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Abstract

With economic prosperity and urbanisation, traffic-related air pollution is becoming a major
concern to many developing Asian cities. Before any effective measures to address PM pollution
problems in urban air could be effectively adopted, the sources of PM as well as their contribution
to the ambient air concentrations should be known. In this work, a method was developed to
identify traffic-related PM in urban air. At a heavily trafficked site in Stuttgart Neckartor
(Germany), the daily limit value of 50 pg m™ for PMy, prescribed by the European legislation was
exceeded more than 170 times per year. In 2006, the PM,, annual average value was 55 pg m™
which exceeded the EU limit value of 40 ug m™ by approximately 38 %. PM samplings were
conducted by means of cascade impactors during the PM;q pollution episodes from 12 January to
26 March 2006 at the traffic site of Neckartor and an urban background site in Schlosspark. The
sites were characterised by different exposure to traffic emissions, enabling the assessment and
comparison of PM concentration levels and particle size distributions between the traffic and
urban background sites. After sampling, the size, morphology, elemental composition and
mineralogy of PM from the respective impactor stages were individually analysed with Scanning
Electron Microscopy (SEM) with an integrated Energy Dispersive X-ray analysis (EDX) system.
Three main potential PM sources were identified from an average of ten samples with PMyq
concentrations greater than 80 pg m™: 44 % of the PM,, as resuspended road dust (2.1-10.0 pm),
38 % of the PM,q as urban background dust load (0.7-2.1 um), and 18 % of the PM,, as diesel
soot particles (<0.7 um). Considering PM abatement strategies, the dominance of resuspended
road dust shows that the reduction of this PM fraction is an important goal for successful
reduction measures for urban PMy,. Although the studied site was in the city of Stuttgart, the
successful implementation of the method could be adopted in Asian cities as well.
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1. Introduction

Ambient PM;, limit values were regulated at the European wide level by the first Daughter Directive
(99/30/EC) under the air quality framework directive (96/62/EC) In the Daughter Directive, the 24-hourly
mean PMj, concentration should not exceed 50 pug m™ on more than 35 occasions per year and that the
annual mean should not exceed 40 pg m’ by the start of 2005. In addition, a I|m|t value was also set for
2010 when the daily mean PM,;q concentration should not exceed 50 Hg m> on more than seven
occasions per year, and the annual mean should be less than 20 pg m™. In Germany, the 2005 EU PMj;
limit values were incorporated into the 22nd Ordinance under the Federal Immission Control Act (22.
BImSchV).

The German Federal Environment Agency (Umweltbundesamt) has identified traffic as the main source of
ambient PM. In particular, the increase in the number of vehicles has exacerbated the situation in
Germany (Diegmann et al., 2006). At a heavily trafficked site in Stuttgart Neckartor (Germany), the daily
limit value of 50 pg m % for PMy, prescribed by the European legislation was exceeded 187 and 175 times



in 2005 and 2006 respectively. In 2006, the PM;, annual average value was 55 pg m™ which exceeded
the limit value of 40 ug m™ by approximately 38 %. According to Vardoulakis and Kassomenos (2008),
the main causes of PM pollution episodes in European cities can be due to the presence of strong traffic-
related emission sources, poor local atmospheric dispersion conditions, synoptic weather conditions that
favour long-range transport of PM, and the natural sources of PM that are not easily controllable.

The elevations and exceedances of ambient PMj, limit value at Stuttgart Neckartor occurred
predominantly in the winter months, when periods of high pressure and little wind resulted in the
formation of temperature inversion (LUBW, 2002; 2006). The presence of high atmospheric pressure
areas and temperature inversion events which resulted in PMj, pollution episodes in Oslo, Helsinki,
London and Milan were also reported (Kukkonen et al., 2005). Such temperature inversion occurs when a
layer of warmer air traps cool air near the earth’s surface and inhibits the vertical dispersion of pollutant
emissions. In Heilbronn, the correlation between air pollutant concentrations and the dynamics of such
atmospheric barrier and mixing layers were previously documented by tether balloon soundings
(Baumbach and Vogt, 2003).

