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Abstract

Near traffic routes and urban areas, the outdoor air particle number concentration is typically
dominated by ultrafine particles. These particles can enter into the nearby buildings affecting the
human exposure on ultrafine particles indoors. In this study, we demonstrate an aerosol
generation system which mimics the characteristic traffic related aerosol. The aerosol generation
system was used to determine the size-resolved particle filtration efficiencies of five typical
commercial filters in the particle diameter range of 1.3-120 nm. Two different HEPA filters were
observed to be efficient in all particle sizes. A fibrous filter (F7) was efficient at small particle
sizes representing the nucleation mode of traffic related aerosol, but its efficiency decreased
down to 60% with the increasing particle size. In contrast, the filtration efficiency of an
electrostatic precipitator (ESP) increased as a function of the particle size, being more efficient

for the soot mode of traffic related aerosol than for the nucleation mode. An electret filter with a
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charger was relatively efficient (filtration efficiency > 85%) at all the observed particle sizes. The
HEPA, F7 and electret filters were found to practically remove the particles/nanoclusters smaller
than 3 nm. All in all, the filtration efficiencies were observed to be strongly dependent on the
particle size and significant differences were found between different filters. Based on these
results, we suggest that the particulate filter test standards should be extended to cover the
ultrafine particles, which dominate the particle concentrations in outdoor air and are hazardous

for public health.

Keywords: aerosol generation, traffic aerosol, filtration efficiency, particulate filter, ultrafine

particles, filtration

INTRODUCTION

Inhalable fine particulate matter, PM2.5 (mass of particles below 2.5 pum in diameter) has been
observed to be a hazardous air pollutant in outdoor environments (Pope 111, 1995; Lelieveld et al.,
2015) and in indoor environments (Héanninen et al., 2011). Also ultrafine particles (UFP, defined
as having a diameter of 0.1 um or less) have been suggested to pose health risks due to their
ability to reach the alveolar area of lungs (Wichmann and Peters, 2000; Oberddrster et al., 2001;
Oberdorster et al., 2005; Li et al., 2003). Often majority of the vehicle exhaust particle number
belongs to the UFP. On the other hand, World Health Organization (2012) reported that there was
sufficient evidence of the carcinogenicity of diesel engine exhaust for humans. In general, large

human populations are exposed to traffic related particles in everyday life.
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In several studies, the urban air particle number size distribution measurements have shown
that near traffic routes and in city centres the particle number is dominated by the UFP (Kittelson
et al., 2004; Wehner et al., 2002; Ketzel et al., 2003; Longley et al., 2003; Virtanen et al., 2006;
Pirjola et al., 2012; L&hde et al., 2014). In these cases, the mean particle size in urban air has been
observed to be even smaller than 30 nm. Especially in traffic environments the UFP are emitted
to the urban air mainly from traffic, by both gasoline (see e.g. Karjalainen et al., 2014) and diesel
vehicles (e.g. Ronkko et al., 2006). In addition to nanoparticles containing mainly semi-volatile
sulphur compounds and organics (Tobias et al., 2001; Schneider et al., 2005; Ronkkd et al., 2007),
diesel and gasoline vehicles can emit metallic nanoparticles (Ronkko et al., 2014; Karjalainen et
al., 2014) and soot particles (Heywood, 1989; Harris and Maricg, 2001), both contributing also
on the UFP size range. In the vehicle exhaust particle number size distribution, particles with
different structure and chemical composition are typically seen in different modes, which are a
nucleation mode (NM) and a soot mode (SM). These traffic-related modes have been observed
also in urban air quality studies near traffic routes. In addition to these modes, the urban aerosol
is also affected by other sources and atmospheric aging. However, the traffic-related modes have
been shown to dominate the lung deposited surface area (LDSA) size distributions in urban
environments (Kuuluvainen et al., 2016). The LDSA is a metric for the potential negative health

effects of aerosol particles.

