
Airborne Particles in 
the Urban Environment

INTRODUCTION
Airborne particulate matter (PM)—suspended solid parti-
cles with diameters between a few nanometers (nm) and 
several micrometers (μm)—has always been a constituent 
of the Earth’s atmosphere. Today, PM has an average 
concentration in remote locations of 300–400 million 
particles per cubic meter (Jaenicke 1980). Nucleation from 
a gaseous or liquid phase and mechanical abrasion of solids 
are the main physical processes by which PM is formed. 
Man-made PM accounts for only 2–3% of the particle mass 
emitted globally (Gieré and Querol 2010 this issue). The 
physical and chemical properties of anthropogenic PM, 
however, are distinct from those of natural PM and have 
a decisive infl uence on human health and natural processes 
(e.g. climate evolution). Urban areas are especially exposed 
to anthropogenic aerosol particles due to the great abun-
dance of sources. Many studies have shown a positive 
correlation between PM mass or number concentrations 
and adverse health effects (Pope and Dockery 2006). The 
most important task in air pollution control is to prevent 
contaminants from entering the atmosphere. Mitigation 
of air pollution hazards requires detailed knowledge of the 
nature of the particles, their emission sources, transport, 
and fi nal fate, and their impact on the environment, 
including human well-being. Specifi c organic molecules, 
trace elements (e.g. rare earth elements), and the isotopic 
composition of certain elements (e.g. strontium, 

neodymium, lead) are excellent 
fingerprints for anthropogenic 
particle sources and thus allow us 
to distinguish between natural 
and man-made PM (Lahd Geagea 
et al. 2008). 

PARTICULATE MATTER 
IN THE URBAN 
ENVIRONMENT
Suspended solid particles and vola-
tile organic compounds (VOCs) are 
the main constituents of the urban 
air pollution commonly called 
smog. In cities like Kathmandu, 
New Delhi, and Cairo, peak 
concentrations of 300 μg/m3 for 

particles smaller than 10 μm (PM10) are often reached or 
surpassed. On bad days, inhabitants of these cities inhale 
several hundred million particles with each breath! Daily 
PM10 averages are consistently several times higher than 
the targets set in the air quality guidelines of the World 
Health Organization, that is, an annual mean of 20 μg/m3 
and a maximum concentration over a period of 24 hours 
of 50 μg/m3. These are the lowest levels at which mortality 
has been shown to increase, with more than 95% confi -
dence, in response to long-term exposure. The cities 
mentioned above are not alone; particle concentrations 
exceeding health safety levels are the rule rather than the 
exception in most large cities of the world (TABLE 1). The 
main contributors to the particle load are human activities 
in and around the cities, but the situation may be exacer-
bated by the presence of natural particles, such as mineral 
dust, sea spray, and biogenic material. Anthropogenic 
particles are generated through combustion of fossil fuels 
and biofuels, industrial activities, abrasion, and the resus-
pension of natural particles by traffi c, construction, and 
agricultural activities (FIG. 1). 

Combustion-Derived   Particles: 
Soot, Sulfates, Nitrates, Ammonia
The term soot refers to a primary combustion-derived 
particle type, which has a characteristic and well-defi ned 
structure (see Glossary in Gieré and Querol 2010 this issue). 
During combustion, hydrocarbon molecules decompose 
into various fragments, such as aromatic structures, acety-
lene, alkanes, alkanoic acids, aromatic aldehydes, polycy-
clic aromatic hydrocarbons (PAHs), and graphene-like 
compounds (Richter and Howard 2000). PAHs are of special 
concern because of their carcinogenic and mutagenic prop-
erties. During cooling and dilution, these primary species 
may condense to liquid or solid spherical particles (soot) 
with diameters of 30–50 nm. Subsequently, they aggregate 
into larger chains (FIG. 2A) and may grow by adsorption of 

P articulate matter is an important constituent of our atmosphere and 
has a critical impact on natural processes and human health. Although 
they are a minor component of the average global mass fl ux, anthro-

pogenic particles are abundant in the urban environment, where they 
contribute substantially to air pollution. Particulate matter is routinely moni-
tored in urban areas, but different particle types can be distinguished only 
by combining single-particle chemical analysis with bulk analysis of trace 
elements and measurement of isotope ratios. Such chemical tracers also allow 
for source identifi cation and thus for targeted mitigation of anthropogenic 
particle pollution.

