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TECHNICAL NOTE
Characterization of the Gent Stacked Filter
Unit PM,, Sampler

Philip K. Hopke,* Ying Xie,” Taisto Raunemaa,* Steven Biegalski,*
Sheldon Landsberger, Willy Maenhaut, Paulo Artaxo, and
David Cohen

DEPARTMENT OF CHEMISTRY, CLARKSON UNIVERSITY, BOX 5810, POTSDAM, NY
13699-5810 UsA (p. XK. H.; Y. X.; T. R.); DEPARTMENT OF NUCLEAR ENGINEERING,
UNIVERSITY OF ILLINOIS AT URBANA-CHAMPAIGN, 103 5. GOODWIN STREET, URBANA, IL
61801 USA (8. B.; S. L.); INSTITUUT VOOR NUCLEAIRE WETENSCHAPPEN, UNIVERSITY OF
GENT, PROEFTUINSTRAAT 86, B-9000 GENT, BELGIUM (W. M.); INSTITUTO DE FISICA,
UNIVERSIDADE DE SAO PAULO, CAIXA POSTAL 66318, cEP 05389970, SAO PAULO, SP,
BRAZIL (P. A.); ACCELERATOR APPLICATIONS, AUSTRALIAN NUCLEAR SCIENCE AND
TECHNOLOGY ORGANIZATION, LUCAS HEIGHTS RESEARCH LABORATORIES, PRIVATE
MAIL BAG 1, MENAI NSW 2234 AUSTRALIA (D. C.)

ABSTRACT. An integral part of several International Atomic Energy Agency
sponsored coordinated research programmes involving the sampling and analysis of
ambient airborne particules was the development of a PM,; sampler. Each partici-
pant was provided with such a sampler so that comparable samples would be
obtained by each of the participating groups. Thus, in order to understand the
characteristics of this sampler, we undertoke several characterization studies in
which we examined the aerodynamic collection characteristics of the impactor inlet
and the reproducibility of the sample mass collection. One of the samplers ma-
chined in Belgium was compared with one built from the same design in the U.S.
and comparable results were obtained. The sampler was operated side-by-side with a
commercial PM,, beta gauge and an IMPROVE-design 2.5 pm cut-point cyclone.
Although the sampler was not wind tunnel tested as required for certification as a
reference sampler, it does provide a collection efficiency that generally follows the
guidelines for a PM,, sampler. AEROSOL SCIENCE AND TECHNOLOGY 27:726—735
(1997) © 1997 American Association for Aerosol Research
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INTRODUCTION

The international Atomic Energy Agency
(IAEA) has several coordinated research
programmes in which the participants are
to collect and analyze samples of the ambi-
ent aerosol. In order to have comparable
samples taken in the variety of locations
around the world, the IAEA contracted
with the University of Gent to design and
construct a sampler that would generally
follow the requirements of a PM,, sampler.
The sampler design is described by Maen-
haut et al. (1993).

The sampling head for the unit is shown
in Fig. 1. The air enters the unit through an
impactor stage designed to have a 50%
collection efficiency at 10 um equivalent
aerodynamic diameter. It then is drawn
through a stacked-filter unit (SFU). The
SFU consists of a holder for two sequential
filters constructed by the Norwegian Insti-
tute for Air Research (NILU). The initial
filter is an 8 um pore 47 mm Nuclepore®
filter and the second filter is an 0.4 um
pore Nuclepore® filter. At a flow rate of 16
lpm, the unit should act as a dichotomous
sampler. The flow through the 8 um pores
will result in collection of ~ 2.2 um parti-
cles with 50% efficiency (Cahill et al., 1979).
The < 2.2 pm particules are then collected
on the 0.4 um filter (Cahill et al., 1979).
The complete unit design is shown in Fig. 2.

Stacked Filter Unit

Gasket Impactor Stage
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The flow control system is simple in order
to minimize the unit cost. However, the
total volume of air sampled is directly mea-
sured by the dry test meter built into the
system.