In polluted areas, the outdoor particle concentration can affect significantly the indoor air
particle concentrations in buildings (Quang et al., 2013; Morawska et al., 2013; Hussein et al.,
2005; Hussein et al., 2015). Due to that, especially in the buildings near heavy traffic areas,
indoor air may contain significant amounts of vehicle exhaust originated UFP. Particle filtration
in ventilation systems can be seen as a key technology to prevent health risks of these particles

(Nazaroff et al., 2004). According to the classical filtration theory, the mechanical fibrous filters
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are relatively effective for removing very small particles due to the diffusion mechanism
(Friedlander, 1958, Hinds 1982). Shi et al. (2013) reported that the filtration efficiency of UFP
varied between different intermediate bag filters, designed for general ventilation applications,
and was influenced, for instance, by the air velocity and the electrical properties of the filter
media. However, it is not very well known how the building ventilation and filtration systems or
the room air cleaners affect the UFP concentrations. Especially, the number of studies focusing

on the size dependency of filtration efficiencies in the UFP size range is limited.

The optical particle measurement technologies utilized in filter standards, such as EN779-2012,
ASTM F1471-2009, EN 1822-2009 and ASHRAE 52.2-2012, cannot detect particles in the UFP
size range, which means that the filtration efficiency for the UFP is not measured in the standard
tests. The standard test particle generators producing DEHS particles (EN779-2012) or KCI
particles (ASHRAE 52.2-2012) are not typically used in the UFP size range, although these
methods can be used to generate particles in the ultrafine particle size range. An exception is the
HEPA test standard (ISO 29463), where DEHS is one of the test materials, for which the particle
size range is down to 0.04 micron. Loading aerosols used in laboratory measurements (1SO Fine
and ASHRAE test dust) mainly consist of particles above 1000 nm, and therefore the standard
tests are not able to predict properly the filter performance under real operation conditions. While
the DEHS and KCI particles are typically used in filter testing, few studies for the filter loading
characteristics have been also with real soot particles (e.g. Kim et al., 2009; Valmari et al., 2006;

Chen et al., 2017).

In this study, we demonstrate a test aerosol generation system which mimics the characteristics of
engine exhaust aerosol dominating the particle number concentration in urban environments. The
test aerosol generation system produces not only the typical particle size distribution but also the

physical and chemical characteristics of particles. In addition, the generation system is used in
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this study to determine the ultrafine particle filtration efficiencies down to 1.3 nm in particle size
of typical commercial filtration solutions, including a fibrous filter, HEPA filter, electrostatic

fibrous filter and an electrostatic precipitator.

METHODS

Test aerosol generation system

The test aerosol generation system consists of a nucleation mode (NM) particle generator and
soot mode (SM) particle generator (Fig. 1). The NM generator aims to reproduce the sulphur
driven nucleation particle formation process (Arnold et al., 2012) by a controllable way. In the
generator, SO, gas is oxidized to SOz at high temperature in a catalytic converter (see e.g.
Giechaskiel et al., 2007; Karjalainen et al., 2014b). Oxidized SOz then reacts with water
molecules forming gaseous sulphur acid (GSA) (Arnold et al., 2012). This high temperature gas
is further mixed with cool air, which leads to the formation of nucleation mode particles. The size
of these particles is typically in the range of 3-30 nm. The SM generator is a common small sized
boat diesel engine (Yanmar L40E-D operated at 750 W power). The initial NM formation occurs
upstream of the SM generator inlet in order to minimize condensation losses to existing soot
particles. In our system, the NM particles and SM particles are mixed, and the resulted aerosol is
stabilized in the mixing chamber with the volume of ~5 m3. The particle generation system

enables the filter tests with typical flow rates of ventilation filters.

Test filters

The particle generation system was applied to study the filtration efficiency of five different
commercial particle filters. The first filter was a mechanical bag-type glass fiber filter graded to
the class F7 according to EN779. The second and third test filters were high-efficiency particulate

arrestance (HEPA) filters, called HEPA 1 (graded to the class H12) and HEPA 2 (graded to the
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class 13) here. The fourth test filter was an electret filter including a wire-type particle charger
and an electrostatic filter media. The electret filter was studied both with (w/) and without (w/0)
the charger. The fifth test filter was a two-stage electrostatic precipitator (ESP), including a wire-
type particle charger region and a collection stage made of aluminum plates. The charger and
collection voltages in the ESP were 7.5 kV and 4.0 kV, respectively, and the corona current was 1

mA. Schematic figures and details of the test filters are shown in Table 1.

