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ABSTRACT

This study is aimed to investigate or solve thectical problems when using the
cascade impactors including solid particle boumozzle clogging and interstage loss.
For solid particle bounce, the effect of ambieriatree humidity (RH) on solid
particle bounce from the uncoated impaction sutestmeas investigated. Results
showed that decreasing RH in general increasedcleatiounce from uncoated
substrates with the bounce from uncoated aluminoite {ALS) being more severe
than from Teflon filters (TFs). Particle bounce didt influence the overall mass
distribution of ambient fine particles when RH radgbetween 40 to 80 % while it
severely under-sampled particles greater than &b in aerodynamic diameter.
Oversampling of PM; by as much as 95-180 % or 25-50 % occurred when th
MOUDI used uncoated ALs or TFs, respectively, asvrts reduced from 50 to 25%.
Particle bounce was reduced substantially and,PMas found to be sampled
accurately with less than 5 % of error by the MOBRth uncoated ALs and TFs at
the RH > 75 and 65 %, respectively.

In addition to particle bounce, the other practmaiblem is nozzle clogging. To
resolve this problem, the NCTU micro-orifice cassammnpactor (NMCI) was
developed. In the NMCI, new nozzle plates with sthawozzle shape made by the
LIGA (Lithography, Electroplating, and Molding) press were used to replace tffe 7
to 10" stages in one of the MOUDI. To evaluate the samgppierformance of the
NMCI, the NMCI and the MOUDI were tested for thertpde collection efficiency
curves and interstage loss of nanoparticles. Testlts show that after adjusting
proper S/W ratios (S: jet to plate distance, W: zi@zdiameter), the cutoff
aerodynamic diameterslsg are close to the nominal values given in Marlale
(1991). Total interstage loss of nanoparticles fithen inlet to the B to 10" stage of
the MOUDI exists due to the convection-diffusionam&nism, which increases with
decreasingl,.. For the MOUDI, total loss is 2.9 to 15.3 #h{ 105.8 to 15.4 nm) for
the inlet to the 8 stage and it increases to 20.1 to 26.1d% @3 to 15.4 nm) for the
inlet to the 18 stage, respectively. Similar but slightly lowesdoalso exists in the
NMCI. Field comparison tests in the ambient airvghtbat mass size distributions
measured by the MOUDI agree well with those ofMMCI. Finally, nozzle clogging
tests using high concentration incense smokesatalitat the NMCI has a much less
tendency for particles to clog in the nozzles ttreaMODUI.

Keywords: cascade impactor, solid particle boumektive humidity, nanoparticles,
nozzle clogging, particle loss.



1. Introduction

Both ambient ultrafine particles (UFPs) and engiedenanoparticles (ENPS)
may pose health risks to humans when there ardethita ingested. Nanoparticles
(NPs) induce lung injury due to their ability tongeate reactive oxygen species
(ROS). Using the RAW 264.7 phagocytic cell linecmampare the cellular effects of
ambient UFPs with four other ENPs, it was found emib UFPs and engineered
cationic polystyrene NPs showed clear evidenceetitilar toxicity as compared to
the other ENPs. Ambient UFPs had the additionalcef inducing pro-inflammatory
responses (Xia et al.,, 2006). Therefore, it is irgod to understand the pollutant
sources and adopt proper control measures to dumaan exposure to UFPs and
ENPs.

Cascade impactors such as the micro-orifice unifdeposit impactor (MOUDI)
(Marple et al. 1991), the low pressure impactorl(L(Plering et al. 1979) and the
electric low pressure impactor (ELPI) (Keskinerakt1992) are the common device
for nanoparticle sampling. Among them, the MOUDths most widely used device
(Chow and Watson, 2007) because of its relativelgler interstage pressure drop as
compared to low pressure impactors which reducésngial evaporation of volatile
aerosol species.

There are some major concerns when using cascaagctans, such as solid
particle bounce and interstage loss (Marple e2@D1). Solid particle bounced from
the upper impactor stages to the lower stages snthller cut sizes will lead to
overestimations of particle mass concentrationghm lower stages. That is, this
problem is more severe for submicron particles BM3 ; than larger PM fractions.
Applying a sticky substance or low viscosity oil thre substrates was recommended
to reduce bounce (Gulijk et al., 2003; Pak et1892; Turner and Hering, 1987), but
interference with the chemical analysis of POC t(palate organic carbon) occurs.
Moreover, evaporation of oil and subsequent adsorpgy filters may also occur,
which create errors in determining particle mass @memical species concentrations.
Thus, uncoated substrates are normally used it $@npling studies and this might
be the reason why the MOUDI oversampled ;RMeverely as compared to the
calculated PM; concentrations of the SMPS (Khlystov et al., 208#4en et al.,
2002).

