
ABSTRACT

1. INTRODUCTION

Adverse health effects of atmospheric 
pollutants have been well documented in 
Europe and in other parts of the world. 
These include many diseases and an 
estimated reduction of a year or more in life 
expectancy  for people living in European 
cities. There is also evidence of increased 
infant mortality in highly polluted areas. 
Concerns about these health effects have 
led to the implementation of regulations 
to reduce harmful air pollutants emissions  
and their precursors at international, 
national, regional and local levels. Further 
measures – while necessary to further 
reduce the health effects of air pollution 
– are becoming increasingly expensive. 
There is thus a growing need for accurate 
information on the health effect of air 
pollution to plan scientifi c, effective and well 
targeted strategies and reduce these effects.  
In July 2002 the European Parliament 

and the Council adopted the Decision 
1600/2002/EC on the Sixth Community 
Environment Action Programme (Sixth 
EAP). This Programme sets out the key 
environmental objectives to be attained in 
the European Community, one of which 
(Article 2) is to establish “. a high level 
of quality of life and social well being 
for citizens by providing an environment 
where the level of pollution does not give 
rise to harmful effects on human health 
…”(1). The activities of the European 
Commission to implement the Sixth EAP 
currently take place within the Clean Air 
for Europe (CAFE) programme (2). This 
programme, launched in early 2001, aims 
at developing long-term, strategic and 
integrated policy advice to protect against 
signifi cant negative effects of air pollution 
on human health and the environment. 
The World Health Organization (WHO) 
in support to the CAFE process, provided 
updated information on health effects 
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of air pollutants establishing the project 
“Systematic Review of Health Aspects 
of Air Quality in Europe” (3) in the 
course of which the current state of 
knowledge concerning health impacts 
of air pollution has been reviewed. The 
body of evidence of air pollution effects 
on health at the pollution levels currently 
common in Europe has been considerably 
strengthened by the contribution of 
both epidemiological and toxicological 
studies. The latter provide new insights 
into possible mechanisms to analyse the 
hazardous effects of air pollutants on human 
health and complement the large body of 
epidemiological evidence, showing, for 
example, consistent associations between 
daily variations in air pollution and some 
health outcomes. Exposure to ambient air 
pollution has been linked to a number of 
different health outcomes, starting from 
modest transient changes in the respiratory 
tract and impaired pulmonary function, to 
restricted activity/reduced performance, 
emergency room visits and hospital 
admissions and mortality. There is also 
increasing evidence of air pollution adverse 
effects not only on the respiratory system, 
but also on the cardiovascular system. 
This evidence stems from studies on both 
acute and chronic exposure. Short-term 
epidemiological studies suggested that 
a number of sources are associated with 
health effects, especially motor vehicle 
emissions, and also coal combustion. 
These sources produce primary as well 
as secondary particles, both of which 
have been associated with adverse 
health effects. If long-term exposure to a 
specifi c pollutant is linked to some health 
effects, cohort studies provide a basis to 
estimate chronic diseases and lifespan 
reduction in a given population.  This is 
the case for mortality linked to PM long-
term exposure. An expert group led by 

WHO – the Joint UNECE/WHO-ECEH 
Task Force on Health Aspects of Long 
Range Transboundary Air Pollution –  
recommended the use of risk coeffi cients 
from the American Cancer Society (ACS) 
study (4) to estimate the effects of chronic 
exposure to particulate matter (PM) on 
life expectancy in Europe. This study is 
the largest cohort study published in the 
scientifi c literature on the association 
between mortality and exposure to PM 
in air, and has involved 550,000 persons 
between 1982 and 1998. The risk estimates 
from this study were also used in the WHO 
Global Burden of Disease project (5). This 
project estimated that exposure to fi ne 
PM in outdoor air leads to about 100,000 
deaths and 725,000 years of life lost each 
year in Europe. It is clear that there is a 
signifi cant health risk associated with PM. 
It is also clear that there is a yet not known 
safe threshold for exposure but that there 
appears to be a linear relationship between 
exposure and risk. In addition, it has not yet 
been possible to identify with confi dence 
which PM chemical constituents are 
primarily responsible for the different 
health effects. Therefore, even though 
the evidence on the relationship between 
exposure to different air pollutants and 
health effects has increased considerably 
over the past few years, there are still 
large uncertainties and important gaps in 
knowledge. These gaps can be reduced 
only by targeted scientifi c research. Areas 
in which such research is urgently needed 
include exposure assessment, dosimetry, 
toxicity of different components, biological 
mechanisms of effects, susceptible groups 
and individual susceptibility (taking into 
account gene–environment interactions), 
effects of mixtures versus single substances, 
and effects of long-term exposure to air 
pollution. The “Systematic Review” clearly 
demonstrated the need to set up a more 
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comprehensive air pollution and health 
monitoring and surveillance programme 
in different European cities. Air pollutants 
to be monitored include coarse PM, PM2.5, 
PM1, ultrafi ne particles, PM chemical 
composition, including elemental and 
organic carbon, and gases such as ozone, 
nitrogen dioxide and sulphur dioxide. The 
value of black smoke and ultrafi ne particles 
as indicators of traffi c-related air pollution 
should also be evaluated. Furthermore, 
periodic surveillance of health effects 
requires better standardization of 
routinely collected health outcome data. 
The “Systematic Review” also showed the 
need of a system to maintain the literature 
database and develop meta-analysis to 
monitor research fi ndings, summarize 
the literature on health effects and health 
impact assessment.