The tested filters were fixed tightly in the duct downstream of the mixing chamber and the air
flow through the filter was fixed to the desired value. In these tests, the face velocity was varying
according to designed application resulting flow rates between 50 I/s and 500 I/s through the
filters 1-5. With these flow rates, pressure drops over the filters varied between 3 Pa and 152 Pa,
respectively. Since both the particle generators are thermal systems that require stabilized
temperatures, the generators were turned on at least one hour before the actual efficiency
measurements to ensure a constant concentration and a stable particle size distribution during the

measurement.

Sampling and measurements

The test aerosol sample was taken from the ventilation channel via two sampling probes, one
upstream and the other downstream of the test filter (see Figure 1). An automated valve was used
to switch the sampling lines at a 12-minute interval. The sequential upstream and downstream
measurement cycle was repeated three times for every test filter. After sampling, the aerosol was
diluted by an ejector type diluter (Dekati Diluter, dilution ratio of c. 8) and then conducted to
measurement instruments. The filtration efficiencies were studied in a wide particle size range,
but especially with ultrafine particles down to 1.3 nm. A particle size magnifier (PSM, Airmodus

A10) (Vanhanen et al. 2010) and two scanning mobility particle sizers (Nano-SMPS and Long-
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SMPS, TSI Inc.) were used to measure particle number size distribution in the size ranges of 1.3-
2.9 nm (PSM), 3-65 nm (Nano-SMPS) and 10-450 nm (Long-SMPS). A small-scale ESP (Mini-
ESP, similar as used e.g. in Karjalainen et al. (2014b)) was applied to study the subsets of
charged and uncharged particles. The Mini-ESP was installed upstream of the Long-SMPS, and it
operated with the flow of 0.6 Ipm. Using a voltage of 3 kV in the Mini-ESP, based on the
experimental data, charged particles below 100 nm in diameter were removed. An electrical low
pressure impactor (ELPI, manufactured by Dekati Oy) (Keskinen et al., 1992) was used to
monitor the particle concentration with a high time resolution. A CO; analyzer (SICK Maihak,
Sidor) was used in the setup in order to monitor that the dilution ratio in the ejector diluter was
constant, so that it did not change when the aerosol flow was changed between the upstream and
downstream sampling. Simultaneously, the stability of CO, concentration was used to monitor

the stability of the SM generator.



150

151

152
153
154
155
156
157
158
159
160

161
162
163
164
165
166
167
168
169

170
171
172
173
174
175
176
177
178

RESULTS AND DISCUSSION
Test aerosol

Fig. 2 shows a typical particle size distribution of the generated aerosol measured from the
upstream of the test filter after the dilution (dilution ratio ~8). The mean particle sizes (mean
particle diameters) of the nucleation mode (NM) and soot mode (SM) were 11 nm and 55 nm,
respectively. There were measurable but small particle concentrations of NM particles also in the
PSM particle size range (inside panel in Figure 3). The relative concentrations in the modes were
adjusted by controlling the exhaust flow of the SM generator. When compared, e.g. to the typical
real-world fresh diesel exhaust aerosol (Ronkko et al., 2006; Karjalainen et al., 2014b), it can be
seen that the generation system reproduced the exhaust particle size distribution and the relative

concentrations of the two particle modes well.

It should be noted that also the characteristics of particles were, at least qualitatively, similar than
in real exhaust; generated nanoparticles were semivolatile and consisted of sulphur compounds
whereas the larger particles were mainly solid soot particles. Based on the size distribution data
and the usage of the Mini-ESP, the particles smaller than 50 nm were electrically neutral, but the
larger soot particles were partially charged so that over a half of the particles at 100 nm was
electrically charged. Therefore, basically the whole NM was uncharged, similarly as in
Karjalainen et al. (2014b), but large soot particles were partially charged (Maricq et al., 2006).
The effects of the original charging state of particles on the filtration efficiency are discussed

below.