Ambient aerosol particles are known to be hygrogcdpe to the presence of
inorganic salts and organic acid, leading to watapor absorption as relative
humidity increases. This suggests that samplingi@mlparticles at a controlled and
high relative humidity (RH) condition without usirgpated impaction substrates is
possible since liquid particles are much less bguinan solid particles. Vasiliou et al.
(1999) used a relative humidity (RH) conditionerdmaf 16 ceramic tubes and filled
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with saturated NaCl solution to control the RH abat 75+2% of aerosol flow
entering the uncoated 10 stage MOUDI (MSP Model) Hifing field samplings at
Las Vegas with low RHs of about 10 to 30%. The petof sulfate mass on the after
filter (or PMO0.056) to the sum of all stages of denditioned MOUDI was compared
with that of a collocated unconditioned MOUDI. las/found that the bounce of fine
ambient particles in the conditioned MOUDI was #ygeliminated when the
sampled aerosol flow was above ~70% RH. Howeverethvas a tendency for the
sulfate loading at the after filter to decreaséhwiiicreasing RH. The average percent
of sulfate mass on MOUDI after filter was 2 and 4&spectively, for the conditioned
and unconditioned MOUDIs, which implied that uncitied MOUDI oversampled
PMO0.056 by 100%. They concluded that accurate neissibution of ambient
particles could be obtained by MOUDI when RHs wkept at above ~70% but
below 80% for fear that flow-induced sizing errargjht occur (Fang et al., 1991).
Stein et al. (1994) used a Tandem Differential MgbAnalyser (TDMA) with a
relative humidity conditioner to study the boundeatmospheric 0.2pm particles in
a one stage 0.im cutsize impactor in which uncoated aluminum f¢Ad.s) were
used as the impaction substrates. They found thendso of 0.25um particles
increased sharply as relative humidity decreas&mhb@0-70%. At RHs of 50, 40, 30
and 20%, about 10, 20, 40 and 70% of incoming Qr@%articles bounced. Less than
3% of particles bounced when the relative humieaigs kept at 70-80%, when the
surface loading effect on bounce was also fourtzbtaegligible. Dzubay et al. (1976)
studied particle bounce of larger particles in federson 2000 cascade impactor
which had the size cuts of 7.0, 3.3, 2.0 anduixl In the study, two of the impactors
in parallel were compared near a freeway, one athvbhsed vacuum grease coated
ALs as impaction substrates while the other usezbated ALs. The grease coated
impactor was regarded as the reference samplery Thend the MMAD (mass
median aerodynamic diameter) of the uncoated inopacas 2-5 times smaller than
the coated impactor due to particle bounce.

It is very important to obtain the interstage lasda when calibrating a cascade
impactor, since it may result in the shift of thellection efficiency curve to the
smaller particle size (Liu et al. 2011) or eventhie left tail end of the curve (Hillamo
and Kauppinen, 1991). The interstage loss in theUldOwas measured during its
initial development (Marple et al. 1991). Howeube loss for nanoparticles with the
diameter smaller than thilaso of each of the lower stages was not tested. litiadd
the loss of nanoparticle can occur in the upstretages before a certain lower stage,
which is hard to measure because the loss per stageall unless the test is
conducted from the inlet to a specific lower stageVirtanen et al. (2001), particles
with the size from 10 to 400 nm were used to meathe loss for the'sto 12" stage
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of the ELPI with the correspondirdyaso ranging from 260 nm to 6.dm. However,
only particles (silver particles: 10 to 40 nm, D@&ticles: 40 to 400 nm) which were
smaller thardyasoand deposited on the impaction plates of the stagge considered
as patrticle loss while particles might also depbstiveen stages. In addition, particle
loss in the lower 1st to 4th stages withsosmaller than 260 nm was not measured.
Another practical problem needs to be addressgariscle clogging in the nozzles
due to long-term or high particle concentration gmg, which may often be ignored
by many users since this problem develops slowig dlogged nozzles may result in
an increase in the pressure drop across the casopdetor and eventually a decrease
in the dypaso values of the lower stages (Ji et al. 2006). Tloeee dirty nozzle plates
need to be cleaned regularly. For the lowBrtd 10" stages of the MOUDI, the
nozzles may be clogged easily due to its step-shajpecture with abrupt contraction,
as shown in Figures la-c, in which the cross seatiview, top views at the depth of
0 um and 15Qum, respectively, are shown for the 9th stage noakthe MOUDI as
an example (MSP Model 110). The larger dashedecimal Figure 1c shows the
circumference of the step before the nozzle holereparticles may deposit easily
resulting in possible nozzle clogging. In additismce the bottom part of the nozzle
used to determine the nozzle diameter is thin sagilé, cleaning by ultra-sonication
is not recommended for fear that possible nozaetfire may occur (MSP, 2006).
Otherwise, ultra-sonication is an effective waydislodge particles deposited in the
nozzle.

Nozzle clogging is the other practical problemtfee MOUDI. Ji et al. (2006) used
an optical microscopic to observe the micro-orifi@ezzles used in the each stage of
the 8-stage MOUDI (MSP Model 100) after an atmospghaerosol sampling
campaign. The micro-orifice nozzles of the lowereth stages were observed to be
partially clogged due to particle deposition. Jiakt (2006) further examined the
effects of nozzle clogging on the performance a tmpactor by evaluating the
pressure drop and the particle collection efficiefar the lower three stages of the
8-stage MOUDI. They found that the pressure drapsss the clogged nozzles were
higher than the nominal values given by the manufac The calibration results
showed that the clogged nozzles had a substahtfalo$ collection efficiency curve
to the left of the clean nozzles, and the corredpancut-points were also decreased.
That means the clogged nozzle will create errordeitermining mass concentration
distributions.

This study is aimed at two objectives. The firse as to determine how high the
conditioned RH is needed to reduce particle bodrwee different substrates to obtain
accurate mass distribution and PMPM,s and PMo concentrations. A humidity
control system was operated upstream of two pafsl@UDIs, one of which used
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silicone grease coated ALs (M1, reference MOUDU #re other used uncoated ALs
(M2) or uncoated Teflon filters (TFs, M3) as thepmwtion substrates. The present
experimental setup enabled the study of particlenbe at different conditioned RHs
(10-98%). Conditioned aerosol flow was introduceidhudtaneously into both
MOUDIs to exclude the effect of particle loss sirtbe same inlet was used. The
second is to calibrate the particle collectionaifncy curves of the™to 10" stages
of the NMCI and those of the MOUDI ensuring tbgso values match with the
nominal values given in Marple et al. (1991). Afthat, the total interstage loss of
nanoparticles from the inlet to each lower stag® %@ 10" of both NMCI and
MOUDI was measured. The comparison test of theocated NMCI and MOUDI
was also conducted in two ambient air monitoringfighs. Finally, to examine if
nozzle clogging occurs in both cascade impactbesptessure drop across the inlet to
the 9" stage of the cascade impactors was monitored glwéampling of incense
smokes of high concentration. After the test, nezglas examined under a
microscope for possible nozzle clogging.
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Figure 1 (a) cross-section view, front view at ¢f&pth=0 and (c) 15Qm, and (d)
back view of a 9 stage nozzle of the MOUDI; (e) cross-section vigrant view at (f)



depth=0 and (g) 12@m, and (h) back view of a"™stage nozzle of the NMCI.
(Dashed circles demarcate the circumferences afteépeor holes)

