum
disc with eight sampling ports positioned equidistant
about its outer edge. The disc faces the wind and ro-
tates about its central facing-wind axis. Personal and
isokinetic samplers were connected to the front face
of the aluminum disc. Previous work demonstrated
that isokinetic samples collected on the RBD were
indistinguishable, within experimental error, to those
collected with a static isokinetic sampler away from
the RBD, but with reduced variance among replicate
samples (Koehler et al., 2011). Flow though each
sampling port was regulated by a needle valve
mounted on the back of the RBD. The manifold
was connected to an aluminum tube that served si-
multaneously as the axis of rotation (horizontal)
and as a conduit for airflow. A chain and sprocket as-
sembly connected the RBD tube to a gear motor. The
RBD was rotated on a horizontal axis at 2–2.5 r.p.m.,
resulting in 60–75 revolutions of the four sets of
paired samplers around the central cross section of
the wind tunnel over a typical 30 min test. As such,

Fig. 2. Schematic of the wind tunnel showing aerosol inlet and
location of the RBD.
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each sampler traversed an identical path about the
wind tunnel cross section, which reduced the effects
of spatial heterogeneity associated with dispersing
supermicron aerosol in low velocity wind tunnels.
All tests were performed with the samplers facing-
the-wind (0� orientation). The RBD provided
a simple bluff body intended to give representative
results for testing personal samplers in facing-wind
orientation (Koehler et al., 2011).

Liquid test particles

Monodisperse liquid test particles of �10, 30, 50,
and 100 lm aerodynamic diameter were generated us-
ing a Vibrating Orifice Aerosol Generator (VOAG,
model #3450; TSI Inc., Shoreview, MN, USA) and
an oleic acid solution containing ammonium fluores-
cein. Particle diameter was verified with optical mi-
croscopy and was found to vary by –15% (average
coefficient of variation among measured particles of
a given size) from the nominally selected size. The
size of the impacted liquid droplets was determined
using the experimental spread factor of oleic acid
on glass (collected diameter/aerosolized diameter
5 2.38, Liu et al., 1982). At least three sampling effi-
ciency tests (two replicates per test) were completed at
each particle size. Although care was taken to repli-
cate experimental duration and aerosol generation
conditions among separate tests, the between-test
aerosol concentrations were highly variable. However,
despite the differences in aerosol mass concentrations,
filter loadings never approached saturation and sam-
pler flow remained constant over each testing cycle.

When sampling liquid particles, the isokinetic
probes were made of stainless steel tubing (0.95 cm
outer diameter, 0.67 cm inner diameter), each with
a beveled edge leading into the flow. Probe inlets were
attached to standard two-piece 37-mm filter cassettes
(Millipore Inc., Billerica, MA, USA) by drilling out
the inlet cap and using epoxy to seal the isokinetic in-
let to the cap. Flow through each isokinetic inlet was
set at 0.87 l min�1 to match the probe sampling velocity
with the wind tunnel freestream velocity (0.4 m s�1).
Two isokinetic samplers were mounted on the RBD
for each liquid aerosol test.

For measurements of fluorescently labeled par-
ticles, collected mass was extracted and then quanti-
fied by excitation–emission spectroscopy. Deposition
on both the filter media and internal sampler compo-
nents were examined to quantify internal surface los-
ses associated with each sampler. For the isokinetic
samplers, filter substrates and isokinetic sampler inlets
were placed in separate 15-ml centrifuge tubes and ex-
tracted with 4 ml of 3% ammonium hydroxide solu-
tion. The outside of the isokinetic sampler inlets was

cleaned with an alcohol-wetted wipe to remove any
particles that deposited on the outer surface of the in-
let prior to extraction. The isokinetic probe was inset
far into the cassette such that losses to the cassette
wall were minimized. Therefore, the cassette walls
surrounding the isokinetic probe were not wiped for
analysis.

The IOM inlet and filter were also placed in sepa-
rate centrifuge tubes and extracted with 8 and 4 ml of
ammonium hydroxide solution, respectively. The
Button inlet (screened cap) and filter were extracted
separately and in similar fashion to the IOM proce-
dure. The outer non-perforated edge of the Button
inlet was wrapped with Teflon tape during sampling
and was removed prior to extraction so that particles
depositing on the inlet edges (outside of the screen
face) would not contribute to the fluorescent mass
detected (i.e. only particles that collected on the
screen portion of the Button sampler were quantified
to assess particle losses during aspiration). Particle
deposition onto the O-rings for either the IOM or
Button were not assessed. The PHISH screen (when
applicable) and filter were extracted in separate 4 ml
solutions; a cotton swab was used to wipe the inside
of the PHISH and 37-mm cassette spacer and this
swab was then placed in a separate centrifuge tube
with 4 ml of extraction solution to assess particle los-
ses between the inlet and the filter.