Fig. 3, the upper pane, shows the time series of the particle number concentrations for the
nucleation and soot modes calculated from the size distributions upstream and downstream of the
tested filters (Nano-SMPS, Dy < 20 nm, for nucleation mode and Long-SMPS, D, > 20 nm, for
soot mode). The lower pane of Fig. 3 shows the total particle concentrations measured by the
ELPI. For all instruments, the higher concentrations were measured upstream of the test filter,
while the lower concentrations were measured downstream. When sampled upstream of the filter,
the NM number concentrations were 4-10 times the SM concentrations. This is also seen from
the ELPI data which only measured particles larger than 30 nm. For F7 and HEPA 1 filters, the

NM concentration was higher compared to other filter tests because of different flow rates and
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dilution ratios used in the generator part. The particle concentration remained relatively stable
through each test. However, there were decreasing trends in the soot mode concentrations in the
cases of F7 and the electret filter with a charger. However, the variation in the particle
concentration was not significant in larger time scales. The sampling was periodically performed
both upstream and downstream of the filter to avoid systematic error, and hence the particle

filtration tests produced reliable and comparable results.

Filtration efficiency

Differences in filtration efficiency between the tested filters were observed to be significant (see
Fig. 4). Almost all the particles smaller than 3 nm in diameter were removed in all the filters.
This is explained by the rapid diffusion motion of these nanoparticles and thus the particle losses
in the filters were remarkably high regardless of the different filtration techniques. However, for
the particles larger than 3 nm, the general trends of the filtration efficiency as a function of the
particle size showed significant differences between the different filtration techniques. In general
the relative error increased towards the lower and upper detectable particle sizes (shown in Fig.
S1) but the error levels were in general low. Most relative error values were below 5 %-points
even though especially for the ESP values were greater below 5 nm and above 150 nm. There
was also an increased relative error in the particle size area between NM and SM (~20 nm). The
relative error (as percentage points) was naturally dependent on the filtration efficiency values, so

that e.g. for HEPA 1 the values were below 0.1%-points below 100 nm particle sizes.

In the case of F7, the collection efficiency was practically 100% up to the particle diameter of 10
nm and decreased steeply in the particle size range above 20 nm. Hence, the F7 was efficient
filter for the NM particles but less efficient for the SM particles. The particle filtration efficiency
of F7 type filters is typically dominated by the diffusion, impaction and interception processes of
the particles in the filter media (Friedlander, 1958; Shi et al., 2012). The F7 filtration efficiency
curve observed in Fig. 4 was in line with the previous studies (e.g. Shi et al., 2012; Goodfellow et
al., 2001) having the most penetrating particle size (MPPS) roughly at 200 nm wherein filtration
efficiency was around 50%. The diffusion motion of particles increases in smaller particle sizes,
and therefore the observed filtration efficiency was high for the particles below 20 nm. Kim et al.
(2006, 2007) reported also that the particle penetration in glass fiber filters decreases

continuously down to 3 nm as expected from the classical filtration theory. They suggest that the
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thermal rebound phenomena would be operative for nanoparticles with diameters below 2 nm,
even though it would depend on the states of both the particles and the filter media (Kim et al.,
2006). In this study, we did not find the thermal rebound of NM particles although our

measurement range covered particle diameters down to 1.3 nm.

Compared to the F7 filter, the ESP was not that efficient at small particle sizes but the particle
filtration efficiency increased as a function of particle size; in particle sizes 4-10 nm the
collection efficiency was lower than 50%, at 20 nm it was 70% and at 40 nm it reached a level of
95%, so the ESP was efficient for the SM particles but less efficient for the NM particles. It
should be noted that, for the ESP, a collection efficiency of 100% was not observed at any
particle sizes. This is probably due to the charging efficiency of the ESP charger (part of the
particles remains electrically neutral in all particle sizes). The functioning of the ESP is based on
the electrical charging of particles using a corona charger and collecting the charged particles
using an electric field (Jaworek et al., 2007). The collection efficiency of ESP depends on the
charging efficiency, number of elemental charges and electrical mobility of particles as well as
the geometry of the device. The charging efficiency of corona chargers typically decreases in
smaller particle sizes (Kulkarni et al., 2011), and thus the filtration efficiency was low for
particles below 30 nm in this study. The low filtration efficiency of the ESP devices for small
nanoparticles was also reported by Huang et al. (2002). They stated that aerosol penetration
through the single- and two-stage ESPs increased significantly for particles below 20 and 50 nm,
respectively. The observation that the filtration efficiency again increased when the particle size
decreased below 3 nm is likely due to the diffusional filtration mechanisms of neutral particles,
not because of electrical filtration since particle charging probability is likely very small. Note
however that there was a high relative error in the determination of filtration efficiency for the

ESP in particle sizes below c. 6 nm.