2. Method
2.1 Study of the humidity effect on the sampling perfor mance of the MOUDI

All samplings including particle bounce tests arampler comparisons for
QC/QC of this study were conducted at a height ®fni at the 4 floor of the
Environmental Engineering Building of National Ghi&ung University in Hsinchu,
Taiwan. In total, more than forty 24-h samples weataen from January of 2009 to
March of 2010 in this study.

A humidity control system consists of a humiditynddgioner (FC 200-780,
Perma Pure LLC, NJ, USA) with a Proportional-Intdgdifferential (PID) controller,
shown in Figure 2, was used upstream of two colemtaMOUDIs. Fixed RHs of
10-98% at the inlet aerosol flow with variation kit £2% RH were set by adjusting
the flow rates of the moist and dry sheath airhef humidity conditioner through the
automatic PID controller. Normally, the set RH vesabilized within 5 min.
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Figure 2 Schematic diagram of the present expetimhsgstem.

In the MOUDIs, the nozzle plates of 3uth cutsize were replaced with those of
2.5 um cutsize and the 56 nm cutsize nozzle plates €sify was removed so that
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only PMy; was collected by the after filter. That is, thdésizes of the MOUDIs in

this study were 18, 10, 5.6, 2.5, 1.8, 1.0, 0.582,00.18 and 0.um at sampling flow

rate of 30 L/min. Teflon filters (TefloR2PL037, P&lorp., New York, US) were used
at the after filter stage of each of every teste@UDIs while three different

impaction substrates were used in stage 0-9 oé ttiféerent MOUDIs, respectively,
including grease coated ALs (M1), uncoated ALs (Mi2)d uncoated TFs (M3,
TefloR2PL0O47, Pall Corp., New York, US). Conditioneaerosol flow was

simultaneously introduced into M1 and M2 or M1 a8, respectively, and the
effect of particle bounce on PM measurement wasraeted by comparing the PM
mass concentration collected on every stage d/#@&Dls as:

‘(CiMl —CGu 2)‘ or ‘(CiMl —CGu 3)‘
Cwa Cwa

1)

whereC; w1, Ci m2 andC; vz are the PM mass concentrations at stage i of M2Land
M3, respectively (i=0-9 for impaction stages, i=b0 after filter stage). The effect of
particle bounce on PM and PM, concentrations was also examined, whemn, PM
and PM, were calculated as the sum of PM mass concentgatiom i=4 to i=10 (or
after filter) and i=2 to i=10, respectively, and@lbased on the collection efficiency
curve of EPA PMs Well Impactor Ninety-Six (Peters et al., 2001) aHdVol
Sampler (McFarland et al., 1984), respectively.

The M1 was regarded as the reference MOUDI sineeag comparable with a
collocated SMPS (Model 3936, TSI Inc., MN, USA) 18Mp 32 PMy1s and PM 4,
illustrating particle bounce was significantly eiimated of M1 by the use of grease
coated substrate in the MOUDI of this study. In puevious study, MOUDI M1
using the uncoated ALs and the Teflon after filkes applied to obtain the chemical
mass closure of P at different atmospheric environments successf{dhen et al.,
2010a; b). The PWh concentration measured by M1 was found to agrek thiat
converted from the number concentration of a SMPSiding the effective density
obtained by Chen et al. (2010a). Besides, the £4hd PMy concentrations of M1
were also found to be in very good agreement witise of a collocated Dichotomous
sampler (Model SA-241, Andersen Inc., Georgia, USWh an average relative
difference of less than 6.3+£1.7% (average + stahdaviation).

Before particle bounce test, three MOUDIs (M1, M2l #3), all of which used
grease coated AL substrates in stages 0-9 and Trte iafter filter were collocated to
compare the mass distributions of atmospheric ablrde ensure no bias between
them. Totally five 24-h measurements were conduckedaddition, two MOUDIs
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(M1 and M2), one of which with and the other withdaostalling the humidity
conditioner at its inlet, were compared for PM camteation in the field to examine
particle loss in the humidity conditioner. Five B4measurements were conducted
during the days of high atmospheric RHs of 80-9%%udy and rainy day) when
particle bounce did not occur (Vasiliou et al., @99 oss of submicron and ultrafine
particles with diameter smaller than Qué in the humidity conditioner was examined
more clearly by introducing polydisperse NaCl e, which were produced by
atomizing NaCl solution using an atomizer (Mode¥V80TSI Inc., MN, USA), into
the humidity conditioner. Subsequently, the loss watermined by comparing the
size distributions of NaCl particles at the humjiditonditioner upstream and
downstream.

In every sampling run, at least two TFs and twooabted and silicone grease
coated ALs (or >10% of sample number) were usethlasratory and field blanks,
respectively, for gravimetric analysis. All filteamples were conditioned at least for
24-h in a temperature and relative humidity combroom (21.5+FC, 40+5% RH)
before and after sampling. For coated ALs, 0.3 t6 Mg of Silicone grease
(KF-96-SP, Topco Technologies Corp., Taiwan) wagliag uniformly on the foils
(Chen et al., 2010b; Pak et al., 1992). After cagtthe foils were baked in an oven at
65 °C for 90 min (Marple et al., 1991). The electrastatharge of the TFs was
eliminated by an ionizing air blower (Model CSD-Q9IMEISEI, Japan) before
weighing. A microbalance (Model CP2P-F, Sartori@srmany) was used to weigh
the filters after they were conditioned for at le24-h in the temperature and relative
humidity controlled room (21.5+%C, 40+5% RH) before and after samplings.