All solutions were sonicated for 10 min to ensure
efficient extraction. Three aliquots of 200 ll (i.e.
triplicate samples) were pipetted into 96-well plates
and analyzed in a fluorescence plate reader (FLX-
800; BioTek Inc., Winooski, VT, USA). Results are
reported in relative fluorescence units (RFU), which
is a reliable surrogate for mass. Serial dilutions of
calibration standards were analyzed to ensure linear-
ity of the fluorescence signal over the range of con-
centrations sampled. The limit of quantification for
the fluorescence measurements was 10 RFU, corre-
sponding to �0.5 ng of fluorescein per sample; data
from an experiment were used only if all measured
values on the filters were above this limit.

Solid test particles

Two methods were required to generate monodis-
perse, solid test particles. Flourescein-labeled NaCl
particles of 13 lm diameter were generated with
the VOAG and extracted for analysis as described
above. For larger particle diameters, the VOAG pro-
duced very large (.100 lm) hollow spheres upon
drying instead of compact spheres of the correct di-
ameter, when examined by microscopy. This phe-
nomenon can be eliminated by slowing the drying
time of generated droplets (Leong, 1981; Cheng

198 K. A. Koehler et al.

 at C
D

C
 Public H

ealth L
ibrary &

 Inform
ation C

enter on M
ay 10, 2012

http://annhyg.oxfordjournals.org/
D

ow
nloaded from

 

http://annhyg.oxfordjournals.org/


et al., 1988), however, our experimental setup pre-
cluded the use of such a drying column. Instead, ox-
idized alumina powder (Duralum, Washington Mills,
North Grafton, MA, USA) was dispersed using
a Wright-type dust feeder with median aerodynamic
diameters of 33, 66, and 94 lm. Solid particle diam-
eters were verified with optical microscopy and
found to vary by �30% from the nominally selected
size.

Aerosol concentration was determined by gravim-
etry for the alumina particle tests. All samples were
collected on Teflon-coated glass fiber filters (Pallflex
Fiberfilm #T60A20). The cassettes and filters were
stored in a low relative humidity equilibration cham-
ber for at least 12 h before obtaining pre- and
post-sampling weights and were neutralized on
a Polonium210 strip for at least 15 s prior to weigh-
ing. A Mettler-Toledo MX5 analytical microbalance
(Columbus, OH, USA), accurate to –1 lg, was used
to obtain all weights. The mass of alumina collected
was generally between 100 and 1000 lg. All mass
measurements exceeded our analytic limit of quanti-
fication for gravimetric analysis, defined as 10 times
the standard deviation of repeated blank weights
taken across multiple days. The limit of quantifica-
tion was 112 lg for the Button sampler (for the com-
bined filter and o-ring weight, see below), 250 lg for
the IOM sampler, and 260 lg for the PHISH sampler
(using the modified ACCU-CAP, see below). Field
blanks were included for each day and used to cor-
rect the mass measured on each sampling filter.

For the solid particle tests, the isokinetic sampler
was adjusted to accommodate greater mass capture
for gravimetric analysis. These isokinetic probes
(12.7 mm outer diameter, 10.2 mm inner diameter)
were sealed into the inlet of a stainless steel IOM
and operated at 1.96 l min�1 to accommodate
the larger mass needs. After sampling, the inside of
the isokinetic inlets were rinsed with ethanol and the
elution was captured onto a separate 37-mm filter.
This filter was left to dry in a desiccating chamber
for at least 12 h and then weighed separately from
the isokinetic sampler filter.