The contribution of traffic-related PM sources could be determined by the computation of emissions’
propagation from the surrounding PMj, sources (UMEG, 2005). Another method was suggested by
Lenschow et al. (2001), with which the PM,y contribution from traffic (local effect) could be determined
from the differences of PM and its chemical components between the local influence of traffic on the
adjacent street and the urban background station. However, the emissions attributed from exhaust and
abrasion could not be differentiated here. More detailed PM;, source apportionment method could also be
determined by chemical analyses of the PM;, samples and by comparison of the dust composition from
different emission sources. The factor analysis or the positive matrix factorising could be used for such
statistical method (John and Kuhlbusch, 2004; Baumbach and Pfeiffer, 2004). As the application of such
source apportionment method is based on statistical results, numerous PM;, samples are required before
any recognition to possible emission sources can be made. Furthermore, the application of this method
can be costly due to the required laboratory instrumentation. In this paper, an attempt was made to
investigate the contributions of the different traffic-dependent sources of PM to the ambient PM,q at the
heavily trafficked site of Stuttgart Neckartor during the PMy pollution episodes from 12 January to 26
March 2006. The morphology, elemental composition and mineralogy of size fractionated PM collected
under stable atmospheric conditions were analysed.

2. Methodology

2.1. Site Description an Sampling Period

The present ambient air quality in the Stuttgart area is continuously monitored by the State Institute for
Environmental Protection Baden-Wuerttemberg (LUBW) and the Department for Urban Climates in the
City of Stuttgart (AfU). In this work, the continuously ambient air measurement data from an existing
LUBW ambient monitoring station at Stuttgart Neckartor (latitude 48°47°16”N and longitude 9°11'27"E)
was evaluated. This monitoring station is sited approximately 30 m before a traffic junction of the roadway
“Am Neckartor” which belongs to the federal highway B14. To date, this monitoring station records one of
the highest ambient PM;q concentration in the state of Baden-Wuerttemberg (Regierungspraesidium
Stuttgart Baden-Wuerttemberg, 2005). The roadway is oriented from southwest to northeast and is
surrounded by a non-permeable barrier of buildings on one side where air pollution buildup is favoured.
The city park Schlosspark which acts as an urban green belt is located on the other side of the road. The
monitoring instruments at Neckartor are sited approximately 2.5 m beside the 6-lane federal highway B14
with more than 80 000 vehicles passsing through per day (LUBW, 2005). In additional to the monitoring
instruments which are operated by LUBW, one eight stage ambient particle size samplers (Mark I,
Andersen Instruments Inc.) was installed at 2.50 m above ground level. Measurements at this site have
been conducted from 12 January to 26 March 2006.

Parallel measurements were carried out at a second measurement site in Schlosspark (latitude
48°47'14”N and longitude 9°11'27"E) from 2 to 24 February 2006 with an identical cascade impactor and
a low volume PMj, sampler (LVS3, Sven Leckel). The measuring equipments were deployed in the
middle of the park, 180 m to the traffic monitoring station at Neckartor and 90 m away from the federal



highway B14. Being located in the urban green belt, the measurement data from the measurement station
in Schlosspark was ideal for the evaluation for the urban background concentrations of PM without the
direct local influence of traffic activities from B14.

In this work, the local increment of PM concentrations due to traffic influence is defined as the direct
difference between PM concentrations measured at the traffic site of Neckartor and those measured at
the urban background site of Schlosspark.

2.2. PM Sampling

A gravimetric PM sampling device (LVS3, Sven Leckel) was operated for PM;q sampling in Schlosspark.
This was performed in accordance with the reference method defined in EU Directive 1999/30/EC and EN
12341 (1999). The volume flow rate for PM;, sampler was fixed at 2.3 m3/h and sampled over 24 h as
recommended in the EU Directive 99/30/EC. The chosen filter material for PM;o measurement was filter
type GF10 Schleicher & Schuell company, glass fibre filter with a diameter of 50 mm (sampling diameter:
41 mm).