2. AIR POLLUTION AND HEALTH

Ambient air pollution consists of a 
highly variable, complex mixture of 
different substances, which may occur 
in the gas, liquid or solid phase. Several 
hundred different components have been 
found in the troposphere, many of them 
potentially harmful to human health and 
the environment. The main sources of air 
pollution are transport, power generation, 
industry, agriculture, and heating. All these 
sectors release a variety of air pollutants 
– sulphur dioxide, nitrogen oxides, 
ammonia, volatile organic substances, 
and particulate matter – many of which 
interact with others to form new pollutants. 
These are eventually deposited and have a 
whole range of effects on human health, 
biodiversity, buildings, crops and forests.
Air pollution results in several hundreds of 
thousands of premature deaths in Europe 
each year, increased hospital admissions, 
extra medication, and the loss of millions 

of  working days. The health costs for the 
European Union are huge. The pollutants 
of highest concern for human health are 
airborne particulates and ozone – indeed 
no safe levels have yet been identifi ed 
for either of them. Nevertheless, the 
“Systematic Review” focused on three 
pollutants: particulate matter (PM), ozone 
and nitrogen dioxide, as requested by 
the CAFE Steering Group. This is not to 
imply that other substances do not pose a 
considerable threat to human health and the 
environment at the current levels present 
in Europe. It should also be mentioned 
that PM itself is a complex mixture of 
solid and liquid constituents, including 
inorganic salts such as nitrates, sulphates 
and ammonium and a  large number of 
carbonaceous species (elemental carbon 
and organic carbon). Thus PM implicitly 
covers a number of different chemical 
pollutants emitted by various sources. The 
term ‘particulate matter’ (PM) is used to 
describe airborne solid particles and/or 
droplets. These particles may vary in size, 
composition and origin. Several different 
indicators have been used to characterize 
ambient PM. Classifi cation by size is quite 
common because size governs the transport 
and removal of particles from the air and 
their deposition within the respiratory 
system, and is at least partly associated 
with the chemical composition and 
sources of particles. Based on size, urban 
PM tends to be divided into three main 
groups: coarse, fi ne and ultrafi ne particles. 
The border between the coarse and fi ne 
particles usually lies between 1 μm and 
2.5 μm, but is usually fi xed by convention 
at 2.5 μm in aerodynamic diameter (PM2.5) 
for measurement purposes. The border 
between fi ne and ultrafi ne particles lies 
at about 0.1 μm. PM10 is used to describe 
particles with an aerodynamic diameter 
smaller than 10 μm. The particles 
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respiratory illnesses, but their effect on 
mortality is less clear. Nevertheless, there 
is suffi cient concern to consider reducing 
exposure to coarse particles as well as to 
fi ne particles. Similarly, ultrafi ne particles 
are different in composition, and probably 
to some extent in effect, from fi ne and 
coarse particles. Nevertheless, their effect 
on human health have been insuffi ciently 
studied to permit a quantitative evaluation 
of health risks due to exposure to such 
particles.
As stated above, PM in ambient air has 
various sources. In targeting control 
measures, it would be important to know 
if PM from some sources or of a specifi c 
composition gave rise to special health 
concern due to their high toxicity.  The few 
epidemiological studies that have addressed 
this important issue specifi cally suggest 
that combustion sources are particularly 
important for health. Toxicological studies 
have also pointed to primary combustion-
derived particles as having a higher toxic 
potential. These particles are often rich in 
transition metals and organic compounds, 
and also have a relatively high surface 
area. By contrast, several other single 
components of the PM mixture (e.g. 
ammonium salts, chlorides, sulphates, 
nitrates and wind-blown dust such as 
silicate clays) have been shown to have a 
lower toxicity in laboratory studies.
Despite these differences found among 
the constituents studied in laboratory, it 
is currently not possible to quantify the 
contributions of the different sources and 
different PM components on the health 
effects caused by exposure to ambient 
PM. 