The possibility that the coated silicone greasehmayaporate from stages 0-9
during sampling and absorbed by the collected Pdf the after filter was examined
before the sampling campaign. The weight of theéezbALs before sampling and the
weight of the ALs after sampling cleaning air fot-B, when two HEPA capsules
were installed at the MOUDI inlet, were comparedcteck if the evaporation
occurred from the coated ALs. Results showed thatnteight difference was 42y
for each foil of stages 0-9, indicating evaporatwas negligible during sampling.
That is, use of silicon grease in stages 0-9 didnterfere with the mass of RMIin
this study.

2.2 Measurement of collection efficiency and interstage loss in the MOUDI and
NMCI.

The experimental setup for measuring particle ectibn efficiency and
nanoparticles loss is shown in Figure 3. Monodispdiquid dioctyl sebacate (DOS)
particles with the aerodynamic diametdg,)( from 15 to 500 nm were generated by
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the atomization and electrostatic classifier teghai for the test. Polydisperse
particles were first generated by the constantudwomizer (TSI Model 3076) from
the DOS solution with the concentration from 0.@01D.1 % (v/v). The aerosol flow
was passed through a tubular furnace at a fixegheemure of 30C to produce a
relatively narrow size distribution by the evap@atcondensation process.
Monodisperse, singly charged particles were thenegged by the electrostatic
classifier (EC, TSI Model 3080) equipped with ttana-differential mobility analyzer
(DMA, TSI Model 3085) or the long-DMA (TSI Model 8@). To minimize the effect
of multiple charges on the monodispersity of thassified particles (Pui and Liu,
1979), only particles larger than the count mediemeter (CMD) were classified.
When calibrating the particle collection efficienalya single lower stage, a ball valve
was used to simulate the pressure drop createdl pyeaious upstream stages. The
following equation was then used to calculate thdige collection efficiency#) or
interstage losd) as:

norL :(1—:—2}100 (1)

1

where thd; andl, are the aerosol currents at the inlet or outléheftested impactors

measured by the TSI 3068 aerosol electrometer @dftlipped with a home-made
faraday gage which is similar to that used in the But has a larger flow passage
inside to reduce the pressure drop.

make-up air

EC TSI 3080 M rotameter

Atomizer
TSI 3076

X

Clean
compressed
air

Test stages

DOS solutions

TSI 3068 AE equipped
with home-made
faraday cage

needle H
valve

Vacuum pump

Figure 3 Experimental setup to measure the partodiection efficiency and
nanoparticle loss.
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2.3 Field comparison and nozzle clogging test

After the laboratory tests, field comparison andzze clogging tests were
conducted. For the field comparison test, the NM@d the MOUDI were collocated
to measure ambient aerosol mass size distribuabtise Jhong-Shan and Jhu-Dong
air monitoring stations, Taiwan. Silicone greas&-®6-SP, Topco Technologies Corp.,
Taiwan) coated aluminium foils were used as thesictipn substrates in th&'@o 10"
stages to reduce solid particle bounce, and Tdilkens (Zefluor P5PJ047, Pall Corp.,
New York, USA) were used as the after filter. Befaveighing, the substrates were
conditioned in an environmental conditioning roorhene the RH and temperature
were kept at 40 £ 2 % and 21 +C, respectively. A microbalance (Model CP2P-F,
Sartorius, Germany) was used for weighing, in whioh electrostatic charge of the
Teflon filters were neutralized by an ionizing blower (Model CSD-0911, MEISEI,
Japan).

To examine possible nozzle clogging, the pressuop @f the NMCI and the
MOUDI was monitored continuously during sampling fwfjh concentration (25
mg/nT) incense smokes with the mass median aerodyndariteter (MMAD) of 500
nm for 45 min. After sampling, dirty nozzle plategre observed under an optical
microscopy (ESPA, Model IM35) for possible nozZegging.

3. Results and discussion
3.1 QA/QC results

The gravimetric analysis of all laboratory and diddlanks showed that weight
differences between pre- and post-sampling were than 3pug, which was a
relatively low value compared to the typical weigtit43 g for the typical PM;
concentration of Jug/m® in urban areas. The comparison of mass conceoisatf
ambient particles between three collocated MOUDI®A&d a very good agreement
for all size intervals, especially for the lastebrstages (Pbs-0.32 PMo.1-0.18 and
PMo.1) as shown in Figure 4. Other five repeated testdacted at different days
showed similar results. Particles at the presd¢atvgere seen to be bimodal including
the accumulation and coarse modes, which enabkdntlestigation the bounce of
UFPs, fine and coarse particles at the same timdifi@rent impaction substrates at
different RHs.
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Figure 4 Comparison of particle mass distributioostween three collocated
MOUDlIs.