Gravimetric samplings with cascade impactors were carried out with eight stage ambient particle size
samplers. For the particle separation aluminium foils were used as collection plates and glass fibre filters
as backup filter. The volume flow rate for the impactors was fixed at 1.70 m3/h and the effective cut-off
diameter of the impactor stages were as follows: 0.4, 0.7, 1.1, 2.1, 3.3, 4.7, 5.8, 9.1 and 10.0 yum for
particles with the density 1.0 g/cm3. The chosen filter material for backup filter was GF10 Schleicher &
Schuell company glass fibre filter with a diameter of 90 mm. The change in weight for each stage in the
cascade impactor including the backup filter was determined by an analytical balance (MC1 Research RC
210 P, Sartorius).

2.3. SEM/EDY Analyses

The morphology, elemental composition and mineralogy of the particles were determined from the
aluminium foils of different impactor stages based on individual particle analysis with the Scanning
Electron Microscopy (SEM) coupled with Energy Dispersive X-ray analysis (EDX). In this analysis, cutouts
of the aluminium foils were mounted on sample holders by aid of conductive carbon-pads. Conductive
silver was used to contact the non-conductive cutouts of the backup filters with the sample holder. In
order to show the morphological structures of the respective single microstructures, a high resolution
SEM (Crossbeam 1540 XB, Zeiss) was used. Images of nanostructures with magnifications up to 200 000
times were taken. A low acceleration voltage of 2.2 kV was also adjusted to minimise the charge effects
of single particles.

The elemental composition of the PM and single microstructures were identified by EDX analysis (XFlash
Detector 4010, Bruker AXS). The EDX-analyser was calibrated by aid of a cobalt standard. The adjusted
acceleration voltage during EDX-Analysis was 25 kV. Area analyses with magnification of 300 times as
well as point analyses of microstructures were conducted. The spectra were then recorded with a life time
of 70 s and a resolution of 10 eV/channel.

3. Temporal Variations of PM10 Concentrations and Precipitation

The results of PMyy concentrations at the Neckartor monitoring station measured by the R-attenuation
instrument were saved by LUBW as half hour averages. Based on these data and in conformity with EU
regulation (EU guideline 96/66 EC) after quality control, hourly averages were generated for PMy. For
gravimetric measurements of PMj,, samples were collected by LUBW over 24 h in the monitoring station.
The particle size distribution of PM collected with the cascade impactors were averaged over the
sampling time of two or three days. During shorter sampling period too little mass would have been
collected on the individual cascade impactor stages. For quality assurance, the PM;, concentrations
based on B-attenuation were recalculated as 24 h averages and these values were then plotted against
the PMyo concentrations based on gravimetric measurements. The measurement results from cascade
impactor samplings were also correlated with the PM,q gravimetric concentrations from LUBW. The
results obtained by the different measurement methods show excellent linear fits to the data with both
regression constants exceeding 0.93.

Fig. 1 shows the time series of all PM,q and precipitation data obtained from 1 January 2006 to 15 March
2006. Based on the R-Attenuation measurements, elevated half hourly PM;q concentrations exceeding



340 ug m™ were recorded during two distinct PM;, pollution episodes from 9 to 17 January 2006 and from
23 January 2006 to 7 February 2006. The two episodes can be identified by the parabolic-shaped profiles
in Fig. 1a. Similar trends are depicted by the gravimetric and cascade impactor measurements in Fig. 1b
and 1c respectively. During such events, the vertical mixing close to the ground surface occur to a lesser
degree than during warmer periods, This results in a decrease in the vertical displacement of the traffic-
related PM,q that are emitted close to the ground.
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Fig. 1. Temporal variations of PM1o concentrations and precipitation at Stuttgart Neckartor

Overall, a clear trend towards lower PM,y concentrations with precipitation due to the “washout” effect
from rain can be observed in Fig. 1d.