An important question is whether the
system performs as it was designed to do.
The behavior of the SFU was established
by Cahill and co-workers (1977; 1979; 1990a,
b). These studies (Cahill et al., 1990a, b)
presented earlier side-by-side comparisons.
The major change in the current sampler is
the holder and inlet to the stacked filter
unit. Thus, the primary initial concern was
the verification of the performance of the
impactor stage in the inlet. The other con-
sideration is the reproducibility with which
these systems can be constructed. The in-
tial units were built at the University of
Gent. Additional units were constructed at
Clarkson University. At this time, over 75
of these units are operating worldwide.

EXPERIMENTAL PROCEDURES
Inlet Tests

The sampler was set up both in a parking
lot near the Clarkson University Science
Center and later on the top of the four
story section of the Science Center. The
impactor collection surface was covered
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10 mm

FIGURE 1. Schematic of the sampling head containing the 10 pm impactor inlet and the NILU SFU.



™
=
o
~
E
S
<
I
N
™
N

Downloaded by [USP University of Sao Paulo] at 1

728 P. K Hopke et al.

with a disk of mylar coated with a thin
coating of Vaseline® and an 0.4 um
Nuclepore® filter was placed in the first
filter location so that all of the particles
would be collected. The filter and the im-
pactor collection stage were then examined
with an optical microscope. Image fields of
particles were captured using a CCD video
camera and a TrueVision TARGA-16®
frame grabber board. Image analysis soft-
ware (MOCHA®) was used to obtain the
maximum and minimum axes. The particles
were assumed to spheroids of revolution
having a density of 2.5 g cm 3. The aerody-
namic diameter of the equivalent sphere
can be calculated for each particle. The
particle sizes can then be divided into a
series of size bins and the number collected
on the filter to the total particle concentra-

wooden pole
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tion can be estimated. The total particles in
a given size bin equals the number on the
impaction stage plus the number on the
filter and then corrected for the wall losses.
The wall loss was estimated by using the
wall loss curve for a similar design impactor
built by Dr. Risto Hillamo at the Finnish
Meteorological Institute and tested by Jap-
pinen (1988).

Mass Collection Efficiency Tests

Two samplers, one from the University of
Gent (UG) and one from Clarkson Univer-
sity (CU), were placed on the top of a four
story building on the university of Illinois
campus. The samplers were set up in the
conventional manner with filters loaded in

o7 } NOT provided, should be
wooden board obtained locaily
nylon connector
transparent tubing (short)
brass connector

9 steel clamps
. plastic clamps
rain protection cover (orange)
< plastic container (black) .
with stacked filter cassette (SFU) inside
) je————— flexible POLY-FLO tubing (long)
brass connector
Z pump setup
7 — 1
7 a ® 5& Lo« -
E £ it E
4 > 8% gl ©

1 L :

/ % E 8

Z pump ]

.

N , N

FIGURE 2. Schematic of the sampling system as typically deployed in the field including the pump, flow centrol

system, and rain shield.
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both stages of the SFU. The filters were
equilibrated at 50% relative humidity and
weighed on a microbalance prior to inser-
tion into the SFU holder. After a 48 h
collection period, the filter samples were
retrieved, equilibrated, and reweighed. The
difference in weights for each filter sample
could be calculated and the masses of ap-
propriate pairs of fine and coarse samples
can then be compared.

Side-by-side sampling tests were also
made in Sede Boker, Israel. Two of the
SFU samplers were operated in parallel in
two experiments. In the first, both samplers
used Nuclepore® filters for both the coarse
and fine samples. In the second, a 2 pum
pore size Gelman Teflo® was substituted
for the fine particle Nuclepore®. The coarse
filter must be the 8 um pore coated
Nuclepore® because the size dependent
particle separation process depends on the
unique properties of the Nuclepore®-type
filter. In addition, coated filters should be
used to reduce particle bounce.

Characterization of the Gent Sampler 729

Several field tests were made to compare
this SFU system with other samplers. In
Sao Paulo, Brazil, the SFU was set side-by-
side with a Phillips PM,, beta gauge sys-
tem. Another SFU was placed at the aerosol
sampling program (ASP) site at Lucas
Heights, NSW, Australia (Liu et al., 1995;
1996) and compared with the 2.5 pm cut-
point cyclone based on the IMPROVE
sampler design (Malm et al., 1994).