KEYWORDS: particulate matter, urban environment, particle monitoring, chemical 
and isotopic tracers, health effects, air pollution

Bernard Grobéty1, Reto Gieré2, Volker Dietze3, and Peter Stille4

1 Département de Géosciences, Université de Fribourg 
CH-1700 Pérolles, Fribourg, Switzerland 
E-mail: bernard.grobety@unifr.ch

2  Institut für Geowissenschaften, Albert-Ludwigs-Universität 
D-79104 Freiburg, Germany

3 Research Center for Human Biometeorology, Air Quality 
Department, Deutscher Wetterdienst, D-79104 Freiburg, Germany

4 LHyGeS-UMR7517, EOST, Université de Strasbourg, INSU/CNRS 
1 rue Blessig, F-67084 Strasbourg, France

1

Published in ��������	

����
������
�
�����
which should be cited to refer to this work.

ht
tp
://
do
c.
re
ro
.c
h

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by RERO DOC Digital Library

https://core.ac.uk/display/20651678?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


other species with low vapor pressures. Soot particles 
contain characteristic organic species related to their 
sources (e.g. benzoquinone, phenolic groups), but these 
fi ngerprints may be rapidly blurred by ageing processes, 
such as those due to reaction with ozone (Vernooij et 
al. 2009). 

Electricity generation, traffi c, oil- and wood-fi red heating, 
and industrial manufacturing processes are the main 
anthropogenic sources of soot. In urban areas, soot typi-
cally accounts for 25–50% of the total mass of ambient 
PM2.5, i.e. particles with diameters less than 2.5 μm (www.
epa.gov/air/emissions). Soot emission from fossil fuel 
combustion for heating and transportation purposes has 
been reduced substantially in the past ten years due to the 
introduction of particle fi lters. This reduction, however, 
has been negated in many places by the increase in sources 
due to increased traffi c density and industrial development, 
especially in emerging countries. 

The sulfur and nitrogen contents of fossil fuels are 
converted to sulfur dioxide (SO2) and nitrous oxides (NOx) 
during combustion. Oxidation of these species by reaction 
with OH radicals (during the day) and ozone (at night) in 
the atmosphere leads to the formation of sulfuric and nitric 
acids as well as peroxyacetyl nitrates (PANs). These 

compounds have low volatility and may be incorporated 
into water droplets (causing fog), adsorbed onto primary 
particles (e.g. soot), or form particles on their own by 
homogeneous nucleation. Nitrate, nitric acid, and sulfuric 
acid may react with their substrates or other adsorbed 
species to form compounds such as sodium nitrate (NaNO3, 
on sea-salt particles), ammonium nitrate (NH4NO3), and 
ammonium sulfate [(NH4)2SO4], all of which are very 
common in airborne PM (Vester et al. 2007). Oxidation of 
primary volatile organic species may also produce low-
volatility compounds, which subsequently condense on 
the surfaces of primary particles. These secondary organic 
aerosol (SOA) species may comprise the majority of carbo-
naceous PM mass, not only in rural and remote areas but 
also in urban settings (Engling and Gelencsér 2010 
this issue).

Coal combustion facilities are a major source of fi ne PM 
(PM2.5) in the atmosphere, even though air pollution 
control devices typically remove more than 99% of the PM 
from fl ue gases. The particle-capture effi ciency of these 
devices, however, is size dependent. For example, the effi -
ciency of electrostatic precipitators is lower for fi ne PM 
than for coarse PM (>2.5 μm). Fine particles are therefore 
emitted preferentially and, at the same time, they exhibit 
the longest atmospheric residence times. Only a few studies 
have been published on PM emissions from coal-fi red 
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FIGURE 1 Transmitted-light microscope image of airborne parti-
cles collected over a period of 7 days with a passive 

sampler (Sigma-2 type) at a roadside location in Mainz, Germany. 
PHOTO BY V. DIETZE 

