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Development and Evaluation
ofan Inhalable Bioaerosol
Manifold Sampler

Thispa per describes thedeve lopment and eva luation of an inhalablebi oa erosol manifold samp ler

for the co llection ofrep licatesamples over seq uentia l sam pl ing perio ds.Windtunnel experimen ts at

windvelocities ::;0.6m/sec (::; -120 ft/min ) and at asa mpl ingvelocity of 0.6 m/sec yie ldedsampling

effic ienc ies within 10%oftheAmerican Confere nce of Govern mentaIIndustriaI Hygienists' inhalable

curve uptoparticlediameters ofabout 18 urn andefficiencies within 18%for dia meters upto26 urn.

At wind ve locities ~0, 6 m/sec, asam pl ing ve locity of0.8 m/sec yie ldedefficiencies thatwe re within

15%ofthe inha lab le curve uptodiameters ofabout 22 urn andwithin 20% fo rdia mete rs up to

25 urn .Microscopicco unts of 15.6-~ m and 25 .6-~ m monodispersepolystyren ebeadsae roso lized

in thewind tunnel and co llectedwiththe manifo ldsa mpler yie lded preciseco ncentrations (pooled

CV=9,0 an d5.3%, res pectively) averag ing 115%and 92%, respective ly, ofmeasu rem entswith the

APS Model 331 0aerodyna mic pa rticle sizer.Fi eld tests in acottondu st environmentdemon strated

the ability togene ra te atime/concentrat ion profi le of fu ngal spores similar to that indicated for cotton

dust levelsdete rm ined withhorizontal elutria tors .Cotton dust was sa mpledefficientlywhile cotton

fibers were excluded.Field tests onadairy fa rm indicated nosta tistica llysign ificant bias (p= 0.72)

betweenspore concentrations determined with theman ifoldsam pler an d concentrations determined

thro ug hacentral test port.

Keywords: aerosol sampler, bioaerosol, inhalable size fraction, microscopy, sampling

C
onsiderable evidence exists linking the inha­
lation of microorganisms, their propagules,
and chemicals produced by microorgan­
isms to acute and chronic health effects. ( 1- 13)

Although culturable count concentration s of fun­
gal spores and bacteria in air samples are the mea­
sures most frequently taken in environments
suspected of being contaminated with biogenic
substances, several difficulties arise when relating
symptoms to such measures. Not only are air­
borne viable microbi al concentrations subject to
sampling and cult ivation bias, viable counts are
inadequate measures of the inflammatory and
allergenic potential of biogenic dust because

•Author to whom correspondence should be addressed .
Thi s work was supported by the Centers tor Disease Control and Prevention . and the
National Institute for Occupational Safety and Health under grant no . 5-ROI-OH029 14.

these responses can be induced by nonviable
cells that may be present in far higher concen­
trat ions than viable cells.' 14) A more appropriate
measure of inflammatory and allergenic poten­
tial, especially in agricultural environments, is
the microscopic enumeration of total (viable and
nonviable ) bacteria and fungal spores collected
from the air onto filters.115,16) The use of filter
discs for collection of bioaerosols allows con ­
siderable flexibility in exposure averaging times
and also in analysis, including microscopy and
the determination of biochemicals such as
bacterial endotoxin, (1-7 3)- ~ -D -glucans, and
mycoto xins.(l7,l8)

Sequential sampling with filters in a manifold
system offers the ability to track changes in
bioaerosol concentrations over small time in­
tervals and, conversely, the ability to determine
time-weighted averages over extended time in­
tervals. When determining the effects of variable
environmental conditions or employee activity on
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bioaerosol levels, the high temporal variability of air spo ra in
indoor and outdoor environments, as pointed ou t by Flannigan
and Miller, (5) req uire s the determination of concentration-time
profiles. Variations of 3 to 4 orders of magnit ude have been
observed ove r I -hI' intervals.I'?' O n th e other hand , when est imat­
ing exposure to highly fluctuating concentrations of bioaerosols,
sampling times must be long enoug h to represent the average
exposure level, or short sequential samples must be combined
to o btain the average level. To sample seq uentially with via­
ble samp lers is usua lly cost prohibitive because ma ny sam ples
have to be take n. Sampling times with most viable samp lers arc
restricted to small intervals (3 to 5 min ) resulting in only "snap­
sho t" concentrations.

Vincenr'P ' has pointed out that crite ria tor aerosol exposure
guidelines should be specified in term s of all that is inha led, and
thus the ability to measure the inhalable traction of aerosols is an
important o bjec tive in many occupational situatio ns, T he imp or­
tance of inhalabiliry was first recognized by Ogden and Birkett in
1977.(11) T hese investigators demonstrated that the efficiency with
which aerosols entered the nose and mo uth of a lite-size model of
the human head and shoulders in a wind tunnel varied by l Ovfold
at diffe rent ori enta tio ns . H owever, when averages were taken for
all wind directions to simulate a worker randomly oriented to the
wind , the efficien cies o bserved tor wind veloci ties o f 1-3 m/sec lay
within a fairly small range tor a given particle size. Vincent and
Armbrustcr'<" later summarized th ese findings and those of other
studies .113.14) T he American Confe rence of Gove rn me nta l Indus­
trial Hygienists (ACG IH) has adopted the foll owing mathem atical
definition of inhalable penetration (I) as a function of aerodynamic
equivalent diameter (daJ :115)

1 = 0 .5[ I+exp(-0 .06 daJ] for 0 < da< <10 0 pm (1)

27.0 em

pipe

12.9 c.rn

t 2.2 err. ID

(--:4
2.2 em 10

FIGURE 1.Schematic drawing ofverticalcross section ofmanifold sampler

At present, the Institute of Occ up ational Medic ine (lOM ) area
inha lable aerosol sampler'i'? is the only commercially available
device specifically design ed for the fixed-point collection of the
inhalable traction as defined abO\'e .110) H owever, the device is pri­
mari ly designed fo r the gravimetric determinat ion of the collected
pa rticles and specifica lly does not provide uniform deposi tio n of
particles on the filter co llec tion surface as required for
microscopy"?

This article describes the development and evaluation of the
performance of an inhalable bioaerosol manifold sampler. The
device was designed to provide th e following features: (1) flcxi­
biliry in the choice of the aerosol sizing characteristics of the
sam pler, including the selective sampling of the inhalablc fraction
of aerosols ; (2) collection efficiencies that are independent of
wind speed and direction; (3) the ability to sample sequentially
with a sampling man ifo ld to develo p time-concentration profiles
over exte nded pe riods; and (4) th e abi lity to use filt er discs to r col­
lection of bioacrosols to allow flexibility in ana lysis, par ticularly
the o n-site enumeration of fun gal propagules and bacteria
by microscopy.