RESULTS
Inlet Tests

A series of 11 samples were collected and
analyzed. The results were averaged over
the series of samples to provide mean col-
lection efficiencies and an estimate of their
variability. A plot of particle collection ef-
ficiency versus estimated aerodynamic di-
ameter is shown in Fig. 3. The solid line is
the theoretical PM,, sampler efficiency as

Collection Efficiency

0.0

BRRRi

1 2

3 4 5 678910 20

30 40 50

Aerodynamic Diameter (um)

FIGURE 3. Collection efficiency as a function of aerodynamic diameter after applying the wall loss corrections.
The error bars are the standard deviation of the 11 inlet samples. The line is the theoretical PM,, sampler efficiency

as defined by the U.S. Environmental Protection Agency.
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defined in the United States regulations for
PM,, inlets (U.S. Code of Federal Regula-
tions, 1996). The sampler inlet has a slight
excess collection around 20 pm, but other-
wise provides a reasonable match to the

Aerosol Science and Technology
27:6 December 1997

requirements for a PM,, sampler. Thus,
the impactor behaves as expected from its
design. The regulations also call for wind
tunnel testing to determine the sensitivity
of the system to wind speed. Such tests
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FIGURE 4. Comparison of the fine fraction mass (ng m ~3) [top], the coarse fraction mass (ng m ~3) [middle]
and the total mass ng m ~* [bottom] for the two side-by-side samples manufactured in different laboratories.
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were not made and, there is no information that the bottom of the unit was not sealed

available on the inlet behavior as a func-  tightly enough against the gasket and the
tion of wind speed. Thus, the sampler isnot ~ SFU and thus, there is air leakage around
a reference PM,, sampler. the SFU rather than through the unit. It

does show that even with care in preparing
the filters in the sampler, there can occa-
sionally be errors.

The results for the four fine mass samples, Figure 5 presents the comparison of the
the corresponding coarse mass samples, and  two samplers in Sede Boker, Israel with 0.4
the total mass (fine + coarse) for the four =~ um Nuclepore® filters in both samplers.
sampling intervals on the University of Illi-  Figure 6 gives the results with the Teflo®
nois campus are given in Fig. 4. It can be  filter substituted as the fine filter. There is
seen that the agreement for three of the  excellent reproducibility between the two
four samples is within the measurement  collocated samplers with identical filters.
error of the weighing. However, there is a  Their r* values are 0.881, 0.927, and 0.925
discrepancy for the third sample pairs (9  for the coarse, fine, and total PM,,, respec-
Nov. 1994). There is no known explanation  tively. The slopes of the lines for the
for the difference. It can be seen that the  Nuclepore®/Nuclepore® samplers are 0.93
discrepancy is larger for the fine fraction +0.09, 0.99 + 0.02, and 0.97 + 0.08, respec-
samples than it is for the coarse fraction  tively. The intercepts are 0 within 1 o.
samples. It seems likely that the erroneous For the Nuclepore®/Teflo® comparison
sample would be the one with lower mass at Sede Boker, Israel, the r? values are
values since it is easier to lose mass than to 0.987, 0.879, and 0.978, respectively, for
gain it. It may be that the fine filter was not  coarse, fine, and total PM,,. The intercepts
fully seated in the SFU. Even more likely is  are again zero and the slopes are 0.84 +

Mass Collection Efficiency Tests
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FIGURE 5. Comparison of the coarse fraction mass ( ug m ~*) [top], fine fraction mass ( ug m ~?) [middle] and
total PM,, mass ( ug m 7} {bottom] for side-by-side samplers using 0.4 um pore Nuclepore® filters as the fine
fraction filters.



Downloaded by [USP University of Sao Paulo] at 12:13 21 April 2013

732 P. K Hopke et al.

160

Aerosol Science and Technology
27:6 December 1997

Sampler Using Teflo Filters (ug m )
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FIGURE 6. Comparison of the coarse fraction mass ( ug m ~*) [topl, fine fraction mass ( ug m ~?) [middle] and
total PM,; mass ( ug m ~*) [bottom] for side-by-side samplers using a 0.4 um pore Nuclepore® and a 2 pm pore

Teflo® filter as the fine fraction filters.