When the Button sampler was challenged with
solid particles larger than �30 lm, a visible layer of
dust was observed on the inner edge of the Teflon
o-ring used to seal the filter cassette assembly. There-
fore, both the filter and o-ring were weighed together
for both the pre- and post-weight. This is likely the re-
sult of particle migration from the filter to the o-ring
because of the rotation and vibration of the RBD dur-
ing use. While liquid particles were effectively re-
tained within the filter matrix, large solid particles
appeared to migrate to the internal walls of the

sampler. This also proved to be a problem for the
open-faced PHISH; a large portion of the sample ap-
peared to migrate to the edges of the 37-mm cassette.
To prevent such internal wall losses, ACCU-CAP fil-
ters (SKC, Inc.) were modified to retain the alumina
samples. The ACCU-CAP bubble was removed from
its original filter and enlarged to 25 mm using a stain-
less steel punch. The modified ACCU-CAPs were
then glued to sheets of the filter material, allowed to
dry, and then punched to create a 37-mm diameter fil-
ter attached to a 25 mm ACCU-CAP inlet. After glu-
ing, the modified ACCU-CAPs were baked at 50�C
overnight then stored in a desiccator for at least 48
h prior to use. Tests were not performed with the
screened PHISH with solid particles due to poor per-
formance of the screened PHISH sampling droplets
(see PHISH: Screened and Open-Faced). No modifi-
cations were made to IOM cassette or weighing pro-
cedure as the entire IOM cassette and filter are
designed to be weighed together to preclude bias from
wall losses during gravimetric analysis.

Estimating sampling efficiency and losses

As defined in the Introduction, the aspiration effi-
ciency is the efficiency with which particles are
transported from the ambient air into the inlet of
a sampler (Paik and Vincent, 2004). This is in con-
trast to the sampling efficiency, the efficiency with
which particles are transported to the collection sub-
strate for quantification. Of the samplers examined
here, the aspiration efficiency is equal to the sam-
pling efficiency only for the IOM since the IOM inlet
is designed to be a part of the collection substrate.
The sampling efficiency is less than the aspiration ef-
ficiency for the Button and PHISH samplers due to
transmission losses. The sampling efficiency was
computed as the ratio of the aerosol concentration
measured by a sampler (the entire IOM cassette or
the filters only for the Button and PHISH samplers)
compared to the average aerosol concentration mea-
sured by two sharp-edged isokinetic probes (colo-
cated with the given sampler during each test). For
each sampler, sampling efficiencies were compared
between particle type (liquid versus solid) and at
each particle size using unpaired t-tests.

Sampling efficiencies were also compared to pub-
lished values for facing-the-wind mannequin aspira-
tion efficiency at 0.4 m s�1 freestream condition
(Kennedy and Hinds, 2002, see below). A compari-
son to the orientation-averaged inhalability criterion
is not appropriate here, as only facing-the-wind sam-
pling efficiency was evaluated. The root mean square
error (RMSE) was computed as the square root of the
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squared difference between the observed sampling
efficiency of the sampler and the facing-the-wind
mannequin aspiration efficiency at 0.4 m s�1 for
each diameter, summed over all measured diameters.
Smaller RMSE values indicate improved agreement
with the published data on mannequin aspiration ef-
ficiency when facing the wind.

Finally, the use of fluorescently labeled aerosol al-
lowed for estimation of droplet mass depositing to
various regions (inlet, inner cassette walls, or filter)
of each sampler. As such, we assessed particle losses
onto and within the sampler during aspiration and
transmission. The sum of these regional collection
efficiencies, when combined with the sampling effi-
ciency, provides an estimate of the aspiration effi-
ciency for a given sampler. Losses to the screen
and internal walls of the Button sampler were esti-
mated by extracting the screen and wiping the inter-
nal sampler walls, respectively. Transmission losses
within the PHISH sampler were estimated from
a wipe of the inner surfaces of the PHISH cassette.
The filter and inlet cassette of the IOM sampler were
analyzed separately to determine the proportion of
particle mass that did not reach the filter, even
though these pieces are typically analyzed together.

RESULTS AND DISCUSSION

To validate our experimental setup, we first deter-
mined the sampling efficiency of the three personal
samplers with �1 lm fluorescent liquid aerosol.
We expected that the sampling efficiency at this size
would be �100% for all sampler types. We observed
sampling efficiencies of 105, 94, and 96% for the
Button, IOM, and PHISH, respectively (data not
shown) and these sampling efficiencies were not sig-
nificantly different from each other.