MATERIALS AND METHODS

Description ofthe Sampling Device-The Manifold Sampler
Usi ng the de sign criteria set forth in the introduction, the follow­
ing sampling device has been fabricated . A side-view drawing of
the ma nifo ld sampler is presented in Figure 1, and a to p view of
the manifold is pre sented in Figure 2. T he sam pling manifold

allows the collection of replicate samples over 6 sequential samp­
ling peri ods with 12 small stainless steel sample hol ders situated
in pairs aro und a ring . To minimize th e effects of win d direction

Filter Holder

\
Pipe Thread (1/8")

D= 9 em

FIGURE 2.Schematic drawingofhorizontalcrosssectionoffiltermanifold
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and veloci ty, the inlet of the manifold sampler is patterned after the
flanged inlet devel oped by Liu and Pui tor ambient air samp­
ling.(27) T he flange straightens th e streamlines in th e inlet and
minimi zes exte rn al impaction losses, and the large diameter of the
inlet causes the streamlines to bend grad ually thereby minimizing
int ern al impaction losses.(28) T he circumference of th e inlet is 73
cm . In the dep icted or ientatio n, the flange and the inne r surface of
the co ne contribute to the elutriation of large particles and are
coated with silicone grea se to prevent reentrainment of the col­
lected aerosol. The 27° taper of the cone (with respect to vertical)
help s to stabilize the velocity front as it moves toward the mani­
told . Both the flange and th e lid of the sampler are machined to
provide a knife-edge at the inlet slit . The width of th e slit is
adjustable but has been currently set at a height of 0.3 ern tor lab­
orato ry and field evaluati on .

Each filter holder in the sampling manifold is fabricated from
a Millipore Swinney stainles s steel ho lder for 13 -mm filters
(Millipore Corp., Bedford , Mass., catalog no. XX30 012 00 ). The
inlet o f each holder has been machined to a knife-edge at the tip
of th e inlet to produce a " thin-walled" sarnpler.P?' Two types of
filter discs have been used in th e holders: 0 .2 pm pore size, track­
etched , polycarbonate screen membranes with a plain surface us­
ing polyvinylpyrrolidone as a wetting agent (Poretics Co rp.,
Liverm ore, Calif., catalog no . 10510) and 0.2 prn pore size, track­
etched, polycarbonate screen membranes th at are stained with
irgalan black (Po retics Corp., catalog no. 10521 ).

Airflow th rough filters is co ntrolled by regulating the vacuum
applied to a plenum below each pair of holde rs through a fitt ing
on the side ofthe sampler co nnecte d to a portable , flow-controlled
vacuum pump (SKC Inc., Eighty Four, Pa., model 226-44XR). Six
fittings are situated around the manifold , one tor each pair of filter
holders, to allow six sets of dupli cate samples to be collected over
time. One of the duplicates is always on the inner ring of filters,
and th e othe r is on the outer ring. With suitable connectors, vac­
uum can be applied to any combination of paired samplers. Flows
are measured at each filter holder inlet with a filter in place using
an electronic bubble meter (att ached with flexible tubing) before
and after sampling is conducted .

T he airflows through the fi lter discs (0 .3 to 1.1 L/min) are
maintained approximately isokinetic with the flow through the
cone. However, maintaining isokinetic sampling is not always
nece ssary because sampling with th e filters will often meet the cri­
terion of "still" air sampling for particles with aerodynamic diam­
eters d O pm as established by Davies.(30,31 ) For still air sampling,
the fi lter holder inlet diameter (0 .87 cm ) is large enough to cause
less than a 10% sampling error according to the criterion of
Agarwal and Liu tor upward-facing nozzles.(32)

Flow throug h a pair of filters represents on ly a few percent of
the to tal flow th rough the samp ling device and thus limits effects
on th e flow field with in th e cone. The to tal flow includes the flow
throug h th e individu al filters, 2 to 5 L/min flow to a particle col­
lecto r or counter, respectively (as described below ), and the bu lk
flow, i.e ., the balance selected to maint ain total flows of 60 to 120
Lzrnin, which is pulled th rough the openings between the sample
pairs (see Figur e 2 ). The bulk flow is provided by a ring compres ­
sor (Fuji Electric Cor p. o f America, Lincoln Park , N.J" model
VFC 083P) calibrated with a dry gas meter.

The central cavity in the sampling ring leads to a vertical pipe
with a 2 .1 cm i.d . that is co nnected to the external particle collec­
tor or counter. This feature allows the determination ofparticle con­
centrations and size distribution s within the horizontal plan e of
the filter ho lder inlets. Flows of 2 to 5 L/min through the central
cavity correspond to velocities of 0.09 to 0.22 mysec in the plane
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of the manifold. For the air velocities that have been maintained in
th is plane during th e evaluation of the sampling device (0 .06 to
0.25 m/ sec), sampling through th e central cavity is essent ially
either isokinetic or satisfies still air sampling requirements. In
either case the sampling erro r is expected to be less than 10% for
particle s with aero dynamic diameters dO urn in all tests, accord­
ing to the criteria for still air samp ling referred to in th e previou s
paragraph or according to the anisokinetic losses predicted by
Belyaev and Levin .(29)

Laboratory Evaluation ofthe Manifold Sampler

Wind T unnel and Aerosol Generation System

To test the sampling device, a uniquely compact wind tunnel was
constructed. Its development and evaluation have been reported in
detai l by Eddins ct al.(33) The wind tunnel was constructed from a
polyvinyl chloride pipe , 305 ern in length with an i.d. of 59 em,
corresponding to a cross-sectional area of 0.273 m2. The inside of
the pipe was coated with a paint cont aining graphite that rendered
the int ernal surface electricall y conductive. The axis ofthe pipe was
ori ented horizontally, and a high efficiency particulate air (H EPA)
filter capped each end to purify th e inlet air and to rem ove the gen ­
erated test aero sol from the exhausted air. A centrifugal t:U1 pulled
air th rou gh the system so that the tunnel was under negative pres­
sure. A speed control on th e tan motor provided co nt inuo us
adjustment of the velocity in the tunnel from 0.2 to 2 my'sec.

Test particles were injected th rough a jet pump operating at 34
Lz'min of airflow and oriented so th at its axis coincided with the
inlet end of the wind tu nn el axis. A de flection plate (6-cm diame­
ter disk) was located perpend icular to and 5 ern from th e jet pump
exhaust stream . Mixing of part icles with the total gas entering the
wind tunnel was accomplished by turbulence produced by th is
axial jet pump combined with two additional opposed jet pumps.
T hese latt er two jet pumps were located on the hori zontal diame ­
ter of the wind tunnel with their jets directed toward the deflec­
tion plate at the axial jet pump where particles were injected.
Airflow rate from the jet pumps was less than 2% of the total wind
tunnel airflow.