FIGURE 2 Anthropogenic aerosol particles. (A) Soot collected 
from the exhaust of a diesel car engine. (B) Bright-

fi eld transmission electron microscope (TEM) image of (Fe,Cr,Ni)-
spinel particles emitted during soldering of steel components. Inset: 
Energy-dispersive X-ray spectrum of a particle. The copper (Cu) and 
carbon (C) peaks are from the TEM grid and the substrate, 
respectively. PHOTOS BY B. GROBÉTY
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TABLE 1 AVERAGE ANNUAL PM10 CONCENTRATIONS 
(IN μg/m3; DATA RECORDED FROM 2002 TO 2004) 
OBSERVED IN RESIDENTIAL AREAS OF SELECTED CITIES 
WORLDWIDE (WORLD HEALTH ORGANIZATION, AIR 
QUALITY GUIDELINES UPDATE 2005)

City PM10 City PM10

Beijing 105 London 26

Berlin 49 Lo  s Angeles 44

Cairo 150 Mexico City 53

Cape Town 29 New York 22

New Delhi 171 Prague 66

Dhaka 120 Rome 58

Hanoi 38 São Paulo 41

Karachi 227 Stockholm 16

Kathmandu 127 Sydney 21

Lima 118 Tokyo 33
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power plants, even though such power stations account 
for 42% of worldwide electricity production (2006 data; 
see www.eia.doe.gov/iea). Many of these plants combust a 
blend of coal and other fuels (scrap tires, wood, waste), and 
emissions vary accordingly. In addition to phases typical 
of coal fl y ash (aluminum-silicate glass, magnetite, hema-
tite), the emitted PM may include soot, amorphous sele-
nium, lime, and various types of crystalline metal sulfates, 
such as anglesite, anhydrite, and barite (Jablonska et al. 
2001; Gieré et al. 2006). These sulfates are distinct from 
the “sulfate” aerosols commonly reported in the atmo-
spheric science literature (e.g. sulfuric acid droplets, ammo-
nium sulfate). 

Particles Originating from Traffi c 
and Industrial Activities 
Tire abrasion contributes signifi cantly to atmospheric PM 
in urban areas, especially to the �10 μm size fraction and 
near roads. Tires contain a multitude of chemical 
compounds, including rubber (an elastic hydrocarbon 
polymer derived from latex or produced synthetically), 
agents required in the vulcanization process (e.g. zinc 
oxide, sulfur), and reinforcing fi llers, textiles, and wires 
(e.g. carbon, silica, nylon, steel). The amounts of these 
materials vary widely among manufacturers and types of 
tires, which complicates any composition-based quantita-
tive assessment of the tire-derived particles in ambient air 
samples. However, tire-abrasion particles exhibit distinct 
irregular shapes, which can be recognized easily with the 
aid of a transmitted-light microscope (FIG. 1). 

Railway traffi c is another prominent source of PM, espe-
cially metallic particles. In subway stations, the PM2.5 
concentration may reach 60 μg/m3, as measured, for 
example, in the Helsinki subway system (Aarnio et al. 
2005). In underground stations, almost half of the emis-
sions consist of iron and iron oxide particles, which are 
formed by friction between break pads and wheels and are 
resuspended by the draft of passing trains. 

Industrial processes account for ~35% of the PM mass 
emitted globally through human activities. Ferrous and 
nonferrous metal foundries emit carbonaceous particles, 
including soot, and various metal oxides, the nature of 
which depends on the processes used and materials 
produced. Smelters typically emit particles consisting of a 
complex array of phases. Lead (Pb) smelters, for example, 
generate various types of Pb sulfates, metallic Pb, Pb 
sulfi des, and Pb chlorides (Batonneau et al. 2004). In addi-
tion to their potentially severe health impacts, these parti-
cles can cause signifi cant contamination of soils and waters 
in adjacent areas (Ettler et al. 2004). 

Ultrafi ne particles (<0.1 μm) can be emitted during mate-
rial-processing activities, such as polishing and soldering 
of metals. Bursts of more than one million iron–nickel 
oxide particles per cubic centimeter, with maxima in the 
grain-size distribution at 40 nm and 150 nm, have been 
observed in the vicinity of automated soldering stations 
(B. Grobéty, unpublished data; FIG. 2B).