The electret filter represents a modern filter type including both a wire-type particle charger and
an electrostatic filter media. The filtration efficiency of the electret filter with a charger was
above 90% for both the NM and the SM in the size range of 4.5-200 nm (see Fig. 4). Both the
ESP and F7 filter characteristics are combined in the electret resulting in high particle removal
performance in a wide size range with relatively low pressure drop. The filtration efficiency
without a charger represents the performance of the electrostatic filter alone. In this case, particles

below 20 nm are removed by diffusion similarly as in the F7 but with lower performance. The

10
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filtration efficiency decreased for the particles larger than 20 nm but increased again for the
particles larger than 50 nm. This can be explained by increasing fraction of the originally charged
SM particles in the size range above 50 nm, as shown in Fig. 2. Electrostatic filter media have
typically higher filtration efficiency for charged particles compared to neutral particles (Shi 2012,
Romay et al., 1998).

The filtration efficiencies of both HEPA filters were above 99% in the test particle size range.
The HEPA 1 collected 99.99% of NM particles and 99.95% of SM particles, whereas the
filtration efficiencies of the HEPA 2 were 99.60% and 99.33% for the NM and the SM particles,
respectively. The results showed that both the HEPA filters worked very well, even though the
penetrated particle number for the HEPA 1 was over 10 times less than for the HEPA 2.

The most penetrating particle size (MPPS) was calculated for the test filters based on the
filtration efficiency curves (Fig. 4). For each filter, the filtration efficiency was converted to the
penetration and a quadratic function was fitted to the data at the neighborhood of the local
maximum of the penetration. The obtained MPPS values were >200 nm, 34 nm, 32 nm, 20 nm,
50 nm and 6.2 nm for the F7, HEPAL, HEPAZ2, Electret w/ charger, Electret w/o charger and ESP,
respectively. With the exception of F7, all the test filters had the MPPS in the ultrafine particle
size range. The MPPS results are reasonable if compared to previous studies. Chang et al. (2015)
reported MPPS values between 10 and 30 nm for pleated HVAC electret filters at face velocities
between 0.05 and 1 m/s. A previous study by Sinclair (1976) showed that the typical MPPS value
for a HEPA filter was about 40 nm at a flow rate of 70 cm/s. Alderman et al. (2008) reported the
MPPS values of 110-130 nm for HEPA filters at low face velocities (2.0-4.5 cm/s). The MPPS
values typically increase with lower face velocities (Lee and Liu, 1980). Chen et al. (2017)
reported that MPPS values were about 200 nm for two fiber filter types, however the MPPS
values were sensitive of filter loading so that with increased loading the size decreased by 20-50
nm depending on the filter type. It should be noticed that most of the filters tested in this study

had the MPPS at the same particle size range as the dominant outdoor aerosol.

While the particle size resolved filtration efficiencies are highly beneficial in the evaluation of
filtration technologies, the final effectiveness of the technologies can be evaluated only if the
aerosol, especially the aerosol particle size distribution, is known. In urban areas the particle size

distribution varies significantly; while the smallest particle sizes are typically measured near