3.2 Particlelossin the humidity conditioner

Figure 5 shows the comparison of mass distributlmetareen the MOUDI with
the humidity conditioner installed and that withotihere was no control of the RH
for the MOUDI with humidity conditioner and both M@Is sampled aerosols at
RHs of 80-95%. The MMADs of the accumulation an@drse particle modes of the
MOUDI with the conditioner were found to be 3.56dad.45, respectively, while
those without were 3.95 and 0.4Bn, respectively. Similar accumulation mode
MMADs and mass concentrations in each stage belmv2t5um cutsize stage
between the two MOUDIs indicated that particlesslas the humidity conditioner
was low for fine particles. However, a smaller s@mode MMAD (with difference
of ~10%) and a lower mass concentrations in eadesibove the 24tm stage of the
MOUDI with the conditioner than that without wasufal, indicating loss of coarse
particles occurred in the humidity conditioner. s@$ >PMg (stage 0), Plyh.15 (Stage
1), PMses10 (stage 2) and PMses (stage 3) was 72.5, 52.3, 20.9 and 5.3%,
respectively, in the conditioner leading to the emedtimation of these large particles.
PMo 1 concentrations of the two collocated MOUDIs, whictre 0.56 and 0.53g/m®,
respectively, were in very good agreement withfeeince of only 5.4%. Other five
repeated measurements showed similar results.
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Figure 5 Comparison of particle mass distributibetveen two collocated MOUDIs
with and without installing humidity conditionermbient RH=80-95%. Note: There
was no control of the RH for the inlet aerosols ttee MOUDI with the humidity
conditioner.

For the humidity conditioner, Figure 6 compares theerimental data of
particle loss for particles smaller than Qué in aerodynamic diameter with the
theoretical values based on the equation of Gormaley Kennedy (1949). In the
figure, the aerodynamic diameter of NaCl was caeeefrom the mobility diameter
of SMPS assuming the NaCl density of 2.2 glcAs can be seen in the figure, the
experimental particle loss was in very good agregméth the predicted value by a
maximum difference of ~4%. The experimental losgeased from 3.4 to 20.3% as
particle diameter was decreased from 100 to 15Siightly higher experimental loss
than the prediction for particles larger than 1@ was due to the effect of inertial
impaction and gravity which was not considered.nfrtbe particle loss data, it was
calculated that the loss of RMmass in the conditioner was only ~5%, which was
almost the same as that determined by the gravomagthod as shown in Figure 5.
In summary, installing the humidity conditionerthe MOUDI does not lead to fine
and nanosize particle loss, while particle losscfmarse particles is severe.
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Figure 6 Comparison of particle loss in the hungidibnditioner for particles smaller

than 0.6um between the experimental data and calculatedogdquation of Gormley
and Kennedy (1949).

3.3 Particle bounce effect on massdistribution

Figure 7 compares the mass distributions and fM&tADs of M1 with those of
M2 and M3 at 25, 50 and 75% of RH. The data shoere Hor these RHs was
because they covered dry, moderate and wet conglitdd aerosols when particle
bounce can be observed and quantified simply. Adh® substrates in M1, M2 and
M3 were greased coated ALs, uncoated ALs and uedo&Fs, respectively. Both
accumulation and coarse MMADs of M2 and M3 wergaod agreement with those
of M1 at 50 and 75% RHs as shown in Figures 7 .(€fnsistent agreement was
found for the accumulation MMAD as RH reduced t&@8igures 7 (a) and (b)).
However, discrepancy of the coarse MMAD occurredwben coated M1 and
uncoated M2 and M3 at this decreased RH, meanwfalgs distribution of M2 and
M3 was observed to shift toward smaller diametérngausly compared with M1. A
more severe of shifting toward the left was fouhdRE < 25% for both M2 and M3
(data was not shown).
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Figure 7 Comparison of particle mass distributiamsl MMADs of M2 or M3 to
those of M1 at conditioned RHs of 25, 50 and 75%.
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Comparing the collected PM mass of M1 with thos&@fand M3, it was found
that M1 sampled more PM.i, mass (sum of stages 2 and 3) than M2 and M3
significantly at both RHs of 25 and 50%. M2 was endifferent from M1 than M3 as
the RH was same. M2 and M3 undersampled £dby 22.5 and 14.2% at RHs of
50%, respectively, while those at 25% RH were Bh@ 10.2%. Besides, M2 and M3
were also found to undersample PMoeven at the RH as high as ~75% (Figures 7
(e-f)) when the differences were both reduced toww&%. The difference was found
to reduce further at RH of 80-98% when it was < ~@P4ta was not shown). Since
the undersampling of PM.;o reduced with increasing RH, it could be attributed
the occurrence of particle bounce in M2 and M3 t<R75%. The finding of particle
bounce for particles larger than 218 was in agreement with that has been observed
by Dzubay et al. (1976). Note that more accuratepsa of coarse particle (PM.19
could be collected only when RH was increased @%6-8&nce uncoated MOUDI was
used. Importantly, the bouncing particles were tbtm get loss on the inner wall of
MOUDI rather than jump to lower stages because Plbkandid not increase
correspondingly at stages after the stage ofith=ut. This was also demonstrated by
the observation that particles deposited on therimmall in stages 0-3 of MOUDI.

The average Pii determined by M1 for the total forty samples wa3+0.3
pg/m® (average + standard deviation), which was compardb the average
concentration at the urban areas in LA obtainedCags et al. (2000). As was
mentioned previously, the present M1 sampled sedRi% ; to the collocated SMPS.
These indicate that the present M1 can be usecttiErrdine the overestimation of
PMp 1 by M2 and M3 as bounce occurred.

It was found M2 and M3 both collected very closeoRRfd M1 at RH of 75% as
shown in Figures 7 (e) and (f). However, it wasesbed that bouncing particles from
front stages (normally stages 9 and 8) contribtweBM, ; sample with a significant
amount of >30% (shown more detailed later) at RH&5cand 50% as seen in Figure.
7 (a-d). The quantity of P4 oversampling at 25% RH was very close to that show
in Figure 9 of Vasiliou et al. (1999). Note thatcarate PN ; sample can be obtained
as RH is high enough, typically >75% RH, even utetaubstrates are used in the
MOUDI but significant error on Pk concentration exists at low RH (<50%) once
bounce occurs. Particles could also bounce frondimidtages (4-6 stages) and be
collected at lower stages (7-after filter) at RH26P6 when uncoated ALs were used
as shown in Figures 7 (a) and (b). In addition, ereevere bounce in M2 than M3 at
the same RH (25 or 50%) for BMwas found, which could be due to more rigid
surface of uncoated ALs than TFs.