Sampling efficiency

Measured sampling efficiencies of the IOM, But-
ton, and open-faced PHISH personal samplers are
presented in Figs 3–5, respectively. Each data point
represents the average of at least six replicates (three
tests, two duplicate samplers per test). Error bars
represent 1 SD, which was estimated by propagation
of errors for both the test and reference (isokinetic)
samplers. We have grouped the 13 lm diameter solid
particles and 10 lm diameter liquid particles into
a single �10 lm size range to simplify the discus-
sion that follows. Similarly, we grouped the Alumina
particle sizes with the similarly sized droplets into
�30, �50, and �100 lm size ranges. In each figure,
the mannequin aspiration efficiency at a wind speed
of 0.4 m s�1 reported by Kennedy and Hinds (2002)

is shown as a solid black line for comparison. The
RMSE values for both solid and liquid particles are
provided in Table 1.
IOM sampler. Sampling efficiency of the IOM

sampler challenged with solid and liquid particles
is shown in Fig. 3. For all sizes and both particle
types, the IOM overestimated the facing-the-wind
mannequin aspiration efficiency. This result has been

Fig. 3. Facing-the-wind sampling efficiency for the IOM
sampler as a function of particle size and phase. Filled symbols

represent solid particles and open symbols represent liquid
particles. Facing-the-wind mannequin aspiration efficiency at
0.4 m s�1 is shown as a solid line, for comparison (Kennedy

and Hinds, 2002).

Fig. 4. Facing-the-wind sampling efficiency for the Button
sampler as a function of particle size and phase. Filled symbols

represent solid particles and open symbols represent liquid
particles. Facing-the-wind mannequin aspiration efficiency at
0.4 m s�1 is shown as a solid line, for comparison (Kennedy

and Hinds, 2002).
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observed by other researchers for both solid (Li et al.,
2000) and liquid (Zhou and Cheng, 2010) particles at
somewhat higher wind velocity (0.55 m s�1). Differ-
ences in IOM sampling efficiency between solid and
liquid particles were not statistically different for
any size (unpaired t-test, 0.07 , P , 0.82). The co-
efficient of variation for replicate samplers was
,20% for diameters ,100 lm and between 30 and
40% for the �100 lm particle size. Due primarily
to the better agreement with the facing-the-wind sam-
pling efficiency at diameters �50 lm and larger, the
RMSE for the liquid aerosol was smaller than for
the solid aerosol.

Facing-the-wind sampling efficiencies for the
IOM at a wind speed of 0.55 m s�1 reported by Li
et al. (2000) for solid particles were in good agree-
ment with those found in this study, despite the
�25% lower wind speed used here. Zhou and Cheng
(2010) found generally lower sampling efficiency for
liquid particles, particularly for particle diameters
between �30 and �50 lm. Roger et al. (1998) also

reported facing-the-wind sampling efficiencies for 1
and 3 m s�1 wind speeds. Their results indicated
higher sampling efficiencies than found here for ei-
ther the solid or liquid particles, likely due to the in-
creased wind speed. The facing-the-wind sampling
efficiency of the IOM has a well-known dependence
with increasing wind speed (Roger et al., 1998; Li
et al., 2000).
Button sampler Sampling efficiencies of the But-

ton sampler were significantly different between
solid and liquid particles for all sizes (P , 0.0002,
Fig. 4). For solid particles �30 lm and larger, the
Button sampler showed better agreement to the man-
nequin aspiration efficiency than the IOM (RMSE
65% of that for the IOM) yet still had a tendency
to oversample. However, when challenged with
droplets, the sampling efficiency of the Button sam-
pler reduced to ,20% for particles �30 lm and
larger resulting in a much larger RMSE than ob-
served for the IOM. The coefficient of variation for
replicate Button samplers was generally less than
35%.

The sampling efficiency measured for �10 lm
solid particles was much ,100%. It is unclear why
the discrepancy between the solid and liquid particles
was observed at this size. Although droplets do not
bounce upon impaction with the screened inlet, large
solid particles likely bounce and were ultimately aspi-
rated. However, for solid particles �10 lm in diame-
ter, it is unclear how these particles behave as they
approach the Button sampler’s screened inlet. For
low wind speeds in the tunnel, like those used here,
these particles may not have sufficient kinetic energy
to bounce off the inlet screen. Xu and Willeke (1993)
modeled the threshold size for aerosol bounce as
a function of particle composition, surface material,
and the velocity of the approaching aerosol. They es-
timated that 7 lm ammonium fluorescein particles
would bounce off surfaces only for approaching ve-
locities exceeding 0.7–1.1 m s�1, depending on the
surface material. For smaller particles or lower wind
velocities, particles will not bounce. Although the
�10 lm NaCl particles tested here are of different
composition than those modeled by Xu and Willeke,
the low wind speed in the tunnel (0.4 m s�1) and nom-
inal airspeed at the sampler pores (0.2 m s�1) suggests
that bounce may not occur for this size range. Small
differences in aerodynamic diameter and wind speed
in the tunnel may have resulted in the discrepancy
in sampling efficiency observed for the solid and liq-
uid �10 lm particles.