11
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traffic, the mean particle size of urban background aerosol is often larger. Fig. 5 simulates the
effectiveness of the filter types studied above for different urban aerosols, simultaneously aiming
to show how the studied filter technologies can affect indoor air particles in different
environments. Fig. 5 includes both total filtration efficiencies (TFE) for particles and the size
distributions of particles penetrated the studied filters. The TFE and size distributions were
calculated for test aerosols used in this study (nucleation mode, soot mode, both modes), and then
with real ambient aerosols measured next to a major road in Helsinki (Helsinki, road side,
Virtanen et al., 2006), at an urban background station in Beijing (Beijing summer, Wu et al., 2008)
and at an urban background station in Helsinki representing long range transported aerosol
(Hussein et al., 2004). The size distribution of the test aerosol used in this study represents well
the ambient aerosol measured next to a major road in Helsinki having similar mean particle sizes
(NM 10-20 nm, SM 50-70 nm), thus, the TFE for these aerosols are also almost equal. The
filtering technologies effective for the smallest particle sizes were observed to produce the
highest TFE. Size distribution of the ambient background aerosol in Helsinki is dominated by the
accumulation mode and the mean particle size is clearly larger than next to a major road in
Helsinki. This affects the TFE of the filters so that the diffusion based filters, such as the F7 and
electret filter w/o charger, have the lowest TFE, whereas the electrical separation based filters
(electret filter and ESP) remove particles relatively well. In Beijing, the ambient aerosol size
distribution has a mean particle size at around 60 nm and the filtration efficiencies calculated for
different filters varied between 67.06-99.96%. With the exception of the HEPA filters, the most
efficient filter (96.49%) in Beijing would be the electret filter with a charger.

Ultrafine particles (UFP) typically dominate number concentration of ambient aerosols. The
major contributors of these aerosols are the combustion aerosols emitted from traffic. The
combustion aerosols may contain many carcinogenic compounds such as heavy metals and PAHs
(Schauer et a., 1999; Shi et al., 2000). UFP can produce toxic effects even at low concentrations
due to their small size and surface characteristics (Johnston et al., 2000). In addition, the non-
soluble UFP deposited in the pulmonary region have sufficient time to penetrate into interstitial
region and ultimately accumulate there for years (Hussain et al., 2011). The filter technology
affects significantly the particle removal efficiency in the UFP size range. To assure healthy
indoor air quality level for people, the typical outdoor ambient aerosol concentrations and size
distribution as well as filtration technology should be taken into account in building ventilation

systems as well as in room air cleaners. Information on the filtration efficiency of commercial
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filters in the UFP size range is important, because health risks of these particles are high due to
the high lung deposition probability, especially in the alveolar region (ICRP, 1994). Thus, taken
into account that particles smaller than 100 nm typically dominate vehicle exhaust particle
number emissions and thus typically also the particle number concentration in urban air, it is
reasonable to extend the particulate filter test standards in future to cover also the ultrafine

particle size range also in other standards than 1SO 29463.

CONCLUSIONS

We have developed a new method for particle generation for particle filtration efficiency tests of
ventilation filters. The generation system reproduces a similar exhaust particle size distribution
and characteristics as in typical real-world vehicles exhaust aerosol, and a typical size distribution

observed next to a major road in Helsinki.

Different types of filters were tested in this study using a new particle generation system
consisting of adjustable nucleation and soot particle generators. The nanocluster sized particles
below ~3 nm were removed efficiently by the HEPA, F7 and electret filters, the ESP also showed
relatively high filtration efficiencies but with increased uncertainty in the determination. For
particles larger than 3 nm relatively large variations were observed in the ultrafine particle
filtration efficiencies of the tested filter types. The HEPA filters were efficient in all particle
sizes. The F7 filter was more efficient for the nucleation particles (below 30 nm), and in contrast,
the ESP was more efficient for the soot particles (larger than 30 nm). The electret filter with
charger using the advantages of F7 for small particles and the advantages of the ESP for larger
particles was efficient in all the particle sizes studied but did not reach the HEPA filtration

efficiency levels.

The filters tested in this study were based on very different operational principles. These

operational principles practically determined the dominating mechanisms of particle collection
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into the filtering media or collection plates, which was seen especially in size dependencies of
filtration efficiencies. It can be concluded that for the smallest particles (nanoclusters) the
diffusional collection of the particles increased the filtration efficiency, even in the case of the
ESP, while for larger particles the use of electrophoresis was an efficient method to increase the
filtration efficiency. This was seen especially in studies for the electret filter, which was tested
with and without the charger. However, it should be keep in mind that the filtration solutions
utilizing electrophoresis may be more efficient for fresh traffic originated soot particles than e.g.
for the long-range transported particles in ambient air due to the higher fraction of electrically

charged particles in freshly emitted soot.