Particles Originating from Other 
Human Activities
PM in urban environments also comprises dust from agri-
cultural activities and includes silicates, carbonates, phos-
phates and nitrates (from fertilizers), and organic material. 
Construction and demolition processes produce abundant, 
mostly coarse-mode particles derived from the primary 
building materials, i.e. sand, cement, glass, bricks, gypsum, 
carbonates, and, in some cases, asbestos fi bers (Kaegi 2004). 
A prominent example is the dust produced through the 

collapse of the World Trade Center on September 11, 2001. 
In addition to inorganic particles, this dust also contained 
PAHs, polychlorinated biphenyls (PCBs), furans, and 
dioxins. This type of dust becomes airborne not only 
during construction and demolition activities but also later, 
as a result of resuspension by traffi c. 

Nanotechnology and Particle Emission
Since the development in the early 1990s of carbon fuller-
enes and nanotubes (CNTs) with their special physical 
properties, ultrafi ne particles and fi bers have been at the 
forefront of technology. Both the numbers of applications 
and the amounts of engineered nanoparticles are increasing 
steadily; hence, the manufacture and use of nanomaterials 
provide potential PM emission sources (Buseck and Adachi 
2008). Release experiments with CNTs (Maynard et al. 
2004) and exposure modeling for CNTs and nanoparticles 
of TiO2 and silver (Mueller and Nowack 2008) have shown 
that engineered nanoparticles are detectable not only at 
the production sites but also in the environment. The 
predicted concentrations, however, are much higher in 
water bodies than in the atmosphere.

MONITORING AND SAMPLING OF URBAN 
AEROSOL PARTICLES
Monitoring networks are essential for measuring and 
distinguishing PM in urban areas. Various standardized 
sampling and analysis methods are in use around the 
world. Conventional active samplers, which draw in air 
with the aid of a pump, are designed for particles with 
aerodynamic equivalent diameters of <10 μm. They are 
equipped with an impactor, which is a device that separates 
particles aerodynamically according to a respective diam-
eter threshold. The mass concentration of PM is determined 
either periodically (24-hour mean) or continuously.

Coarse PM (>2.5 μm) can also be collected with passive 
samplers [e.g. Leith-Wagner (Ott et al. 2008) or Sigma-2 
devices], which are based on the sedimentation principle 
(Stokes’ law). The Sigma-2 sampler, for example, collects 
particles in the 2.5–100 μm size range and is used for 
routine air-quality measurements, monitoring of particle 
concentrations in time intervals of days to weeks (Norra 
et al. 2007), and collection of samples for subsequent 
chemical and isotopic analyses. Automated light and elec-
tron optical analyses of the sampling substrates provide 
morphological and chemical information on a single-
particle basis, an important advantage over bulk analytical 
methods (Schleicher et al. 2010). In combination with 
densitometric parameters, the automated analysis of optical 
images, such as that shown in FIGURE 1, provides mass 
concentrations and size distributions for both transparent 
(mostly natural) and opaque (mostly anthropogenic) parti-
cles, and for the sum of the two fractions (total coarse 
particles). FIGURE 3 shows the mass concentration of undif-
ferentiated coarse particles at roadside locations in Cairo, 
Hanoi, and Berlin. Even though the three locations differ 
substantially in terms of absolute mass concentrations, the 
size distributions are similar, with a maximum at 10–20 μm. 
Such patterns are characteristic for roadside locations, 
reflecting the main particle sources (road and tire 
abrasion, resuspension).

Particle-counting devices and chemical analysis tools, 
which are used for research purposes that go beyond daily 
public monitoring of PM, have been described in a previous 
Elements article (Buseck and Adachi 2008). 
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MASS CONCENTRATION, COMPOSITION, 
AND SIZE DISTRIBUTION OF URBAN 
PARTICULATE MATTER
The composition of urban PM depends strongly on the 
geographical location, meteorological conditions during 
sampling, and size fraction of the aerosol particles consid-
ered (FIGS. 3, 4). Urban PM is characterized by volume and 
mass concentrations that are generally one order of magni-
tude higher than those in rural or remote background areas 
(FIG. 5). 