0.02, 0.98 +0.07, 0.87 + 0.02, respectively.
The fine samples show excellent agreement
showing that the substitution of the fine
particle Nuclepore® for a Teflo® is accept-
able. This substitution may be useful since
the Teflo® filters have lower blank concen-
tration values for most elements. Since
there was good agreement for the coarse
samples in the first experiment, it was hard
to explain the poorer agreement during ex-
periment 2.

Figure 7 shows the comparison of the
IAEA/Gent SFU system with a Phillips
PM,, beta gauge sampler. It can be seen
that there is excellent agreement between
the PM,, measured by both samplers. The
slope of the curve is 0.99 + 0.05 with a
squared correlation coefficient of 0.859 and
an intercept that is not statistically differ-
ent from zero (—2.2+153 pug m™3). It

should be noted that the Phillips sampler
also was not wind tunnel tested and thus is
not an U.S. Environmental Protection
Agency reference sampler for PM,,.
Figure 8 shows the comparison of the
IAEA /Gent SFU system with the 2.5 um
cut-point sampler designed to be equivalent
with an IMPROVE sampler and used in
the ASP sampling program (Cohen et al.,
1994). The aerodynamic diameter cut point
for collection of particles by the 8 um
Nuclepore® changes as a function of face
velocity. Cahill et al. (1979) report that the
50% collection size is 2.5 um for a flow
rate of 14.5 1 min~'. The sampler was typi-
cally operated at 16 to 18  min™"' resulting
in an estimated 50% cut point of 2.2 um.
Thus, it is anticipated that the fine particle
SFU mass would be less than that collected
by the IMPROVE cyclone. The slope of
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FIGURE 7. Comparison of PMy, (1g m~?) measured with an IAEA/Gent SFU sampler and a Phillips PM,, inlet

beta gauge.

the line in Fig. 8 is 0.76 + 0.04 with a
squared correlation coefficient of 0.793.
Thus, the Gent sampler is collecting less of
the fine particle mass than is the cyclone.
However, from the prior studies, the total
PM,, mass is being well measured.

There is a problem with the SFU when
being used in areas with high atmospheric
particle concentrations. There is a tendency
for the filters to clog and a useful rule of
thumb has been determined. Figure 9 shows
the results of samples taken in Jakarta,
Indonesia. The sum of the masses mea-
sured on the two filters is plotted against
flow rate. It can be seen that if the sum of
the masses collected on the 2 filters is <
800-1000 wg, then the flow rates remain
sufficiently high so that the sampler perfor-
mance is reliable. When the total mass is
larger, then the flow rate in SFU decreases
and it ceases to function according to its
design. Therefore, it is recommended that
investigators in locations with high ambient
particle mass concentrations sample only
part of the time, but on a regular basis
throughout the day (e.g., 1 h on, 1 h off) to

obtain a lower total mass on the sampler
while still obtaining a sample that is repre-
sentative of the average conditions prevail-
ing at the site. The timer provided on these
units permits them to be cycled on and off.

There also were some difficulties of the
fine filter clogging quickly in high humidity
climates. It is assumed that there must be a
substantial fraction of the fine particle mass
that is hygroscopic and can become liquid
solutions at high ambient humidities. The
experiments described previously suggest
that Teflo® filters can be Substituted for
the fine filters and e¢liminate the clogging
problem. Experiments will be conducted to
determine if the substitution of the fine
filter type will mitigate this problem.

SUMMARY

In general the samplet performed well. The
inlet behavior is in accordance with the
design specifications and side-by-side re-
producibility of samplers is very good. It
appears that if the problem of filter over-
loading is carefully addressed, the sampler
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will provide the aerodynamically well de-
fined samples that will serve as a basis for
comparative analysis of the airborne parti-
cle mass and composition data from the
various sampling locations around the world
using a relatively low cost sampler.

We thank Nutritional and Health-Related Environmental
Studies, International Atomic Energy Agency for support
of the sampler development and deployment and particu-
larly Dr. Robert Parr, Dr. Susan Stone, and Dr. Borut
Smodis for their support of this work and interest in
improvements in sampling methods for research pro-
grams to characterize ambient airborne particles around
the world. W. Maenhaut is grateful to the Belgian Nation-
aal Fonds voor Wetenschappelijk Onderzook and the
Office for Scientific, Technical, and Cultural Affairs for
their research support.
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