Accumulation mode particles include products of bastion processes and are
considered on a mass basis to be more toxic betaggeontain hazardous materials
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and more readily reach the respiratory region (@ester et al., 2005). In order to
completely know the level of distortion of the aomuation mode in wide-ranging
RHs, the ratio of accumulation MMADs of M2 and MBM1 at RHs from 10 to 98%
was compared in Figure 8. As is seen, the MMADM#&fand M3 were both in good
agreement with M1 at RH > ~40% when the differemas within +5%. However,
difference increased with decreasing RH and thie maas decreased to ~0.75 and
~0.9 for M2 at RH of 10% and M3 at RH of 20%, redpeely. That is, accumulation
mode particles can be collected accurately by MOE®IRH >40% even uncoated
substrates are used.
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Figure 8 Ratio of accumulation mode MMADs of M2 I3 to those of M1 at
different conditioned RHSs.

ratio of 2nd mode MMAD

3.4 PM ratiosof M2and M3toM1

As discussed previously, particle bounce in the NDDUcan lead to
oversampling of Py, the loss of coarse particle on the inner wall sinifting of size
distribution toward the smaller diameter. All thasay result in sampling errors of
PMo.1, PMy 5 and PMy by the MOUDI. PMs ratios of M2 and M3 to M1 atfdifent
RHs are compared in Figure 9 to examine the ef®®d®H changes and different
impaction substrates on particle bounce. The limegressions of P4 and PMy
ratios are also shown in the figure. Note thatrégression line of PM was fitted

18



from pooling both data of M2 and M3 since they sbdva similar trend. From the
figure, it is observed that ratios of M2 and M3Ma are close to 1 for all PMs at high
RHs of 75-98%. Surprisingly, the BMratios of M2 and M3 were both found to be
near 1 even when RH decreased from 75 to 10 % 20%, respectively. However,
PM;, ratios were decreased to ~0.75 and ~0.8 for M2MBdrespectively at these
low RHSs. This was due to particle loss of coarstigda (PM, .19 at the reduced RH
as discussed previously. Although M2 and M3 sampl@tbse PMs to M1 even at
low RH of 10 or 20%, their mass distribution anatwnulation MMADs deviated
from those of M1 as shown in Figures 7(a-b) andufgg8, respectively. This is
because bouncing fine particles contributed tadeHewing stage samples rather than
lost in the MOUDI inner wall as coarse particles.

4 1 I 1 I 1 I 1 I 1
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o PM; 5
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Figure 8. PMo, PMy5 and PM; ratio of M2 or M3 to M1 at different conditioned
RHs.

Particle bounce, leading to the oversampling ofopPMas illustrated in this
study. The quantity of PpA oversampling for both M2 and M3 increased with
decreasing RH, where M2 was more severe than MBieatsame RH. This was
because Teflon filter has fibrous porous structame fine particles can easily get
impacted and filtered by the substrate with lestigtda bounce and blowing off. As a
result, uncoated TF MOUDI samples much less,PM the after filter as compared
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to uncoated AL MOUDI. Based on the data and limegression, it was found bounce
occurs in M2 and M3 and they started to oversarRpg; at RHs below 75 and 65%,
respectively, which was in agreement with thosentbby Stein et al. (1994) and
Vasiliou et al. (1999). M2 oversampled PMmass by 95 and 180% at RH of 50 and
25%, respectively, while those of M3 were 25 anélo5Based on the present results
and Fang et al. (1991) in which flow-induced hurtyidcthanges on size cut was
examined, it is concluded accurate P2Mind PM 1 can be obtained with less than 5
% of error at RHs of 65-80% and 75-80% when unabaf€s and uncoated ALs are
used as the impaction substrates of MOUDI, respalgti This can be achieved by
using the present humidity control system sinceait control RH from 5 — 98 %
stably with a deviation of only £2% RH and a neilig loss for fine particles and
UFPs.

3.5 Particle collection efficiency curves of the NMCI and the MOUDI

Figure 10 shows the calibrated particle collectidficiency curves of the7to
10" stage of the NMCI and those of the MOUDI. Thelwaliion results together with
the design parameters are summarized in Tablesholvs that after adjusting proper
S/W ratios (S: jet to plate distance; W: nozzlevtiter), thed,aso values of the %to
10" stage of the NMCI and those of the MOUDI are closehe nominal values,
which are 320, 180, 100 and 56 nm, respectivelyergin Marple et al. (1991). The
S/W ratio of the ¥ stage of the NMCI, 13.44, is very close to thathef micro-orifice
impactor in the PENS (personal nanoparticle safjewhich dpasois 100 nm and
S/W is 13.8 (Tsai et al. 2012).

From Table 1, it can also be seen that the S/\@gaif the ¥ and &' MOUDI
stages, which are 5.56 and 11.32, respectivelylaager than those of the NMCI,
which are 2.52 and 3.01, respectively. This is bsedhat the nozzle diameters of the
former are smaller than the latter. Conversely, $#&/ ratios of the 9 and 16'
MOUDI stages, which are 9.3 and 10.9, respectivalg, smaller than those of the
NMCI, which are 13.44 and 24.75, respectively, bseathe corresponding nozzle
diameters of the former are larger than the laBesides the difference in the nozzle
diameter, partial particle clogging in th® @nd &' stages of the MOUDI after it has
been used for more than 5 years despite its regolazle cleaning may also explain
why different S/W ratios are needed to maintain ¢oerectdyaso values. Smaller
nozzle diameter in the YONMCI stage also leads to a larger pressure drapaan
larger S/W ratio is needed to maintain thgs of 56 nm as compared to the MOUDI.
Similar sensitive S/W effect on the cutoff diametasas also found in the PENS (Tsai
et al. 2012), which deserves future study to featéi the design of the micro-orifice
cascade impactor.
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Figure 10 Particle collection efficiency curvestioé 7" to 10" stages of the MOUDI

and NMCI.
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Table 1 Summary of the calibration results anddizsign parameters of th& o 10"
stage of the NMCI and the MOUDI.