In the urban environment, it is important to distinguish 
between “hot spot” sampling locations close to major roads 
and background locations situated in residential areas. 
Regardless of sampling site, the bulk composition is gener-
ally dominated by combustion products, that is, particles 
containing sulfate + nitrate + ammonia (SNA), and primary 
and secondary carbonaceous species including soot. 
Carbonaceous particles amount to 50–70 wt% of the bulk 

composition, and a considerable fraction of these may be 
of biogenic origin (e.g. spores and pollen; Bauer et al. 2008). 
The mineral dust contribution to the coarse fraction along 
roads is high due to resuspension of particles deposited 
previously. The SNA fraction increases downwind and away 
from roads due to particle “ageing,” that is, continuous 
modification via chemical reactions and mixing in 
the atmosphere. 

Episodic dust storms and volcanic eruptions may lead to 
deposition of mineral matter thousands of kilometers away 
from their source regions. Such storms and volcanic ash 
clouds may hit populated areas along their trajectory 
(FIG. 6) and signifi cantly alter the composition and size 
distribution of urban PM. They also cause a dramatic reduc-
tion of visibility and thus pose a considerable hazard to 
air, ship, road, and train traffi c, especially in urban envi-
ronments. Impressive examples of these effects are provided 
by the recent dust storms in Sydney, Australia (see cover 
image), when PM10 concentrations peaked at 1700 μg/m³ 
(24-hour mean), and by the havoc in the European air-
transport system following the volcanic eruption at 
Eyjafjallajökull on Iceland in April 2010. 
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FIGURE 5 Typical number distribution (number of particles per 
unit volume, n0

N) and volume distribution (volume of 
particles per unit volume, n0

V) for average urban (black line), 
remote continental (brown line), and average marine (blue line) 
aerosol particles. Average marine aerosol particles show extremely 
low n0

N values and thus do not appear in the upper diagram. The 
black dotted curve shows n0

V for an urban air sample measured 
next to a freeway; traffi c leads to higher n0

V values for both fi ne 
particles (<2.5 μm, derived primarily from combustion processes) 
and coarse particles (>2.5 μm, derived from abrasion of tires, brake 
pads, and pavement, and from resuspension of dust). 
COMPILED FROM SEINFELD AND PANDIS (2006)
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FIGURE 3 Average mass concentrations of airborne particles 
collected with a passive sampler (Sigma-2 type) at 

roadside locations in Cairo, Hanoi, and Berlin. Monitoring periods: 
Cairo, November 2007 to April 2008; Hanoi, November 2008 to 
April 2009; Berlin, June 2003 to June 2004. Unpublished data

FIGURE 4 Average compositions (wt%) of airborne particles 
from different locations in Switzerland: Bern (city-

center curbside); Basel (suburban residential area); Chaumont (rural 
area more than 1000 m above sea level). The data shown were 
obtained from 120 PM10 and 82 PM2.5 samples collected during a 
14-month period. EC: elemental, refractory carbonaceous material; 
OC: organic carbonaceous material (may contain a considerable 
fraction of biogenic carbon). The unidentifi ed component is mainly 
water and biogenic material. Total average concentrations (μg/m3) 
are indicated below each location name (after Hueglin et al. 2005). 
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IDENTIFICATION OF ANTHROPOGENIC 
PARTICLE SOURCES
The chemical and isotopic compositions of particles can 
provide unique fi ngerprints pointing to their sources, thus 
enabling PM tracing in the environment. For example, Ault 
et al. (1970) demonstrated in their pioneering work that 
the 206Pb/204Pb values of atmospheric PM vary signifi cantly 
both within a city and among cities, which makes it 
possible to identify point sources of Pb. Industrial Pb is 
derived mostly from orebodies, whose Pb isotope composi-
tions differ markedly from that of average crustal rocks. 
Ancient orebodies, like those formed in Australia during 
the Precambrian (which provided most of the Pb used as 
an antiknocking agent in leaded gasoline), have lower Pb 
isotope ratios (206Pb/207Pb = 1.042) than average Phanerozoic 
crustal rocks (1.18–1.2; labeled as “natural” Pb in FIGURE 7A) 
(Monna et al. 1997). Isotope-ratio diagrams permit the 
evaluation of compositional relationships between airborne 
particles and various point sources. For example, in the 
Strasbourg area (France), the lowest Pb isotope ratios were 
found in soot from car exhausts (FIG. 7A) whereas higher 
values were exhibited by industrial fi lter dusts collected 
from a nearby thermal power plant, a steel plant, and 
domestic and chemical waste incinerators (Lahd Geagea et 
al. 2008). Similar values have been found for other waste 
incinerators in France (Carignan et al. 2005).