Test aerosols for the evaluati on of the samp ling device were
generated with the TSI Model 3400 fluidized bed aeroso l gen­
erator (TSI, Inc., St . Paul , Minn .) and transported to the axial
jet pump. Three commercially available materials were used :
Zeeosphcrcf cerami c bead s (type X-62 , Zeelan Industries, Inc ., St .
Paul , Minn .) with a repo rted density of 2 .25 g/cm3, and poly­
styrene beads of two average sizes, 14.6 pm and 24 .3 urn, both
with a density of 1.15 g/ em! (Bangs Laboratories, Inc. , Carmel,
Ind. ). The ceramic beads produced a aerosol with an mass med ­
ian aerodynam ic diameter (MMAD) of 11.9±0.5 pm and a geo­
metri c standard deviation (GSD) of 1.5 7±0 .O1. The polystyren e
beads produced nearly rnonodisperse distribution s with MMAD s
near expected values . Generation of the smaller polymeric beads
yielded an MMAD of 16.2 pm with a GSD of 1.2 , and the large r
beads, an MMAD of 25 .6 pm with a GSD of 1.1. Particl e teed
rates were established to provide co ncentrations ran ging fr om
abo ut 0.9 to 5.6 mg/ rn ! with the ceramic bead s and 0.3 to 1.6
mg/m3 with the polystyren e beads. Wind tunnel velocities ranged
from 0.2 to 1.4 my sec,

During particle sampling experiments, the manifold sampler
was situated with its vert ical axis on a vertical diameter of the wind
tunnel and 40 cm from the H EPA filter at its exit. The hori zontal
plane of the inlet slit at the top of the sampler was positioned to
coincide with the horizontal diameter of the wind tunnel. In this
position the manifold sampler blocked 14% of the wind tunnel
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Aerosol Measurement

sedimentation in the wind tunnel. Also, concent rations of larger
particles at the other points exhibit a trend , althou gh with much
smaller diffe rences, toward higher values at the lower points. In the
central region of the wind tunnel, i.e., excluding the top and
bottom points, variations of particle concentrations were less than
±10% for particle sizes less than 15 urn and less than ±20% over
the entire size range. It is believed that along the horizontal diam­
eter between-point variations of particle concentration were sub­
stantially less than those observed along the vertical diameter
because of the absence in this plane of variation caused by gravita­
tional sedimentation.

Inertial and sedimentation losses of these ceramic beads in
a horizon tal sampling probe prevented acquisition of part icle­
concentra tion data while traversing the horizontal diameter to
verify the expected lower between -point variation. H owever, com­
parison of horizontal and vertical traverses obtained with some­
what smaller part icles (MMAD of 5 pm and GSD of 1.8 ), fix
which probe losses were small, indicated much less variation (by
factors of o ne-half and less) along the horizontal diameter than
along the vertical diameter. These results also indicated that varia­
tions along the horizontal diameter were independent of average
wind tunnel velocity while variations alon g the vertical diameter
increased with decre asing average wind tunnel velocity.

In the primary laboratory experiments, particle concent rations
were determin ed as a function of size with the TS I aerodynamic
particle sizer (APS model no . 3310 ). The APS was alternately posi­
tioned under the vertical pipe of the manifo ld sampler exhaust and
the vert ical probe used fo r refe rence samples of the wind tunnel
gas stream. At eithe r location and under each set of test conditions,
aerosol conc entrations were det ermined with the APS over an
averaging time of either 5 or 20 min; the alternate measurements
were repeated at least thr ee but usually four times.

In laboratory tests with the polystyrene beads, samples collected
with the 13-mm filters of the manifold sampler were examined b~­

brigh t field microscop y as
follows: Each filter disc was
mounted on a slide in a
methylene blue solution to
increase contrast between
the beads and the filter. Th e
filter was then observed and
particles counted at a mag­
nification of 400 X with
a Nikon OPTIPHOT-POL
microscope equipped with
an image analysis system­
a Ne wvico n camera (mtiT.\ \

70 Series, Dage-MTI Inc.,
Michigan City, Ind .) with
Image-Pro Plus softw are
(Media Cybernetics1.\1 , Silver
Spring, Md.).

Samples taken with poly­
carbonate filter discs in the
field were also examined
by bright field microscopy
after being mounted on
Cyto e Clearl"! glass slides
(Poretics Corp., catalog no.
99030 ) in 4 ul. of glycerin
jelly, a mixtu re of 7.5 g of

2015

Aerodynam ic Diameter (prn)

10

FIGU RE 3.Particle sizedistributions acrossaverticaltraverseof thewindtunnel
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cross section. This is less than the 15% maximum specified by the
Environmental Protection Agency for testing of PM IO samplers.P"
Reference part iculate samples of the gas stream were extracted
through a sampling nozzle located on the wind tunnel axis 20 ern
upstream of the manifold sampler axis and transported downward
through a vert ical probe for determinations of particle concentra­
tion s and size distribution .

Evaluations of the spatial unifo rmity and temporal stability of
gas velocity and particle concentra tions and size distribution were
reported by Eddins ct al.(33) For average wind tunnel velocities
rang ing from 0.2 to 1.6 my scc, 20 -point velocity traverses were
performed. Ob served average gas velocities at each point were
typically within ±5% of the to tal traverse average. In the cent ral
region of the wind tunnel, where the manifold sampler inlet slit
and the reference sample prob e inlet were located durin g the samp­
ling-efficiency experiments, deviations were always less than ±10%.
Along the horizontal and vert ical diameters this degree of unifor­
mity existed for points within 25 and 13 ern of the center, respec­
tively. Maximum within-point variations o f instantaneous axial gas
velocities ranged from ±14 to ±2% for average velocities of 0 .2 to
1.6 cm/ sec, respectively.

The degree of mixing, with the tot al wind tunnel flow, o f gas
injected through the axial jet pump was evaluated by injecting a
tracer gas th rou gh th is pump and performing concent ration tra­
verses. Th e results had between-point coefficients of variation
(CVs) from 5 to 9% and within-point CVs from 4 to 6% fo r aver­
age wind tunnel veloc ities from 0.2 to 1.4 cmy scc, respectivelyv" !

Figure 3 presents concent ration as a function ofparticle size for
reference samples of th e ceramic beads obtained at six points along
the vertical diamete r fo r a wind tunnel velocity of 0.4 cm/sec.
Each data point is the average of two , three, or four 5-min samp­
ling run s. The tot al data set was obtained over a period of 5 hr.
Particle concent ration was nearly uniform over the entire particle
size range except for the point near the top wall of the wind
tunnel (9 in. above in Figure 3). Th e low concent rations of larger
particles at th is point were likely the result of gravitational
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gelatin in 75 mL sterile dist illed water and 100 mL of glycerol.
Fu ngal spores were counted in the field samples at 1000 x magni­
ficarion using the image analysis syste m.