Initial studies with the Button sampler employed
the unit at 2 l min�1 of flow (Kalatoor et al., 1995;
Li et al., 2000). However, aspiration models

Fig. 5. Facing-the-wind sampling efficiency for the open-
faced PHISH as a function of particle size and phase. Filled
symbols represent solid particles and open symbols represent

liquid particles. Facing-the-wind mannequin aspiration
efficiency at 0.4 m s�1 is shown as a solid line, for comparison

(Kennedy and Hinds, 2002).

Table 1. RMSE values –1 SD between measured aspiration
and published values of facing-the-wind mannequin
aspiration efficiency for samplers challenged with solid and
liquid particles.

Sampler Solid Liquid

IOM 1.12 – 0.22 0.84 – 0.17

Button 0.72 – 0.17 1.10 – 0.17

PHISH (open-faced) 0.80 – 0.17 0.66 – 0.17
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developed by Gao et al. (2002) suggested that a flow
of 2 l min�1 resulted in non-uniform velocity vectors
at the edges of the screened inlet (causing aspirated
particles to flow back out of the sampler). Conse-
quently, Gao et al. recommended a higher flow rate.
More recent studies of orientation-averaged sam-
pling efficiency (Aizenberg et al., 2000; Aizenberg
et al., 2001; Witschger et al., 2004; Gorner et al.,
2010) have employed the Button sampler at 4 l
min�1 to reduce this effect. Although some experi-
mental studies have suggested that facing-the-wind
aspiration for 10 lm particles should be near 100%
(Li et al., 2000, at 2 l min�1), other experimental
and modeling studies have suggested lower facing-
the-wind sampling efficiencies at both sampler flow
rates for 10 lm sized solid particles (Aizenberg
et al., 2000; Kalatoor et al., 1995; Gao et al.,
2002), in better agreement with our observations.
Modeling studies of droplet aspiration are in good
agreement with our observations (Gao et al., 2002).
PHISH: screened and open-faced. As with the

Button sampler, the screened inlet of the PHISH
greatly impeded droplet aspiration. Measured sam-
pling efficiencies, as determined from the mass col-
lected on the filter only, for liquid particles between
10 and 100 lm were ,20% (data not shown), in
good agreement with modeled values (Anthony
et al., 2010). Therefore, sampling efficiency was also
determined for an open-faced PHISH (the same flat-
faced sampler but with the screened inlet replaced
with a single 15-mm circular opening—shown in
Fig. 1b). Measured sampling efficiency for the
open-faced PHISH (Fig. 5) showed reasonable
agreement with the mannequin aspiration efficiency,
with solid particles being somewhat oversampled
and liquid particles being somewhat under-sampled
(all sizes except �10 lm). Although the difference
in sampling efficiency between the solid and liquid
particles was not as pronounced for the open-faced
PHISH as for the Button sampler, sampling efficien-
cies for solid particles were significantly larger than
for the liquid particles (�30 lm, P , 0.007). How-
ever, for the smallest size, the sampling efficiency of
liquid particles was significantly larger than for the
solid particles (P 5 0.0001). Yet the open-faced
PHISH, operating under facing-the-wind conditions
had the smallest RMSE for liquid particles compared
to the other two personal samplers and RMSE be-
tween the Button sampler and IOM sampler for solid
particles. The coefficient of variation for replicate
samplers was generally ,15%.

The open-inlet PHISH is similar in construction to
a modified 37-mm cassette (Mod37) as proposed by
Clinkenbeard et al. (2002), which had a 15 mm

circular diameter orifice with a thin lip that protruded
outward and operated 0� down orientation (parallel
to the floor) at 2 l min�1 of flow. The PHISH
(screened or open-faced) does not have such a lip.
Clinkenbeard et al. (2002) found that the wiped
Mod37 oversampled relative to the IOM for field
sampling of sanding and spraying operations. The
difference in flow rate, wind speed, and the
forward-facing directionality may explain the better
agreement with mannequin aspiration efficiency for
the open-faced PHISH than observed for the
Mod37. The open-faced PHISH and Button samplers
showed very similar sampling efficiencies for solid
particles, but the open-faced PHISH showed better
agreement with the facing-the-wind mannequin as-
piration efficiency when sampling liquid particles.
The open-faced PHISH also showed better agree-
ment with the mannequin aspiration efficiency than
was reported for a standard closed-face 37-mm cas-
sette for solid particles at a wind speed of 0.55 m s�1

(Li et al., 2000).