3.1. PM samplings

The particle size distribution during the sampling period under stable continuous inversion conditions from
sampling periods 24 to 27 January 2006 at Neckartor, and 2 to 3 Februrary 2006 at Neckartor and
Schlosspark are depicted in Fig. 2. Bimodal particle size distribution over the range of PM sizes from 0.4
to 10.0 um could be observed from the two samples from 24 to 27 January 2006 at Neckartor in Fig. 2a
and 2b; the first mode existed in the fine PM fraction smaller than 0.4 um and the second mode was in
the size range from 0.7 to 1.1 um. Similar profiles of the particle size distribution in the size range from
2.1to0 10.0 pm for these samples could also be observed.
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Fig. 2. Particle size distribution at Stuttgart Neckartor and Schlosspark from 24 January to 3 February 2006

Interestingly, a shift from the fine PM fraction from the first mode to the second mode was observed
starting from 2 February 2006; the concentrations of the PM fraction smaller than 0.7 pm were notably
reduced by three folds whilst the PM fraction in the size ranges from 0.7 to 1.1 ym and 1.1 to 2.1 pm
increased from 25 pg m? to 37 Vs m* and from 14 Mg m*® to 23 Vs m* respectively. A possible
explanation to these observations could be the agglomeration of the finer PM fraction into larger particles
due to the higher humidity at 83 % compared to 70 %.

Elevated PMy, concentrations exceeding the EU regulated limit values were recorded at both Neckartor
and Schlosspark during the sampling period from 2 to 3 Februrary 2006. The effect of direct exposure to
traffic emissions from the B14 federal highway could be assessed by the comparison of particle size
distribution between these two sites. In contrast to Neckartor, the coarse PM fraction from 3.3 to 10.0 um
was non-existent in Schlosspark, thus suggesting that the origin of these PM fractions could be attributed
to the local traffic-induced sources.

Even though the PMj, concentrations were different at Neckartor and Schlosspark during the sampling
period from 2 to 3 Februrary 2006, the particle size distribution and concentrations in the size range from
0.7 to 3.3 um were rather similar. Thus, this PM fraction could be regarded as the overall and urban
background concentrations.

It should be noted that the discrepancy in the concentrations of PM fraction in the size range from 0.4 to
0.7 um at both sites was however unclear here.

3.2. SEM/EDX Analyses

Four PM size fractions representing the size ranges of 5.8 to 9.0 um, 2.1 to 3.3 um, 0.7 to 1.1 um and
<0.4 um from the sampling period 24 to 27 January 2006 at Neckartor were selected for the SEM/EDX



analyses. The results of the SEM/EDX analyses for the respective PM size fractions are summarised in
Fig. 3.

Fig. 3. SEM/EDX analyses for different PM size fractions from 24 to 27 January 2006

From the SEM analysis, different PM sizes and the formation of agglomerated particles were recognisable
for the PM fraction in the size range from 5.8 to 9.0 um. Blistering clods and cubic, crystalline particles
were evident in different places. Small particles were also found on the surface of larger particles. From
the EDX analysis, typical traffic induced elements such as Na, Si, Cl, Ca, K and Fe were detected in this
fraction. This PM fraction could be identified as the PM coarse mode, which is associated with
suspension, resuspension and abrasion processes, whereby the major PM contribution is most likely to
come from road dust (Salma et al., 2005; Salma et al., 2002). In line with the results from this work, the
presence of metallic elemental compounds were also detected in the coarse PM size range >6 um at a
freeway site in another study (Sabin et al., 2006).

Agglomerated particles composing of nearly homogeneous particle sizes were observed for the PM
fraction in the size range from 2.1 to 3.3 um. Floc structures with fractal substructure and large particles
coated with small particles were evident from the SEM analysis. The detection of major road dust
elements and some contributions of C, O and S suggested that the PM fraction in this size range were in
a transition mode between the PM coarse mode and finer modes.