Design an d Eva luation of Samp ling Efficiency of Probes
for the APS 3310

Test parti cles were extracted from the aeros ol stream and trans­
ported to the AI'S sensor through a fabricated probe for the purpose
o f meas uring co nce ntratio ns in the wind tunnel. A probe design
\ \ ·.1S selected to optimize aspira tion efficiency and to min imize wall
dep osition in transit. (35) The sampling probe was comprised of a
thin-wall nozzle, 2 .1 to 2 .7 em in length, placed at an angle of45 °
to the airstream and attached th rough a 45 ° elbow to a straigh t,
vertical, stainless steel pipe 55 ern in length and 1.6 ern i.d . This
transport pipe was co nnected to the vertical inlet ( 1.9 ern i.d .)
of th e AI'S 33 10 . Because the AI'S was operated at o ne volume
flow rate (i.e., 5 L/min), no zzles with diameters ranging from
0.7 7 to 2 .30 ern were used to accommodate the variou s wind tun­
nel test veloci ties , Nozzle veloc ities were maintained somewhat
lower than th e veloci ty of the airstream (i.c., subisokinetic) to

ovc rsarnp lc and thus compensate for the expected loss of large
partic les in th e probe .

Probe sam pling efficiencies were determined at the various
wind tu nnel veloc ities by gravimetric measurement of aerosolized
t~ pe X·62 Zecosphcre ceramic beads co llected o n 25 -mm glass
tiber filters (Gelman Sciences, Ann Arb or, Mich ., catalog no .
61630 ) mo unt ed in graphite- tilled polystyrene cassettes with
exten de d cow ls (Environmental Express, Mt. Pleasant, S.c. ). For
each det erm inat ion , aerosol was sampled simultaneo usly inside the
wind tunnel and through the sampling probe fitted with the
appropriate nozzle. The cassette inside the wind tunnel was placed
immediately adjacent to the noz zle and sampled isokinetically;
whe reas th e o ther cassette was attached to the exit of the probe
outsi de th e wind tu nnel and sampled at 5 L/min. The corrc ­
spe nding ratio of th e mass co ncentratio n determined with the
filter atta ched to the probe, to the mass concent ration determined
with th e filter inside the wind tunnel was entered into the column
labeled "Obsei vcd Efficiency" in Table 1.

TABLE I.APS Probe Sampling EfficiencyA
- - -_.
Wind Sampling Sampling Observed Predicted
Velocity Velocity Time Efficiency' EfficiencyD
(m/sec) (m/sec) (min) nB (%) (%)

0.2 0.2 90 3 92.3 (2.0) 95.1
0.4 0.2 90 3 93.1 (5.9) 93.6
0.6 0.2 150 3 96.2 (3.0) 98.2
1.0 0.6 180 3 90.2 (5.1) 89.7
1.4 1.0 180 3 83.9 (6.5) 85.5

AThese tests were carried out w ith type X-62 Zeeosphere ceramic beads
(MMAD= 11.9 IJm. GSD=1.57).
BNumber of test run s
(Observed prob e sampling efficiencie s calculated as specified in the text .
Data in parentheses are the CVs of observed efficiencies expressed as a
percent.
Dprobe sampling eff iciencies pred icted using equations in References
35- 37 and specificat ions in text

T hese o bser ved probe sampling efficiencies were compared to
pre dicted effi cien cies based o n the model for nozzles developed by
Hangal and Willeke(35,361 and o n the model of inerti al deposition
losses in a bend de veloped by Crane and Evans. (35,37) Prediction o f
to tal sampling efficiency for the aerosol samples requires particle

200 AIHA J OURNAL (58) March 1997

size distribution data. These data were obtained immcdiarclv
before and after each filter experiment by AI'S measurements, samp­
ling through the probe to determine the apparent co nce nt ration
and size distribution. As me asured with the AI' S, th e MMAD
changed by no more than 0 .3 pm and the GSD by no mo re than
0 .02 during any of the filter runs.

To compute the predicted overall probe sampling efficiency tor
a particular wind velocity, the apparent mass co ncentration corre ­
spo nding to one particle size bin o f the APS mea surement was cor­
rected for the predicted probe losses to yield an estimate o f the
mass concentration in the wind tunnel. This process was repe ated
tor each particle size bin of the AI'S. The co rrected concentratio ns
were summed over all of the AI'S bins, i.e. sum med over the par­
ticle size distribution . The overall co ncentration as determined
dire ctly with the AI'S was then divided by the sum of corrected
con cent rations to yield the overall the oretical efficiency of the samp­
ling probe tor the polydispersc aerosol. This value was entered into
the column labeled " Pred icted Efficiency" in Tab le 1.

The predicted results were in good agreement with th e
o bserved efficiencies; a paired two-tailed t-test at the 0 .05 signifi­
cance level revealed no statistical difference between experimental
and the oretical efficiencies, The a\'erage observed to tal bias was
1.5%. Another series of tests was carried out at a sampling velocity
o f 0.4 m/ sec and at a wind velocity of 0 .4 my scc using the 25 .6­
urn polystyrene beads. These tests yielded an average probe cffi­
ciency of 82 .3% (CV=2.1%, n=2 ) compared with 82 .1% predicted
with the theoretical model. Becau se the accuracy of the theoretical
model was good in all of the se tests, the model was used to correct
the AI'S results with in each individual particle size bin in sampling
efficiency studies of the manifold sampler.

Laboratory De termination of Sampling Efficiencies
of the Manifold Sampler

Tests with ceramic spheres were cond ucted over particle sizes rang­
ing in aerod ynami c diameter fro m 2.0 to 24 .4 )lm and at air \ '0 1­

urne now rates of 30, 60 , 90, and 120 L/min th rough the inlet
o f the manifold sampler, corresponding to sampling veloc ities
of 0.2 , 0.4, 0 .6, and 0.8 m/ sec at an inlet slit he ight of 0 .3
cm . Wind tunnel velocities were adjusted to 0 .2 , 0.4, 0 .6 , 1.0 ,
and 1.4 m/sec, covering the range encountered in most indoo r
environmcnts.O'"

Of the 59 particle size bins o f the AI'S, those represent ing the
following particle sizes were chosen tor sampling efficiency calcu­
lations: 2 .0 , 5.3 , 7.0, 8 .0 , 10.6, 12.1 , 15 .0 , 17.2 ,21.2 , and 24.4
pm . T he sampling efficiency to r a given particl e size was deter­
mined by dividing the average co ncent ration recorded by the AI'S
when connected to the manifold sampler by the average co ncen­
tration reco rded when connected to the reference probe in the
wind tunnel. Alth ough variations in aeros ol concentration over the
tim e spanning a set of replicate test s were small, the particle size
distribution was even more stable.(33) Therefore, to maximize pre­
cision, concentrations observed within each of the selected pa rticle
size bins were normalized to concentration s ob served for particl es
less than 2 )1m, based on th e assumptio n that sampling efficiencies
tor these small particles would be near unity, A similar normaliza­
tion was performed by Marple and Mc Cormack in the evaluation
of a person al sampling impacror.v''"

For 5-min sampling times, ceramic spheres were used to cvalu­
ate sampling efficiencies tor aerodynamic sizes up to 21.2 pm .
Above thi s diameter, measurement pre cision was low, i.e ., CVs
were greater than 20 %. Consequent ly, the monodi sperse poly­
styrene beads of 25 .6 pm aerodynamic diameter were used for
determining sampling efficiencies tor a particle size above 21.2
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f1m . With th ese po lystyrene beads and fo r 5-min sampling tim es, a
CV of 15%was observed for rep licate measurements. For a po rtion
ofthe tests at 0.8 my sec samp ling velocity, 20 -min sampling times
were used to increase counts, thus allowing mor e precise measure ­
ments (i.e. , CVs less th an 20 %) with ceramic spheres up to 24 .4
pm in diame ter. For a more th oro ugh d iscussio n of sampling pre­
cision, see Results and Discussion and Ta ble II.