Marple et al. (1991) MOUDI NMCI
Stage Nominal  Nozzle SwW bPiR Jpaso Nozzle SW P/R, baso Nozzle SwW bPIR,
dpaso(Nm)  dia. (um) (nm)  dia. (um) (nm)  dia. (um)
7 320 140 4.1 0.95 314.4 135 556 0.95 323 138.7 252 0.95
8 180 90 6.4 0.89 180.8 102 11.18 0.87 178.5 109.5 3.01 0.89
100 55 106 0.76 97.0 57 9.30 0.72 102 54.3 13.44 0.72
10 56 52 111  0.53 56.5 52.3 10.90 0.47 55.7 50.9 24.75 0.34

@S=jet to plate distance, W=nozzle diameter.
P p=absolute pressure at stage exit with all upstrstages in place gPambient

pressure.

The above calibration results are for the individsiages of the two cascade
impactors. When the upstream stages are presertptti collection efficiency curves
form the inlet to one of the lower stages is shawhRigure 11. The left tail ends of the
total collection efficiency curves are seen touitward when the upstream stages are
present due to the convectional diffusion of namtigas in the stages. Similar results
were also found in previous studies (Marple etl@P1; Tsai et al. 2012). It can also
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be observed that for the inlet to th® & 10" stage, there is a shift of the collection
efficiency curve to the left (i.e. to the smallearficle size) as compared to that
calibrated individually, and the correspondimgsois decreased from 102 to 92.4 nm
or 55.7 to 47.1 nm, respectively.

An additional check was also made by estimatingtth& collection efficiency

from the inlet to the 0 stage (7;'9) or to the 18 stage (7;10) using the following

equation:

”‘F,i =1- (1_,7T,i—1)(1_,7i) (2)

whereyr; andy; are the total collection efficiency of the inlettteei™ stage and the
collection efficiency of the individuai™ stage, respectively. Results are plotted as

filled symbols in Figure 11 in whicl‘n;10 and /7;’9 are shown to agree well with

those of the experimental total collection effidms with the average absolute
relative difference of 3.2 and 4.2 %, respectivélyr the 8' stage, however, such a
shift in the collection efficiency curve is not @pged. This is because that partial
overlapping of the lower part of the collectionigifincy curve of the 8or 9" stage
with the upper part of the collection curve of 8feor 10" stage occurs. In addition,
the total collection efficiency curves of the intetthe §' and 18 stage are affected
by convectional diffusion deposition of nanopadgin all previous stages, which is
only important for nanoparticles, or particles witfa less than 100 nm. Therefore, in
order to obtain more accurate size resolution abparticles, nanopatrticle loss of all
upstream stages should also be considered.
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Figure 11 Particle collection efficiency curvesthé 8" to 10" stage of the NMCI
with all upstream stages in place.

3.6 Interstage loss of nanoparticlesin the NMCI and the MOUDI

Figure 12 shows the total interstage loss of nartigpes from the inlet to each of
the lower stages of the NMCI and those of the MOUDIs noted that in order to
distinguish the interstage loss of nanoparticlemfthe collection efficiency of thé"9
and 10" stages, only particles witly, near the lower end of the collection efficiency
curve wherely, < dpasowere used for the tests, which were 15.4 to 48cb16.4 to 25
nm, respectively. For other stages, nanoparticliéls @y, from 15.4 to 105 nm were
used. Results show that total nanoparticle loseeases with decreasiry, due to
convectional diffusion deposition. The maximum Iéssn the inlet to the Bto 10"
stage occurs aly, of 15.4 nm, which is 11.39 to 23.47 % for the NM@nhd 12.83 to
26.13 % for the MOUDI. The total interstage lossnahoparticles in the NMCI is
slightly lower than those in the MOUDI due to snmo@tnozzle shape of the former.
For both impactors, a significant total interstéags of nanoparticles from the inlet to
one of the lower stages{7to 10" exists especially for nanoparticles with the
diameter smaller than 40 nm. For nanoparticleslatigan 40 nm, the total interstage
loss is less than 10 % and it decreases with isorgaarticle diameter. It is therefore
important to consider the nanoparticle loss in 108 stage when determining the
mass distributions of nanoparticles.
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Figure 12 Total interstage loss of nanoparticlesifthe inlet to different stages of the
MOUDI and NMCI.

In order to determine how much loss exists in esidgle stage, the following
equation is used:

L :LT—
I 1- LT,i—l

i LT i1

)

where L, is the estimated single stage loss in thestage, andLr i is the

experimental total interstage loss from inlet te ith stage. Thel, to L, of the

NMCI and those of the MOUDI are shown in Figure Bere it shows the loss is
below 5 % for each single stage and is gradualiye@sed with decreasimlg, due to

convectional diffusion deposition. This small peldi loss per individual stage
prevents accurate loss measurement as stated prahieus section. The maximum

L, to L, occur atdy, of 15.4 nm, which are 3.59 to 4.61 % and 2.93.7@ 46, for

the NMCI and the MOUDI, respectively. The lo§ to L, is estimated to be small,
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which is less than 1.6 and 1.8 %, if the total logsof 11.39 and 12.83 % is assumed
to be evenly divided in the inlet to"6stages for the NMCI and the MOUDI,

respectively.
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Figure 13 Estimated single stage nanoparticleilogise 7 to § stage of the MOUDI
and NMCI.