For the PM fraction in the size range from 0.7 to 1.1 um, integrated matrixes of small plate structures with
porous surface could be observed. Sporadic agglomerations of particles with small plate structures and
crystal structures were also visible. The crystallisation behaviour was promoted by the continuous
atmospheric inversion and high humidity during the sampling period. These crystalised samples
contained high S, O and K contents together with N, which could indicate the presence of secondary
aerosols such as NH, salts. Similar results were published by Lestari et al., (2003), whereby the authors
reported that the size distribution of urban NOz; and SO, were both bimodal with peaks at 0.5 and 6.4 um,
and 0.52 and 7.0 um respectively. The dominance of secondary aerosols and soot inclusions in the size



range within this PM fraction in the urban background were also well documented in another study
(Vester et al., 2007).

For the PM fraction smaller than 0.4 um, only diesel soot was evident morphologically. Mainly C, O and
small traces of S were detected by the EDX analysis. The observed results are comparable to recent
literature data, whereby S-bearing submicron PM were commonly found in ambient PM samples (Chen et
al., 2006; Lonati and Giugliano, 2006; Zhang et al., 2000).

SEM/EDX analyses of PM fractions from Neckartor and Schlosspark over the sampling period 2 to 3
February 2006 were performed for comparison purposes as shown in Fig. 4. Although there were no
significant morphological differences between the samples collected from traffic impacted site of
Neckartor and the urban background site in Schlosspark in the PM size range from 0.7 to 1.1 um, the
EDX analyses detected the presence of higher N content in the Neckartor samples than in Schlosspark.
This phenomenon could be explained by the production of traffic induced N compounds from the traffic at
Neckartor, which were absent in Schlosspark. The C content was also significantly higher at Neckartor,
which could be explained by the local traffic source from the federal highway B14.

4. Conclusion

The investigation of traffic-related PM during PMo pollution episodes at the heavily trafficked site of
Stuttgart has important implications for any possible future PMy, abatement strategies.The results from
cascade impactor samplings and SEM/EDX analyses at Neckartor during high PM,q concentrations (>80
Hg m™) are averaged and presented in one summarising diagram in Fig. 5. The mass concentrations of
each PM size range vary considerably as indicated by the large standard deviations. One possible
explanation could be due to the influence of meteorological factors during the sampling period. Future
work should aim to provide additional insights into the influence of these factors.

Fig. 5. Characterisation and size distribution of PM at Neckartor averaged from
ten samplings during high PM1o concentrations (> 80 pg m'3)

In conclusion, the nine PM fractions can be classified into three groups of potential PM sources:

1. The coarse PM fraction in the size range from 2.1 to 10.0 um was characterised as resuspended road
dust with typical traffic induced elements such as Na, Si, Cl, Ca, K and Fe. The dominance of
resuspended road dust fraction (44 %) clearly indicates that the reduction of the coarser PM fraction from
road surfaces is an important goal considering effective PM;q abatement strategies at such heavily
trafficked site. Some possible reduction measures can range from the application of road dust binding
chemicals to the use of street sweepers.

2. The PM fraction in the size range from 0.7 to 2.1 um was identified as background, agglomerated
particles with N and S containing crystals. This PM fraction was determined to be approximately 38 % of



the total PM,y at Neckartor. Similar morphological structures and concentrations were also found in the
urban background monitoring site at Schlosspark. The crystallisation behaviour within this fraction were
promoted by the continuous atmospheric inversion and high humidity. These crystalised samples
contained high S, O and K contents together with N, which could indicate the presence of secondary
aerosols such as NH, salts. Unlike the coarser PM fraction, the PM fraction in this size range cannot be
directly influenced by local PM;, abatement strategies at adjacent road sites.

3. The fine PM fraction smaller than 0.7 um was identified as agglomerated diesel soot particles
containing traces of S. This PM fraction was determined to be approximately 18 % of the total PM,q at
Neckartor. Possible reduction of soot particles by the introduction of soot filters for diesel engines and
traffic regulation for diesel vehicles could lead to an overall reduction of PMy, concentration at Neckartor
in long-term consideration.
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