TABLE II . Precision ofReplicate APS Measurements of
Particle Concentration
Aerodynamic evA(%)forS-min evA (%)for20-min
Diameter,11m SamplingTime Sampling Time

2.0 2.0 1.4
5.3 2.8 1.9
7.0 2.9 1.7
8.0 3.2 1.9

10.6 4.3 3.8
12.1 4.5 4.4
15.0 6.7 5.1
17.2 8.5 6.7
21.2 16.0 10.6
24.4 44.2 18.4
25.6 15.0B

ACoeff icient of variat ion pool ed over all wind velocit ies studied
ilTests wi t h monodisperse polystyrene beads

Laboratory Evaluation of the Accuracy and Precision
of the Manifold Sampler

Two test procedures were emp loyed . In th e firs t the effec t of dif­
fercnt co mbina tions of filter pairs on the particl e size distr ibution
and co ncentratio n in the plan e of th e manifo ld was determined .
Type X-62 Zee osph ere polydispcrsc ceramic bead s were aero ­
solized in the wind tunnel and pulled into the manifold sampler
tor th ese tests. With the APS mo nito ring concentrations and
size distr ibution of the polydispersc aerosol through the central
cavity of the man ifold , aerosol was sampled co ncur rently through
one or more pairs of filters of the manifold at an average rate of
0.38 L/min through each filter. The total volume flow rate
th rou gh the sampler was 60 L/min, co rresponding to an inlet
sampling veloc ity of 0.4 rny scc.

In the second gro up of tests, the bias and precision of count
co ncentratio ns were determined by microscopic analysis of filter
samples using the APS output as a refe rence. T he APS monitored
th e concentration of monodisperse polystyrene beads ent ering the
manifold sampler fr om the wind tunnel whi le filter samples were
being taken simultaneo usly with all filter pairs. As in the tests
desc ribed in th e previous paragraph , an average sampling rate
of 0.38 L/min was maintained th rough the filters, and a total
volu me flow rate of 60 L/min was maintained through the mani­
to ld sampler.

FieldEvaluation oftheManifoldSampler
Field tests were co nduc ted primarily to verity that prec ise, sequen­
tial measurements of actual bioae rosols co uld be performed in real­
istic sett ings . Three field tests were cond ucted; one in a cotton
du st envi ronment and two on a dair y farm.

Cotton Dust Environment

T he first field test was carried out in a simulated cotton carding
room , as a co ur tesy of the U.S. Department of Agriculture Labora­
tory at C lemso n U niversity. The manifold sampler was operated at

a to tal volume flow rate of 45 L/min , correspo nding to an inlet
slit velocity of 0.3 rny sec; volume flow rate th rough each 13-mm
polycarbon are filter averaged 0.35 Lzrnin. Air was sampled about
1 hr sequentially th rough each of five filter pairs to r a to tal sam ­
pling time of abo ut 5 hr. No samp ling was cond ucted th rou gh the
sixth pair to provide filter blanks. Air was also sampled at a rate of
2 L/min concur rent ly th rough the central cavity of th e manifold
sampler and outside with two 25-mm, 0.2 pm po re size, track­
etched po lycarbon ate filters mounted in open-faced graphite -tilled
polystyrene tiltel' holders. T he mass of cotton d ust collected on
each of the se filters was determined gravime trically and used to

determ ine concentration s. T hese values were co mpared with refer ­
ence parti culate mass concentration s of th e carding room deter­
mined by sampling with vertical clutriarors. Fungal spores
collected with the manifold sampler were co unted to determine
the precision of replicate samples and to determine a con centra­
tion-time profile.

In the cotton carding room tests, a personal volumetric air samp ­
ler (Burkard Manufacturing Co . Ltd , Rickmansworth, England ,
U .K.) was empl oyed to sample bioacrosols near the inlet of the
manifold sampler. The Burkard sampler imp acted aero sol th rough
a 2-mm slit onto a glass slide coated with a thin layer of pet roleum
jelly at an air volume sampling rate of 10 L/min. Samples were
taken with the Burkard sampler tor 1 to 5 min intervals during
sampling with th e manifold sampler.

Dairy Farm Environment

Th e second and third field tests were co nducted in a three-sided
shed at a dairy farm located in rural Alabama during the mixing of
cattle teed. In one test the total air volum e flow rate th rough the
manifold sampler was abo ut 60 Lzrnin, correspo nding to an inlet
slit veloci ty of 0.4 my scc. Air movem ent around the sampler was
prim arily th e result o f the convective stirring of the air by the fro nt
end loade r used to add different compo nents of the teed to a mix­
ing hopper. T he wind velocity was <0.6 my sec throughou t th e test
and was not co nsistent ly tram one direction . The air was sampled
simultaneously through five filter pairs with the sampling manifold
tor 25 min at an average flow rate of 0.50 L/min (CV=6 .9%).
Air was not sampled through th e sixth pair; thes e two filters served
as blanks. Microscopic spore co unts on the individual 13-mm
filters were compared to assess sampling prec ision with the mani­
to ld sampler.

The major objective of the other field test at the dairy farm was
to compare microscopic spore count concentration s determi ned
sequentia lly to corresponding count concentrations found by samp­
ling th rou gh the cent ral cavity. At a volume flow rate of60 Lz rni n,
co rresponding to an inlet slit veloci ty of 0.4 my scc, air was sam ­
pled sequentia lly for 10 to 12 min th rough four pairs of 13-mm
po lycarbonate membrane filters at an average flow rate of 0. 5
Lz rnin. The ot her two pairs served as blanks. Co ncur rent with the
samp ling throu gh each filter pair in the manifold, air was sam pled
through the cent ral cavity with a 25 -mm po lycarbo natc filt er in a
graphite -filled cassett e. The sampling rate for th e cassette was 2.2
L/ min. As in th e first test, th e wind veloci ty was below 0.6 rny scc
th roughout the test and was from varying d irection s.