It should be keep in mind that the filtration efficiency curves were determined in this study under
well-controlled laboratory conditions. The changes e.g. in temperature and humidity of air to be
purified, filter clogging as well as air flow rate through filter media and maintenance of
ventilation systems can affect the filtration efficiencies when these filters are used in real
buildings and in real ventilation applications. Thus, the comprehensive understanding of filtration
efficiencies require studies in real-world environments too, such as made by Stephens and Siegel

(2013).

Based on the results of this study, we suggest that the particulate filter test standards should be
extended to cover more comprehensively also the particles smaller than 100 nm in diameter that
dominate the vehicle exhaust particle emissions and are potentially hazardous for public health.
In future studies, better understanding is needed on the filtration efficiency of ultrafine particles
in various types of filtration systems, especially in real environments and with real ambient

aerosols.
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490

Table 1. Description of the tested filters: F7, HEPA 1, HEPA 2, Electret, ESP. Errors for

491 pressure drop, volumetric flow and face velocities have been determined by the information
492 provided by the device manufacturers.
F7 HEPA 1 HEPA 2 Electret ESP
Dimensions (mm) | 610x610x620 | 610x610%x580 | 295x295%x120 | 610x610x600 | 525x325x%205
Pressure drop (Pa) 43+0.5 152+0.5 90+0.5 115+0.5 3+0.5
Volumetric flow 500£25 500£25 53+2.6 500+25 170+8.5
(I/s)
Face velocity (m/s) 1.34+0.07 1.34+0.07 0.61+0.03 1.34+0.07 1+0.05
493
494
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Figure Captions

Fig. 1. Experimental setup consisting of aerosol particle generators (both nucleation and soot),

mixing chamber, ventilation channel, test filters, dilution and aerosol measurement instruments.

Fig. 2. Example of the upstream particle size distribution used in the experiments (blue line) and
the fraction of electrically charged particles (oranged line). Zoomed size distribution shows the

particle concentrations in the PSM detection size range.

Fig. 3. Stability of the aerosol generation system measured by the Nano-SMPS (blue, Dy < 20
nm) and Long-SMPS (green, D, > 20 nm) (top), and by the ELPI (total particle concentration, Da

> 30 nm) (bottom).

Fig. 4. Particle filtration efficiencies for the tested filters calculated from upstream and
downstream size distributions measured by the PSM (Dp 1.3-2.9 nm), Nano-SMPS (D; 3 - 20 nm)

and Long-SMPS (Dp > 20 nm).

Fig. 5. Uppermost row shows the normalized particle size distributions from the left: NM (this
study), SM (this study), test aerosol (this study), Helsinki road side (Virtanen et al., 2006),
Peking (Wu et al. (2008)), Helsinki accumulation mode (AM) only (Hussein et al. (2004)). The
rows below indicate what size distribution exists indoor after row corresponding filtration, and

the percentages indicate the total number filtration efficiency for the corresponding aerosol.

24



514

515

516

+ Exhaust «——

Mixing chamber

Diesel fuel — j
. Engine
Air —

Oxidation
catalyst

MFC

Nucleation mode generator

Filter

[ ] &=

Ejector
diluter
Mini-ESP
— I I
— —J | —
(I .
[ N | [ N J - ®
C—|®® C|®e® .
Long-SMPS  Nano-SMPS PSM ELPI

Fig. 1.

25

CO, analyzer




Size distribution
Charged particle fraction

0.5

4e+06 T T
x10*
P
S
=
a PSM range
o
2 1
3e+06 - 5
zZ
=l
0
—
£
_L_)
& 2e+06 -
[)]
<)
)
z
o
1e+06 -
0 ,
10°