3.7 Field comparison and nozzle clogging test

The ambient mass size distributions measured byNikCI and those by the
collocated MOUDI are shown in Figure 14. The maze distributions measured by
the NMCI are seen to be very close to those byidJDI. Most of the data between
the stages of these two cascade impactors haveldisre difference of less than 10
%.
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Figure 14 Ambient aerosol mass size distributioreasared by the NMCI and the
collocated MOUDI.
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Figure 15 shows the results of nozzle clogging tegiressed in terms of the
variation of pressure dropP) across the inlet to™7or the &'to 9" stage of the
NMCI and the MOUDI during sampling of high concextiton incense smokes for 45
min. It can be clearly seen thaP increase in the MOUDI is significantly higher tha
that of the NMCI across thd"8o 9" stage. That means particle clogging in theafd
9" stage nozzles of the former is more severe thasetiof the latter. Micrographs
shown in Figure 16 provide further evidence of mezzogging in the % to 10"
stages of the MOUDI while it is much less severeaha NMCI. That is, the new
nozzle plates in the lower stages of the NMCI odggen those of the MOUDI in
preventing nozzle clogging.

5 1 I ] I ] l 1 | L
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1 --@- - 2P(Inletto 7" stage) [
4 —Hk- 2PE0Y s -

] MOUDI
—&— AP (Inlet to 7" stage)
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Figure 15 Variation of pressure drop in the MOUBDt#dahe NMCI during sampling of
high concentration (25 mgfinincense smokes for 45 min.
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Figure 16 Micrograph of the™to 10" [(a) to (d)] stage nozzles of the MOUDI and
the 7" to 10" [(e) to (h)] stage nozzles of the NMCI after insersmoke sampling.

4. Conclusion

Particle bounce at different RHs in the commonlgduMOUDI was studied in
this study by using a humidity control system. Rté of incoming aerosols could be
adjusted to 10-98% with 2% RH by the system. THece of MOUDI using
different impaction substrates, including silicagrease coated ALs (M1), uncoated
ALs (M2) and uncoated TFs (M3), on particle boumees also examined. Particle
loss in the humidity conditioner was tested andlteshowed that it had a very low
loss for both PM; and PM;s of less than 5% while slightly high loss for caars
particles (PMs.19 of about 10% was observed.

M2 oversampled Pk mass by 95 and 180% at RH of 50 and 25%, resmgtiv
while those of M3 were 25 and 55%. M2 oversampl®th Pmore severely than M3
at the same RH due to more rigid surface of AL& fhes .The ambient accumulation
mode particles can be collected accurately by th@Ul as RH >40% even
uncoated substrates are used. Coarse particless(lRJMeasily get bounce in M2 and
M3 when RH <80%, who usually lost in the MOUDI imneall. On the other hand,
particles smaller than 2{im (PM:5) get bounce in M2 and M3 at RH of <~70% and
normally be collected in the lower stages whenddadhe oversampling of RM but
without affecting the concentration of BM
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Based on the present experimental results and Earad. (1991) who found
flow-induced humidity changes on size cut was m#gke at RH <80%, it is
concluded accurate P and PM; can be obtained with less than 5 % of error at
RHs of 65-80% and 75-80% by using uncoated TFsusmodated ALs in MOUDIs,
respectively. The optimal RH can be achieved inid loy using the present humidity
control system which has a negligible loss for fuagticles and UFPs.

Although elevating RH to reduce bounce could leadshifting the size
distribution of sampling particles, Vasiliou et §1.999) reported that particles are
sampled at a known RH then its size distributiontaer RHs can be obtained if the
dependence of size on RH is known. The relationbkiveen particle size and RH
can be measured by the TDMA or calculated usingrtbdynamic models. Besides,
the relationship also can be determined by theeptdsumidity control system.

To avoid possible particle clogging in the nozzlesy nozzle plates with smooth
shaped nozzles were fabricated by the LIGA procé&s® micro-orifice cascade
impactor using the new nozzle plates in thad@ 10" stages (NMCI) and the MOUDI
were studied for the particle collection efficierayd nanoparticle interstage loss. In
addition, field comparison and nozzle clogging destere conducted. Calibration
results show that after adjusting the S/W ratioprtper values, thé,.soof the 7 to
10" stage of the NMCI and those of the MOUDI are velpse to the nominal values
given in Marple et al. (1991). It is also found tthfae d,as0 Of the nanoparticle stages
(9" and 18") of the MOUDI obtained from the single stage catlon will decrease
by 9.4 and 15.4 %, respectively, if all upstreaaget are present.

For both impactors, a significant total interstémgs of nanoparticles from inlet to
one of the lower stages'{To 10") exists especially for nanoparticles witk smaller
than 40 nm. For nanoparticles larger than 40 netakal interstage loss is less than
10 % and it decreases with increasing particle dtem It is therefore important to
consider the nanoparticle loss in the16tage of the cascade impactors when
determining the mass distributions of nanoparticlésthe size distribution of
nanoparticles smaller than 56 nm is to be deterhineusing the instrument such as
the 13-stage MOUDI-II (MSP, Model 122 or 125), npadicle loss in the stages 11
to 13 is expected to be even more severe and waiftather investigation.

Field sampling results show that the mass sizeiloigions measured by the
NMCI agree well with those of the MOUDI. The nozztéogging test further
indicates that the NMCI outperforms the MOUDI inepenting possible nozzle
clogging. In addition, the present NMCI has a sgundzzle structure, which allows
ultra-sonication of the plates for better cleanieifjciency to remove deposited
particles in the nozzles. It is expected that tHdQW can facilitate the accurate
size-classified measurements of nanoparticlesdrittture.
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