RESULTS AND DISCUSSION

Sampling Efficiencies ofthe Manifold Sampler
The result s of the sampling efficiency tests of the manifold sampler
in the wind tunnel define the size separation characteristics of the
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FIGURE S.Sampling efficiency ofthe manifold sampler; sampling velocity at
0.4mlsec
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0 .5 to 1.5 myscc produced a 50 to 70% change in sampling cffi ­
ciencies for I S-um particles. A significant portion of the variabil­
ity observed with the man ifo ld sampler over the rang e o f wind
velocities tor particle d iam eters >20 pm may have been caused by
measurem ent er ror; see Tab le II.

Aer odyn ami c Diam eter (u rn)

sampler as a function o f wind speed . The observed sampling cffi­
cicn cics are shown in Figures 4 to 7 . Sampling efficien cies gener­
ally decreased with inc reasing wind velo city, de creased as particle
size increased, an d increased as sampling flow rate s increased . The
observat io n that sampling efficiency decreased as wind velo city
inc reased was qualit atively co nsistent with th e theoretical model by
H an gal and Willeke describing nozzle cfficienc ies.P'" In a direc ted
flow str eam suc h as that in th e wind tunnel , a portion of the air
entered the slit o f the manifold sampler in the same direction as
the gas strea m and other portio ns entered at d ifferent d irect ions.
T hese vary ing samp le tlow directions co rresponded to isoaxial and
anisoaxial sampling. According to th e model, as the wind velo city
increased , the greate r sampling efficien cies expected for particles
greater than about 5 pm by isoaxial sampling wo uld be more than
offset by the decreased efficiencies exp ected for anisoaxial samp­
ling. A sim ilar trend was noted by McKenzie et al.(40) for a personal
aeros ol impactor with a segmented circular slit in let .

T he prec ision ofAPS mea surements was a function of the samp­
ling time and the number concentration tor eac h particle size. T he
CV pooled over all wind tunnel velocit ies tor each of the
particle sizes of interest and at sampling times of 5 and 20 min are
pr esented in Table II.

1--.' Vw :=: 0 .2 m/s + . Vw = 0.4 m/s --:.:-. Vw =0.6 m/s

--e-- Vw = ' .0 rn/c .A. . Vw =, ,4 m/s - lnhalable

FIGURE 4.Sampling efficiency ofthe manifold sampler;sampling velocity at
0.2mlsec

Aer odynami c Diam et er (urn)

- . .. V'll = 0.2 m/f. + - Vw = OA m/s .. ,.c. . Vw = 0.6 m/s

-e- Vw = 1.0 m/s ..... Vw = 1.4 m/ s - lnhalable

Although the sampling efficiency did change with wind speed,
th e m agnitude of ch an ge appeared to be comparable to or less
t ha n that o bser ved with the 10M area inhalable sarnplcr.P'"
H owever , co mparison of the performance of the man ifo ld and
10M samplers was co mplicate d because the devices we re not test ­
ed ove r th e same range of wind velocities . N evert heless with the
10M sampler, a three-told cha nge in velo city (from 1 to 3 rny sec)
resulted in about 35% change in asp iration effic iency to r particles
with aerodyna mi c eq uivalent diam eters near 15 um an d about
20% change for diam eters near 20 pm. As shown for th e manifold
sampler in Figures 4- 7, a three-and-half-fold change in wind speed
(from 0.4 to 1.4 m/ sec ) demonst rat ed th e following ch anges in
sampling efficiency tor IS-pm particles at the designated sampling
velocities: 30% at 0 .2 m/ sec , 25% at 0 .4 my sec, 25 % at 0 .6 m/ sec ,
and 15% at 0 .8 m.zsec; and to r 20-pm particle s, 10 %at 0 .2 rnysec,
20% for 0.4 rny scc, 20% at 0.6 m/ sec, and 10% at 0.8 my scc. T he
manifold sampler demonstrated much less change with wind veloc ­
ity than did the segmented circular slit impacto r devel oped
by McKenzie et al. ,t40) tor which a change in wind veloci ty from

FIGURE 6.Sampling efficiency ofthe manifold sampler; samplingvelocityat
0.6mlsec

Comparison ofSamplin9. Efficiencies oftheManifold Sampler
with theACGIH Inhalabllity Curve
For sampling velocities ~0 .4 mysec, sampling efficiencies were
higher th an the ACGIH inhalability curve for relat ively small par­
ticles and lower than th e curve tor relatively large part icles.
Sampling velo cities 01'0 .6 and 0 .8 mysec demonstrated efficiencies
th at matched th e ACGIH inhalabiliry curve mo re closely tha n did
results at the lower sampling velociti es of 0 .2 and 0 .4 my scc. For
wind velocities ~0 .6 m/ sec ( ~- 1 2 0 ft/min ), whi ch are seldom
exceeded in indoor cnvironment s.v'! ' a sampling velocity of 0 .6
m/ sec yielded efficiencies within 10% of the inhalable curve up
to particle diameters of about 18 pm and efficiencies within 18%
for diameters up to 26 urn. At wind velocities ~O.6 myscc, a samp­
lingvelocity of 0 .8 rny scc yielded efficiencies that were within
15% of the inhalable curve lip to diameters of about 22 urn and
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20 ----.-.

10

14.9

1.62

Center byAPS
(CountlmJ) X10--4

17.6

14.6
18.0
15.2

18.5
Avg =16.8

(CV= 10.5%)

1.66

1.53
0.84c

1.57
Avg =1 .40D

(CV = 26.9%)E

Outside Ring
(CountlmJ)X10"

16.4
16.5

18.6
19.2
17.1

Avg = 17.6
(CV= 7.2%)

1.47

1.45
1.48

1.29
Avg = 1.42

(CV=6.3%)

Inside Ring
(CountlmJ) X 10--4

Bead
Diameter
(11m)

AOn the average 250 fields containing 850 beads were counted on each
filter. During the test the wind velocity was 1 m/sec and the sampling
velocity was 0.4 m/ sec.
BAli beads caught on each filter were counted; the average count was 1930
beads.Both wind and sampling velocities were 0.4 m/sec.
CAn outlier by Dixon's criterion.See text for reference.
Drhe average count concentration excluding the outl ier was 1.59x 104/m 3.
'The CVexcluding the outlier was 4.2%.

concentration = 3.91 x 107 counrsyrn ! (5.7%), mass concentration
= 2.07 mg/m3 (6 .8%), CMAD = 1.5 fJ m (1.6%), MMAD = 11.5
pm (1.4%), and GSD = 1.6 (0.4%).