517

518

519

26

Charged particle fraction



520

521

522

N, (1/em®), SMPS

tot

tot

N (1/cm®), ELPI

ectrel w/ charger eclrel w/o charger
F7 HEPA 1 HEPA 2 Electret w/ charg Electret w/o charg ESP
5 5 5 5 5 5
10 210 10 210 10 210 10 210 10 210 1o 210
8 8 ’ w 8 8 8
6 6 6 6 6
e % - o o
4 4 4 WS e 4 4
2 2 2 2 2
(]
® e, ® T, o O® @
0 0——a» @@ 0 0 0
10:00  10:30  11:00 13:30 14:00 14:30 14:00 14:30 15.00 9:30  10:00  10:30  10:30 11:00 11:30 9:30  10:00 10:30
Time (hh:mm) Time (hh:mm) Time (hh:mm) Time (hh:mm) Time (hh:mm) Time (hh:mm)
g 210" @ _ Sootmade g 210° g 210 g 210 g 210° g 210
6 6 6 6 6 6
M [\W } Mu"
4 4 M 4 4 rﬁ 4 N 4
2 N LH - 2 2 2 2 2
0 { LJ 0
10:00  10:30  11:00 13:30 14:00 14:30 14:00 14:30 15:00 9:30  10:00  10:30  10:30 11:00 11:30 9:30  10:00 10:30
Time (hh:mm) Time (hh:mm) Time (hh:mm) Time (hh:mm) Time (hh:mm)

Fig. 3.

27

Time (hh:mm)



" ‘ T
1r 0@ *ﬁ%;* SO S SR 4
o 42 [=]
0.9F + " Bt
+
0.8 i !
B ok
> 0.7 o & K
[5) =] k
G 0.6 o
5 e L
S05F % _}.FI-., X .y
= s X F7
© ga,
=04 g Om ® HEPA1
s - © HEPA2
03 ® *  Electret, w/o charger
+  Electret, w/ charger
021 B ESP
0.1 PSM Nano-SMPS Long-SMPS
<> <« > € >
U ' L ' ' ' P | ' ' ' L L P |
10 100
D (nm
523  (nm)
524 Fig. 4.

525

28



526

527

Nucleation Soot Test aerosol Helsinki,road side China, summer  Helsinki, AM only
1 1 1 1 1 1
Reference 0.5 0.5 0.5 0.5 0.5 0.5
0 0 0 0 0 0
1 10 1001000 1 10 1001000 1 10 1001000 1 10 1001000 1 10 1001000 1 10 100 1000
! 99.14% ! 75.27% ! 97.27% 1 85.53% ! 76.44% ! 63.15%
F7 0.5 0.5 0.5 0.5 0.5 0.5
0 0 I\ 0 oL 0 A 0 J
1 10 1001000 1 10 1001000 1 10 1001000 1 10 1001000 1 10 1001000 1 10 100 1000
! 99.99% ! 99.95% ! 99.98% 1 99.97% ! 99.96% ! 99.96%
HEPA 1 0.5 0.5 0.5 0.5 0.5 0.5
—~ 0 0 0 0 0 0
s 1 10 1001000 1 10 1001000 1 10 1001000 1 10 1001000 1 10 1001000 1 10 100 1000
©
E 1 99.60% 1 99.33% L 99.58% i 99.44% 1 99.40% 1 99.39%
HEPA2 2 05 0.5 05 0.5 0.5 0.5
o)
T 0 0 0 0 0 0
% 17 10 1001000 1 10 1001000 1 10 1001000 1 10 1001000 1 10 1001000 1 10 100 1000
Elootrat ! 92.25% ! 56.11% ! 89.43% 1 72.06% ! 67.08% ! 66.44%
ectre’
? 0.5 0.5 0.5 0.5 0.5 0.5
w/o charger
L LA L 1 I/ N e A N B B
1 10 1001000 1 10 1001000 1 10 1001000 1 10 1001000 1 10 1001000 1 10 100 1000
Electret ! 94.98% ! 97.00% ! 95.14% 1 95.00% ! 96.49% ! 98.40%
ectret, 05 05 05 05 05
w/ charger
0 b~ 0 — 0 - 0 L——r— 0 e 0
1 10 1001000 1 10 1001000 1 10 1001000 1 10 1001000 1 10 1001000 1 10 100 1000
1 55.00% "oaz1% | [ 58.06% " eieo% | [ 87.04% T 9347%
ESP 0.5 0.5 0.5 0.5 0.5 0.5
1 10 1001000 1 10 1001000 1 10 1001000 1 10 1001000 1 10 1001000 1 10 100 1000

Dp (nm)

Fig. 5.

29