Losses during aspiration and transmission

As mentioned in Methods, fluorescently tagged
solid particles could not be generated with the VOAG
for diameters larger than �30 lm because large par-
ticles required extensive drying times at high relative
humidity to result in compact solid particles (Leong,
1981; Cheng et al., 1988). This could not be accom-
modated with our wind tunnel geometry. As such, es-
timates of solid particle deposition to various sampler
regions were only available for the smallest size range
(�10 lm). For the Button and the open-faced PHISH,
particles depositing onto the inlet and inner cassette
walls would not be included in a sample analysis
where only the filter is weighed. Alternatively, with
the IOM, the inlet portion of the cassette is typically
weighed with the filter so that particles depositing
onto both the filter and inlet contribute to a typical
gravimetric analysis (a particularly innovative design
aspect that is unique to the IOM).

A comparison of the solid and liquid sampling ef-
ficiencies plus the collection efficiency of particle
losses during aspiration and transmission, where
available, are shown for each sampler in Figs 6–8.
For solid particles, regional mass deposition was
not assessed .10 lm, and only the sampling effi-
ciency measured by the filter (Button and open-faced
PHISH) or filter and inlet/cassette (IOM), defined as
the estimated concentration from the filter or filter
and inlet/cassette divided by the concentration esti-
mated by the sharp-edged isokinetic sampler, are
presented (black bars). For the fluorescently labeled
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particles, the sampling efficiency of particles depos-
ited on each sampler’s filter (gray bars) and the re-
gional collection efficiency (white bars), either

onto the meshed inlet (Button) or onto the inner sur-
faces of the filter cassette (IOM, open-faced PHISH)
are summed to estimate the aspiration efficiency as
defined earlier. For the Button sampler, this may
yield an overestimation of aspiration efficiency since
both sides of the screen are extracted together and
particles depositing on the front of the screen are
not truly aspirated. Error bars represent 1 SD of effi-
ciency for each component presented. Only positive
error bars are shown for clarity.
IOM sampler. The sampling efficiencies for droplet

experiments are presented in the left bars and solid
particle experiments are shown in the right bars in
Fig. 6, as a function of aerodynamic particle diam-
eter. For the IOM, the white bars represent the col-
lection efficiency of the inlet/cassette.

Roughly 26–62% of the droplets entering the IOM
were deposited on the walls of the inlet/cassette as-
sembly. However, such transmission losses do not
pose a sampling problem for gravimetric analysis us-
ing IOM samplers, since the entire cartridge is in-
tended to be weighed. However, for other types of
physiochemical analyses, care must be taken during
analysis since a portion of the aspirated aerosol does
not reach the filter. In the UK, the Health and Safety
Executive Methods of Determination of Hazardous

Fig. 6. IOM fractional collection efficiency defined as the
concentration measured on each sampler component relative to

the concentration measured by a sharp-edged isokinetic
sampler as a function of particle size and type (solid particles
versus droplets) at 0.4 m s�1 wind speed. Black bars represent

fractional collection efficiency for solid particles by
gravimetry (i.e. the sampling efficiency). Gray bars represent

the collection efficiency of the filter; white bars depict the
collection efficiency of the sampler inlet/cassette as

determined by fluorescence analysis.

Fig. 7. Button fractional collection efficiency defined as the
concentration measured on each sampler component relative to

the concentration measured by a sharp-edged isokinetic
sampler as a function of particle size and type (solid particles
versus droplets) at 0.4 m s�1 wind speed. Black bars represent
collection efficiency for solid particles by gravimetry (i.e. the

sampling efficiency). Gray bars represent the collection
efficiency of the filter (i.e. the sampling efficiency); white bars
depict the collection efficiency of the sampler’s screened inlet

as determined by fluorescence analysis.