Additional tests with both 15.6 fJm and 25.6 fJm monodisperse
polystyrene beads indicated reasonable agreement amon g the
count concentration s determined by microscopic examination of
the filter pairs. The results arc presented in Table III. Two-sample
t-tests revealed no statistical difference between concentrations of
beads determined with the inside ring of filter ho lders and con­
cent rations determined with the outside ring . In the test with 15.6
fJm beads, precision was considered acceptable with an overall CV
01'9.0%. With the 25 .6 pm beads, the CV of count concentra tio ns
tor samples in the outside sampling ring was tar higher than

TABLE III.Distribution ofMonodisperse Polystyrene Beads
Inside the Sampler

302510 15 20

Aerodynamic Diameter (um)

0 +0----,---~---~----,----__.~--__1

within 20 % tor diameters up to 25 prn. Most airborne bacteria and
fungal spores are expected to have aerodynamic equivalent diame­
ters <30 pm .(41)Thus, the manifold sampler operated at a sampling
velocity of 0.6 my'scc for most indoor enviro nments or at 0.8
mysec tor "breezy" indoor environments (where wind velocities
may be >0 .6 m/sec ) would be expected to collect the portion of
bioaerosols that reason ably corre sponds to the inhalablc fractio n.

fiGURE 7.Sampling efficiency ofthe manifold sampler; sampling velocityat
0.8mlsec

16 I---;::::===============;---~

[ - . - V'" = -0.2 m/s -+- V'" = 0.4 m/s _,'nVw _ 0.6 m/s

----ET-Vw = 1.0 m/s .... Vw = 1.4 m/s - Inhalability

110-,-- - --- - - - - - --- - - - - - - -----,

Performance of the Manifold ofthe Manifold Sampler
Add itional tests in the wind tunnel revealed that sampling with any
com bination of filters in the manifold of the manifold sampler did
nor significantly cha nge the concentration or particle size distribu­
tion inside the sampler. Figure 8 presents APSmeasurement results
with the polydisperse cerami c bead s while sampling was concur­
rently conducted with the sampling mani fold. In 45 consecutive
5-min tests of randomly selected combination s of filter pairs,
the average observed levels (and CVs) were as follows: Count

Pairs of 13-mm manifold Filters Used for Sampling

FIGURE 8.Effect offiltersampling onsize distribution and count concentration
(APSmeasurements atcenter port)

14

I I GSD
~ MMAD.~m

~ Concentration, mg/mh 3

No One Two Three Five All

expected and was att ributed to the low count obtained with one of
the filters. The value 01'0 .84 x 104 was classified as a statistical out­
lier by Dixon 's criterion (p=O.04) .(42) A much more respectable
CV of 4 .2% was obtained when the outlier was not included . All
CVs were higher than expected from the error associated with the
counting analysis step alone, i.e ., the Poisson CV,(43) which is
defined as the reciprocal of the square root of the count. For
counts near 850 beads, the average count of 15.6 prn beads, the
CV att ributed to counting error would have been 4 .3%, and 2 .2%
for counts near 1936, the average count of the 25 .6 fJm beads.
One factor that may have increased the variability and may explain
the outlier is the possibility that these relatively large polystyrene
beads may have fallen or rolled offof the polycarbonate filter discs.
The concentration measured through the central cavity as deter­
mined by the APSwas 13%lower than the average of results deter­
mined with the filters for 15.6-fJm beads and was 8% higher tor
25 .6 urn beads , neglecting the outlier. The counts of beads found
on the duplicate set of blanks were only about 4% of the average
count c;m filters through which air had been sampled. The blank
counts were, therefore, cons idered neg ligible when compared to

the challenge concentrations.
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Field Tests

In all field tests the precision of filter determinations of fungal
spores with the manifold sampler was found to be ncar the Poisson
CV, and the average count concentrations of replicate pairs were
in close agreement wit h concentrations determined through the
central cavity port of the manifold sampler.

In the first field test th e manifol d samp ler was operated at a vol­
ume How rate of 45 Lzrni n, corresponding to a velocity of 0.3
m/sec at the inlet slit , and the refore was expected to perform
wit h sampling efficiencies intermediate between th ose found in
Figure s 4 and 5. Samp ling efficiency was expected to match the
inha lable curve up to abo ut 15 to 16 prn. A PCAM light scattering
ph otometer (PPM, Inc., Chatt anooga, Tenn.) mounted in the
room determined the cotton du st concentratio ns to be around 1
mg/m3 with a mass median diameter of the cotton du st to be 6 .7
pm and a GSD of 2.4 . T hus, 95 %of th e cotton d ust particles were
expected to have an aerodynamic equivalent diameter of <16 pm .
Cotto n fiber s were also pre sent; the nominal equivalent aerody­
namic diameter o f individual cotton fibers has been reported to be
in the range of 30 to 45 pm. (H )

The count co ncentratio ns of funga l spores determine d wit h the
duplicate sets o f manifold filters were found to be precise with a
pooled CV of 10. 1%. The overall preci sion was estimated from the
paired differences of the du plicate manifold samples.(45 ) O n the
average about 300 fields were randoml y selected on each of the fi l­
ter s to allow the counting of at least 100 spores. Two ind ividuals
co unt ed the spores o n each filter, On the average, one counter
o btained results that were 6% lower than the o ther. Spore concen­
tration s averaged 1.28 x I05/ m3 over the 5-hr sampling period .

Perhaps the most important finding of this fie ld study is shown
in Figure 9 . The I -hr averages of fungal spo re concentrations
exh ibited a concentration-time profile that was similar to that
for data obtained with vertical elutriators (VEs) . A Burkard spore
trap placed ncar th e manifold sampler gave unsatisfactory results

trapped in the inlet and inside the cone, but none were observed
on the filters.

Although the accuracy of funga l spore concentration s could not
be assessed in this field stud y, cotton du st co ncen trations found
with the man ifold sam pler were found to compare favorably to VE
sampling results and PCAM aerosol monitor results. For example ,
the cotton du st level found by filter sampling from the central G1\' ­

irv inside the manifold sampler during the last ho ur of samp ling
was 0.76 mg/rrr' . A cotton du st VE sample taken near the sampler
and overlapped in time with the taking of the filter sample yielded
a concentration of 0 .77 mgz'nr' , and the PCAM aerosol monitor
read ings averaged 0 .82 mg/m3 over the same hour.

T he tests con ducted at the dairy farm co nfirmed that spore
concentrations could be determined with good precisi on with the
duplicate pairs of the sampling manifo ld . In the first test in which
sampling was conducted th ro ugh five sets of filter pairs simultane­
ously, two-way ana lysis of varian ce revealed no significant effect of
position within a d uplicate pair (p=0 .26 ) and no significant effec t
of position among the different pairs of samplers (p=0 .95 ). As
shown in Table IV, the pooled CV tor within-pair variability was
6 .9%, whereas the CV amo ng pairs was 8 .6%. An average of 448
microscopic fields was examined o n each tilter to obtai n fu ngal
spore co unts nca r 100. T he observe d CVs were close to the

TABLE IV. Distribution of Fungal SporesInside the SamplerA
Sample Inside Ring OutsideRing
Pair No. (CountlmJ) X 10-4 (CountlmJ) X 10.4

1 7.47 6.41
2 7.42 7.85
3 6.45 6.51
4 6.18 7.12
5 6.80 6.55

Avg = 6.86 Avg = 6.89
(CV= 8.4%) (CV = 8.8%)

AThe pool ed CV for filter pairs was 6.9%. Each pai r was a filter in the out­
side ring and the correspond ing fil ter in the inside ring on the same radius
of th e manifo ld.