2.1. Modelling approach on health impact 
Health impact assessment allows to 
quantify the effects of exposure to an 
environmental hazard. It plays a central 

contained in the PM10 size fraction may 
reach the upper part of the airways and 
lung. Fig. 1 shows schematically where 
particles are deposited in the respiratory 
tract, depending on their size. 
Smaller particles (in particular PM2.5) 
penetrate more deeply into the lung and 
may reach the alveolar region. Ultrafi ne 
particles contribute only slightly to PM10 
mass but may be important from a health 
point of view because of their large 
numbers and high surface area. They are 
produced in large numbers by combustion 
(especially internal combustion) engines.
As reported, (3) the most severe effects in 
terms of the overall health burden include 
a signifi cant reduction, by a year or more, 
in average life expectancy linked to the 
long-term exposure to high levels of air 
pollution due to fi ne PM. Many studies 
have found that fi ne particles (usually 
measured as PM2.5) have serious effects on 
health, such as increased mortality rates 
and emergency hospital admissions for 
cardiovascular and respiratory reasons. 
Thus there is good reason to reduce 
exposure to such particles. Coarse particles 
(usually defi ned as the difference between 
PM10 and PM2.5) seem to have effects 
on, for example, hospital admissions for 

Figure 1. Deposition probability of inhaled 
particles in the respiratory tract according 
to particle size.
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VOC and NH3, provides deposition and 
concentration maps and addresses threats 
to human health posed by fi ne particulates 
(7). The assessment of fi ne particle health 
impacts is implemented through the Life 
Expectancy Reduction indicator (LER), 
defi ned as months lost attributable to 
PM2.5 concentrations. Awaiting further 
refi nements in the scientifi c disciplines, 
the quantitative implementation should be 
considered as preliminary and needs to 
be revised as soon as more substantiated 
scientifi c information becomes available. 
The Task Force on Health of the United 
Nations Economic Commission, when 
conducting the in-depth review of the 
RAINS approach for modelling health 
impacts of fi ne particles (TFH, 2003), 
noted “that some data suggested that 
different components that contributed 
to PM2.5 mass might not be equally 
hazardous. In particular, the discussion 
focused on the role of the secondary 
inorganic aerosols (including nitrates and 
sulphates). It concluded that, due to the 
absence of compelling toxicological data 
about the active different PM components 
of a complex mixture, it was not possible 
to quantify the relative health impact 
importance of the main PM components at 
this stage”. Therefore, it was recommended 

role in assessing the potential health effects 
of different policies and measures, thereby 
providing a basis for decision-making. A 
detailed knowledge of several factors is 
required for any such assessment. Crucial 
information on exposure to air pollutants 
is provided by an integrated approach 
on ambient air quality monitoring and 
modelling study. 
Air quality modelling, particularly the 
Integrated Assessment Modelling (IAM), 
is important in linking pollution levels 
to emission sources and integrating 
population data, fi ndings from 
epidemiological studies, information 
about the formation and dispersion of fi ne 
particles in the atmosphere, assessment 
of current and future levels of emissions 
of fi ne particles and their precursors. In 
the frame of the UN-ECE Convention on 
Long-Range Transboundary Air Pollution 
(CLRTAP), and in the context of the 
Community Environmental policies of 
the EU Commission, the RAINS-Europe 
model provides one of the most relevant 
examples of successful application of 
Integrated Assessment Modelling (IAM). 
The RAINS model (6), developed at 
the International Institute for Applied 
Systems Analysis (IIASA), considers 
emissions of SO2, NOx, PM10, PM2.5, 