Fig. 8. Open-faced PHISH fractional collection efficiency
defined as the concentration measured on each sampler

component relative to the concentration measured by a sharp-
edged isokinetic sampler as a function of particle size and type
(solid particles versus droplets) at 0.4 m s�1 wind speed. Black

bars represent fractional collection efficiency for solid
particles by gravimetry (i.e. the sampling efficiency). Gray

bars represent the collection efficiency the filter (i.e. the
sampling efficiency); white bars depict the collection

efficiency of the cassette estimated by wiping the inside of the
open-faced PHISH and cassette as determined by fluorescence

analysis.
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Substances typically call for cassette extraction
where the material on the cassette is intended to be
a part of the sample, as is the case for the IOM sam-
pler (e.g. HSE, 1998, 2006) However, in the USA, as
noted by Harper and Demange (2007), many Occu-
pational Safety and Health Administration (OSHA)
and NIOSH Methods do not explicitly detail how in-
let losses or internal cassette deposits should be trea-
ted. Our results confirm the need for analyzing inlet/
cassette deposits when sampling inhalable aerosols.
At �10 lm, transmission losses were similar be-
tween solid and liquid particles. Above 10 lm, we
determined transmission losses only for liquid par-
ticles. Kenny et al. (1997) reported that inlet/cassette
losses for solid particles were size dependent and up
to 25% for �100 lm particles. However, other stud-
ies have indicated inlet/cassette losses in better
agreement with the droplet losses reported here.
Witschger et al. (2004) observed inlet/cassette losses
of 20% for 6.9 lm solid particles up to 55% for 76
lm solid particles. Additionally, Mark (1990) sug-
gested inlet/cassette losses between 25 and 44%
for solid particles between 6 and 34 lm.
Button sampler. The collection efficiencies for the

different Button sampler components are shown in
Fig. 7, where the white bars represent the collection
efficiency of the screened inlet, as determined by
fluorescence analysis. The diminished droplet sam-
pling efficiency for the Button sampler, when ana-
lyzing the filter only, is due to losses at the
screened inlet. For �100 lm droplets, seven times
more mass was deposited on the screen than on the
filter. If one were to extract the deposited mass on
the screen and filter together, reasonable agreement
with the mannequin aspiration efficiency could be
obtained. However, the screen is too heavy for gravi-
metric analysis, so this is only feasible if deposited
particles can be removed with a wash-off method,
as was done here. Thus, we recommend that a per-
sonal sampler with a non-meshed surface be used
if droplet exposures are to be assessed. Since sam-
pling efficiencies are in better agreement with the
mannequin aspiration efficiency for the larger solid
particles (�30 lm), we assume that the solid par-
ticles indeed bounce and fewer particles deposit on
the inlet screen. Our results suggest that the Button
performance is generally acceptable for assessing
exposures to solid particles. However, the issue of
bounce for solid particles with diameter �10 lm
and smaller should be investigated further for this
sampler.
PHISH: open-faced. The collection efficiencies of

particles depositing on the different components of
the open-faced PHISH are shown in Fig. 8, where

the white bars represent the collection efficiency es-
timated by the wipe of the inner cassette surfaces,
determined by fluorescence analysis.

Negligible transmission losses were observed for
the open-faced PHISH challenged with droplets
and �10 lm solid aerosol (relative mass on wipe
,2% of relative mass on filter). Only error bars on
the collection efficiency of the filter are visible in
this figure. The negligible transmission losses sug-
gest that the discrepancy in sampling efficiency be-
tween solid and liquid particles �30 lm and larger
is due to particle bounce on the exterior surface of
the sampler. Solid particles likely bounce off the
open-faced PHISH face and are ultimately aspirated,
while liquid particles do not bounce and the aspira-
tion efficiency is reduced. The reduced sampling ef-
ficiency of �10 lm solid particles compared to �10
lm droplets is unclear and the influence of particle
bounce at small diameters should be investigated
further.