Combining isotope ratios of strontium and neodymium 
(87Sr/86Sr, 143Nd/144Nd) as environmental tracers with the 
Pb isotope system allows for much better discrimination 
between different anthropogenic emissions (FIG. 7B). This 
combined approach is important because Pb isotope ratios 
alone might not allow distinction between different sources. 

Stable isotopes, such as the isotopes of carbon, nitrogen, 
and sulfur (S), have also been used successfully to deduce 
the origin of PM in urban settings. For example, single-
particle S isotope compositions (32S, 34S) determined using 
secondary ion mass spectrometry may allow not only the 
identifi cation of the S source but also the elucidation of 
the oxidation pathways (homogeneous versus heteroge-
neous) on the basis of the isotope fractionation behavior 
(Sinha et al. 2008).

The distribution of the rare earth elements, the use of 
which has increased exponentially during the last fi fty 
years, is also well suited to tracing the origin of certain 
particles (Lahd Geagea et al. 2008). The presence of other 
trace and minor elements may also be diagnostic of a 
specifi c source. Particles consisting of a combination of 
copper, antimony, and tin, for example, indicate a source 
arising from abrasion of vehicle brake pads (Sternbeck et 

al. 2002). Therefore, minor and trace elements should be 
included in studies aimed at source apportionment, espe-
cially in urban areas (Pacyna 1998). 

HEALTH EFFECTS
Adverse health effects due to frequent exposure to elevated 
PM concentrations are undisputed (Pope and Dockery 
2006) and have been documented in many epidemiological 
studies. However, the particle properties responsible for 
the toxicity are not well understood. An open issue is 
whether particle toxicity resides in some specifi c fraction 
of the particles, as defi ned by their chemical composition, 
shape, or size (Harrison and Yin 2000). Reactive oxygen 
species (ROS), believed to play a major role in the toxicity 
of particles, may be related to PM surface properties, the 
presence of transition metals, intracellular iron mobiliza-
tion, or lipid peroxidation. Persistent ROS formation leads 
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FIGURE 7 Isotope data for samples of airborne particles and 
particle sources collected in the urban area of 

Strasbourg (France) and Kehl (Germany). (A) Three-isotope lead 
(Pb) diagram showing the principal natural and anthropogenic 
sources (fi lled symbols). Present-day PM10 (light blue fi eld; samples 
collected in 2005–2006) has a Pb isotope composition very similar 
to the compositions of emissions from the local anthropogenic 
sources. Older PM10 (open brown diamonds; samples collected in 
1995, i.e. before leaded gasoline was phased out) has signifi cantly 
lower Pb isotope ratios, emphasizing the impact of leaded gasoline 
at that time. The yellow fi eld defi nes the range of Pb isotope 
compositions obtained from tree bark sampled in urban and remote 
locations around Strasbourg and Kehl, covering a 10-year history of 
Pb emissions. (B) 87Sr/86Sr–143Nd/144Nd diagram, showing clearly 
that the different anthropogenic sources (fi lled symbols) are distinct 
in their Sr and Nd isotope compositions, thus allowing the origin of 
the PM (open symbols) to be identifi ed using isotope-mixing lines 
(shown in black). 143Nd/144Nd ratios are expressed as εNd = 
([143Nd/144Nd/0.51264]-1) × 104. DATA FROM: 1 LAHD GEAGEA ET AL. 
(2008); 2 MONNA ET AL. (1997); 3 P. STILLE, UNPUBLISHED DATA; 4 GROUSSET 
AND BISCAYE (2005)
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CONCLUDING REMARKS
In the last decades, tremendous advances have been made 
in the characterization and source determination of parti-
cles found in the urban atmosphere, as well as in the reduc-
tion of particle emissions. However, far more data on the 
physical and chemical properties of individual particles 
are required for a more statistically relevant differentiation 
among various particle types. Moreover, future research 

should focus on a better understanding of the conse-
quences these particles have for the environment and 
our well-being.
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