Figure 2. Changes in EU life expectancy loss in 2000 and in the interim objective in 2020 
(Strategy) (9).
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need to be undertaken at Community and 
Member State level. 
In the recent years, some European 
countries such as, among others,  Italy,  
have tackled the issue of implementing 
the RAINS model at national level, 
introducing higher spatial resolution in 
similar models, pursuing the ultimate 
objective of a more adequate response to 
the need of evaluating, at national level, 
cost-effective policy measures to reduce 
air pollutant emissions, and consequently, 
the pressure on environment and human 
health. As a result, the RAINS-Italy model 
(10) as the national version of the RAINS-
Europe model was defi ned considering as 
emission source areas either the nation as a 
whole or the 20 administrative Regions. In 
a recent work (11), the RAINS-Italy model 

to relate health impacts to total mass of 
PM2.5 until more specifi c evidence becomes 
available (8). The methodology used in the 
RAINS model, at European and national 
scale, to estimate losses in life expectancy 
due to air pollution represents an initial 
implementation assessing the implications 
of present and future European policies to 
control exposure to particulate matter. In 
the Figure 2, an example of the changes 
in life expectancy loss in EU in 2000 and 
in the interim objective in 2020 (9) are 
reported. The impact assessment of the 
different policies is based on the analysis 
of a set of technological measurements 
with the RAINS model related to various 
emission reduction scenarios. The 
ambition level of the Strategy is based on a 
set of specifi c measurements which would 

Figure 3. Losses in average Life Expectancy (months) attributable to PM2.5 concentrations 
at 2010: a) CLE scenario; b) difference (months) between Air Quality Management Plan 
scenario and CLE scenario (11).
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total air exposure using personal sampling: 
the persons under study are provided each 
with a personal sampler that they have to 
carry on them or position as close to them 
as possible for 24 hours consecutively. 
Since this is cumbersome for a study 
participant, the following alternative 
can be used: total exposure is modelled 
taking into account the time spent in the 
various microenvironments (indoors and 
outdoors) and the concentrations observed 
in these microenvironments. Personal 
sampling provides a concentration level 
that represents the integration of all the 
concentration levels in all compartments 
visited by the studied person during the 
24-h (or longer) measurement period 
and, thus, it cannot detect the individual 
contribution of any compartment. In 
contrast, the modelling process using the 
combination of the pollutant concentrations 
in the different microenvironments and 
the time spent therein permits to assess 
the contribution of total exposure to each 
of these microenvironments. This kind 
of source apportionment can be of great 
help to decide what measurements should 
receive priority in controlling pollutant 
concentrations. A recent publication on 
exposure to PM2.5 describing the results 
of a model approach (13) stated that the 
“indoor-residential” microenvironment 
had the greatest infl uence on total 
exposure to PM2.5, compared to the other 
microenvironments considered, namely 
outdoor and non-residential indoor (offi ce, 
school, store, restaurant, bar, in-vehicle). It 
turned out that the outdoor compartment 
was responsible for a direct contribution of 
about 5% on average. Another 35% was due 
to an indirect contribution via infi ltration of 
outdoor air into indoor spaces. Thus, about 
60% of the total exposure to PM2.5 could 
not be infl uenced by control measurements 
taken to reduce outdoor air PM2.5 levels.

was used to assess the emission reduction 
strategies followed in the Regional Air 
Quality Management Plans (AQMPs) to 
meet environmental quality targets by 
means of Technical and Non-Technical 
Measures. Regarding health impacts 
(Figure 3a), the most important Italian 
metropolitan and industrial areas show 
an average Life Expectancy loss ranging 
between 12 to 23 months in the 2010-CLE 
scenario. This higher resolution map shows 
a better defi nition of the hot spots present 
in the urban areas of Turin, Milan, Rome 
and Naples, as well as in the industrial sites 
of eastern Sicily and Taranto, in the Apulia 
region (12). The above mentioned study 
showed that if compared to the 2010 CLE 
scenario, the 2010 AQMP scenario reduces 
PM10, NOx and SO2 emission by 2.8%, 2.4% 
and 0.5%, respectively. Regions with a 
more effective AQMP reach higher PM10 
yearly average concentrations reductions, 
with peaks of 7.5% in northern and central 
Italy, even if this is not suffi cient to assure 
the compliance with air quality standard 
in 2010. Similarly the improvement in the 
average Life Expectancy loss indicator 
(Figure 3b) is of 1 month only in Lombardy 
(11). 