Poisson CV of 10% indicating that the observed variability cou ld
be attributed to the precision o f the microscopic count . Two sets
of filters in the manifold were treated as blanks. The spore counts
observed with the se samples were sma ll and considered negligible
in comparison with th e other samples. Center cavity port sampl ing
was precluded by the fai lure of an air sampling pump in the field.

In the second test at the da iry farm, samples taken sequenti ally
with the filter pairs were compared with samples taken through the
central cavity. T he results arc present ed in Table V. T he fungal
spore count concent ratio ns were higher than observe d in the first
test at the farm ; consequentl y, fewer microscopic fields were exam ­
ined to obtain spore counts ncar 100 . T he pooled within pair CV
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FIGU RE 9.Cottondust fieldtest

because cotton fiber s impacted onto th e collection slides made
microscopic spo re counting unreliable . This prevented a meaning­
ful reference tor fungal spore count concentrations. As expected,
the filter samples collected with the manifold sampler did not
suffer fro m th is pro blem beca use the sampler has low sampling
efficiencies for large particles suc h as cotton fibers . The fibers were

TABLE V. Fungal Spore Count Concentrations:
Manifold Versus Central Port

InsideRing OutsideRing CentralPort
Run No. (CountlmJ) X 10-s (CountlmJ) X 10' s (CountlmJ) X 10' S

2.91 3.24 3.74

2 10.5 9.62 9.53

3 4.77 5.91 5.50

4 5.07 4.44 4.85
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was 10.1 %, slightly higher than observed previously. The average
of each replicate determination was compared to the count con­
centration determined from the central cavity sample using a two­
tailed, paired t-test. No statistically significant bias was found
(p=O.72) . Blanks were again low and negligible .

SUMMARY AND CONCLUSIONS

The evaluation of the manifold bioaerosol sampler focused on
size dependence of sampling efficiency and its ability to collect

meaningful replicate and sequential filter samples. Tests were con­
ducted with laboratory-generated aerosols in the size range of
fungal spores and bacteria . Three field tests were conducted to
assess the performance of the manifold sampler in the detennina­
tion of fungal spores.

Test results indicate that the sampler is suitable for bioaerosol
sampling and offers several advantages that are not features of
other bioaerosol samplers. The device sampled with efficiencies
that were similar to those represented by the ACGIH inhalability
curve up to an aerodynamic equivalent diameter near 30 urn at a
volume flow rate of 90 Lz'min for wind velocities of 0 .2 to 0.6
mysec, and at a flow rate of 120 Lz'rnin for wind velocities ~0.4

m.zsec, Laboratory and field evaluations demonstrated its utility in
collecting sequential and replicate samples. The sampling manifold
is capable of collecting up to six duplicate samples sequentially. A
random combination of2 to 12 replicate samples did not affect the
particle size distribution or aerosol concentration in the plane of
the sampling manifold. Sampling flow rates through each filter
holder in the manifold were typically maintained at 0 .3 to 0 .5
Lyrnin; however, flow rates up to about 1.1 L/min could be
accommodated . A rate of 1.1 L/min would be isokinetic for a total
rate of 120 L/min but should also provide accurate still air sam­
pling at total rates <120 L/min. A center port allowed sampling at
5 L/min for the use of the APS 3310 aerodynamic particle sizer or
at 2 L/min for the use of 25 -mm filters. Field tests indicated that
the precision of filter samples obtained with the manifold sampler
was near that predicted by the Poisson CV for microscopic count­
ing of the filter catch . The CV did not appear to be a function of
concentration; CVs near 10% were obtained for spore count con­
centrations ranging from about 104 to 10 6 countsyrn! when about
100 spores were counted on each filter . Biases between spore
counts observed for the manifold filters and counts observed with
the central cavity port were reasonably low, averaging --4.3%.

IMPLICATIONS

The manifold sampler is unique in its ability to allow replicate and
sequential particle samples to be taken in the inhalable size range

for not only bioaerosols but also for many other occupational or
environmental dusts. The device is particularly suited for filter
sampling of environments contaminated with biogenic dusts.
Viable bioaerosol impactor sampling in such environments cannot
be used without considerable difficulty because the agar plates are
easily overloaded.v'f A further advantage of the manifold sampler
is the capability to filter the bulk airtlow downstream of the mani­
fold, thereby providing a high volume sample for analysis.

Using a sensitive analysis method, e.g ., bright field or epifluor­
escence microscopy, one can likely use the manifold sampler to
determine the relatively low levels ofbioaerosols found in so-called
"uncontaminated" environments. Assuming a Poisson distribution
of bioaerosol counts, the limit of detection (LO D) of the method

is estimated to be 3, i.e ., three times the standard deviation of a
count of 1. Blank polycarbonate filters have been consistently
found to be free of bacteria and fungal spores. For low particle
densities, the entire filter can be examined within a reasonable time
by manual or automated rapid scanning. For a I-hr air sample
taken with a 13-mm filter at 1 Lyrnin, an LOD corresponding to
about 50 particlesyrrr' is estimated.

The manifold sampler allows filter sampling amenable to micro­
scopic examination for the determination of total bioaerosol
counts . As pointed out by Eduard et al.,(46) filtration using mem­
brane filters offers several advantages over other methods of
sampling. The tilter catch may be assessed in several different and
complementary ways, including bright field and cpifluorcsccncc
microscopy or scanning electron microscopy. In the present study
the 0.2 )Jm pore-size polycarbonate membrane filters have been
found suitable for bright-field microscopic examination with digi­
tal image analysis when the pores are cleared with Cyto e Clcar
slides. In related laboratory studies epitluorescence microscopy has
been found suitable for the enumeration of bacteria on blackened
polycarbonate tilters. (47) The 0 .2 )Jm pore size ensures the quanti­
tat ive sampling of biogenic particles, including bacteria and fungal
spores. (48) Furthermore, the high filtering efficiency ensures that
the particle sizing features of the manifold sampler will not be
compromised.

The filter catch is also suitable for the chemical determination
ofbiogenic substances, including endotoxins, (1---73 )- ~-.!2-glucans ,

and mycotoxins such as aflatoxins, The ability to take replicates
with the manifold sampler allows the collection of identical samples
that may be subjected to totally different analysis techniques for the
determination of several contaminants within the same air sample .

Further field and laboratory tests are underway to apply the
manifold sampler to the determination of bioaerosols, including
bacteria, in several different types ofheavily contaminated environ­
ments. In these tests the microscopic counts determined with
the use of the manifold sampler are being compared with counts
determined by complimentary techniques, including viable sam­
pling. Additional tests are underway at the dairy farm, and other
tests are planned for a contaminated building and a poultry con­
finement building.
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