Clinkenbeard et al. (2002) found that wall losses in-
side the Mod37 were substantial and that analysis of
the filter alone (without accounting for losses by wip-
ing the internal cassette walls) would likely result in
underestimation of exposure. However, in their study,
the swabs and filters were analyzed together, thus the
percentage of mass depositing in each of these regions
is uncertain. In addition, the difference in flow rate be-
tween the Mod37 (2 l min�1) and the open-faced
PHISH sampler (10 l min�1) may account for differ-
ent regional deposition within in the sampler as the
larger flow rate may reduce wall losses by reducing
particle residence time inside the cassette. Although
the transmission losses for the alumina aerosol were
not measured, we found that a modified ACCU-CAP
was necessary to recover solid particles sampled by the
open-faced PHISH. Gorner et al. (2010) also found that
the ACCU-CAP could improve orientation-averaged
sampling efficiency for a standard closed-face 37-mm
cassette. Puskar et al. (1991) found that when closed-
face two-piece cassettes sampled pharmaceutical dusts,
only 22% of the mass deposited on the filter, while
62% of the dust masswas on the inside surface of the cas-
sette top, and the remaining 16% was on the interior
walls of the cassette. They deduced that electrostatic at-
traction during sampling and/or shipping and handling
of the cassettes led to the large portion of sample on
the cassette top and that the small portion on the cassette
bottom was the result of losses during cassette handling.
Since the PHISH samplers were mounted on a rotating
surface (RBD), the problem of solid particles migrating
to the edge of the filter was likely exacerbated in
our experiments. However, particles are probably dis-
turbed inside these samplers during personal exposure
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assessments in the field as well, due to actions by the
wearer. Differences between these actions cannot be
assessed here. However, our results suggest that 37-
mm cassettes using the open-faced PHISH inlet may
provide a reasonable match to the facing-the-wind
mannequin aspiration efficiency, but that the inner cas-
sette ‘should be wiped’ before analysis, in agreement
with the OSHA perspective for metals analysis
(Hendricks et al., 2009). Alternatively, use of a modi-
fied ACCU-CAP to fit this new sampler might retain
the advantages of the classic 37-mm cassette, while
improving sample mass capture and agreement with
the mannequin aspiration efficiency.

Additionally, Zhou and Cheng (2010) measured
the droplet sampling efficiency of the IOM at a larger
flow rate than is currently specified (10.6 l min�1)
and a wind speed of 0.56 m s�1. Those authors found
lower sampling efficiencies for �10 lm droplets and
higher sampling efficiency for larger particles than
observed here for the open-faced PHISH. Although
the open-faced PHISH here and the IOM in that
study both operated at �10 l min�1 and had an iden-
tical inlet size, these differences may be due to dif-
ferences in inlet geometry (i.e. the PHISH does not
have a protruding lip as does the IOM) and in wind
speed (0.4 m s�1 here and 0.56 m s�1 in that study).

CONCLUSIONS AND STUDY LIMITATIONS

The facing-the-wind sampling efficiency of three
personal aerosol samplers was investigated at a wind
speed of 0.4 m s�1 for both solid and liquid particles.
Four major conclusions can be drawn from this work.
(1) Screened samplers aspirate large droplets with sig-
nificantly reduced efficiency as compared to solid par-
ticles. Consequently, open-inlet samplers should be
used when assessing exposures to droplets. (2) Meas-
urements of aspiration losses suggest that solid par-
ticles bounce off the surface of screened samplers
allowing them to be re-entrained into the airstream
and ultimately aspirated into the sampler. This finding
corroborates fluid dynamics modeling showing that
bounce is an important factor during particle aspira-
tion (Anthony et al., 2010). (3) The open-faced
PHISH showed the best agreement to the facing-the-
wind mannequin aspiration efficiency at 0.4 m s�1

wind speed for liquid particles, when compared to
the IOM and Button sampler. This design also offers
cost advantages over the IOM and Button samplers.
(4) The extent of solid particle bounce likely dimin-
ishes as particle size decreases (approaching �10
lm under conditions tested here). Furthermore, our
understanding of particle bounce is somewhat limited.

While a large amount of information on particle
bounce inside ducts is available (e.g. Peters and Leith,
2004a,b), additional theoretical and experimental
work is needed, to describe and quantify this phenom-
enon on the exterior surfaces of personal samplers un-
der realistic (i.e. workplace) conditions.

Many limitations inherent to this study suggest
avenues for continued research. This work did not
evaluate orientation-averaged sampling efficiency
for any of the personal aerosol samplers, although
the work was compared to measured estimates of hu-
man aspiration (mannequin aspiration efficiency) in
matched experimental conditions. This work evalu-
ated only one wind speed (0.4 m s�1) and samplers
are likely to perform differently as the freestream ve-
locity is further decreased. In addition, regional los-
ses for solid particles larger than �10 lm were not
evaluated. Future work should also determine
whether an AccuCap could be adapted to the PHISH.
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