2.2. Indoor vs outdoor air pollution
As it is the case for other air pollutants, the 
total exposure of an individual to suspended 
particulate matter (of whatever size) is 
the result of contributions from the two 
microenvironments, outdoor air and indoor 
air. The indoor air compartment can be 
further subdivided into homes, restaurants, 
car, buses and aircraft, workplaces etc. 
Consequently, in studies to detect and 
quantify the health effects of particles, 
attention must be paid that exposure is 
characterised adequately. Generally there 
are two different ways to obtain such 
characterization. One is by measuring 
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from the air in atmospheric transport at 
continental level, long range transport 
does not lead to concentrations of concern 
at both rural and urban background level. 
Also at points of high traffi c in large cities,  
levels exceeding  legislation are only 
occasionally observed. Industrial areas 
may be affected by large CO emissions; 
however, when these emissions are released 
through high chimneys, local ambient 
concentrations show poor increases and 
do not pose risks for human health14. CO  
toxicity patterns are linked to its reaction 
with haemoglobin in the human blood to 
form carboxyhaemoglobin (COHb). The 
affi nity of haemoglobin for CO is 200-
250 times higher than for oxygen, and as 
a result this binding reduces the oxygen-
carrying capacity of the blood and impairs 
the release of oxygen to extra vascular 
tissues. The most important variables 
determining the COHb level are CO in 
inhaled air, duration of exposure and lung 
ventilation. Physical exercise accelerates 
the CO uptake process.
The formation of COHb is a reversible 
process; however, the half-life elimination 
of COHb is much  longer in the foetus than 
in the pregnant mother. The effects of CO 
exposure on cardiovascular disease have 
been studied for a long time (15). However, 
only limited information is available about 
the possible cardiac effects of gaseous 
pollutants at concentrations close to those 
present in ambient air. Apart from hazards 
due to high CO concentrations, other 
health effects seem to originate from the 
association between CO and other gaseous 
and particulate matter, especially exposure 
to exhausts from motor engines. Although 
attention has recently been focused on the 
cardiovascular effects of PM, few studies 
show evidence of the relationship between 
some cardiovascular diseases and the 
exposure of different populations to road 

3. INORGANIC AIR POLLUTANTS

3.1 Gaseous matter
Air pollution by inorganic gaseous matter 
was dealt with since the fi rst major 
pollution events (i.e. the Great Smog 
of London, 1952; etc.) put on evidence 
the strict relationship between levels of 
chemical species in the ambient (and 
indoor) air their  harmful effects on 
health and ecosystems.  Among inorganic 
gases, carbon monoxide (CO) is one of the 
most common air pollutants. It has a low 
reactivity and a low water solubility and 
it is mainly released into the atmosphere 
as a product of incomplete combustion. 
CO is not only directly released in the air, 
but can also originate from the chemical 
reactions of organic air pollutants, such 
as methane. Its latency in the atmosphere 
is about three months. Since at moderate 
latitudes air masses travel for months and 
since the CO formation from organic air 
pollutants takes place everywhere in the 
atmosphere, a global background level 
of CO exists, ranging between 0.05 and 
0.15 ppmv (0.06 and 0.17 mg/m3) (14). It 
is estimated that about one-third of  CO, 
including that derived from hydrocarbon 
oxidation, originates from natural sources. 
CO levels in busy city streets are higher 
than those present near highways, since 
the amount of CO emissions per kilometre 
strongly decreases with vehicle speed and 
also because ventilation in city streets 
is less. Ambient CO levels are usually 
highest in winter, because cold engines 
release much more CO than hot engines 
and also because the atmosphere tends 
to be more stable than in summer. It has 
to be reminded, however, that usually 
CO ambient levels do not exceed neither 
WHO guidelines for health protection 
nor the limits of the EU directives on air 
quality. Although CO is hardly removed 
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removed from the atmosphere by wet 
and dry deposition. Nowadays, it is also 
recognized that sulphate aerosols play 
an important cooling role in the radiative 
climate of the Earth through the phenomena 
of sunlight scattering in cloud free air and 
as cloud condensation nuclei. Sulphur 
dioxide is an irritant and when inhaled at 
high concentrations may cause breathing 
diffi culties in people exposed to it. People 
suffering from asthma and chronic lung 
disease may be especially susceptible to 
the adverse effects of sulphur dioxide. 
Nevertheless adverse effects from high 
concentrations of SO2 have been observed 
both on healthy people and asthma  patients 
(18). 
Oxidized nitrogen compounds (NO2, NOx, 
NOy) and ozone (O3) join common patterns 
in atmospheric formation chemistry, 
environmental fate and adverse effects on 
health and the ecosystem. NO is directly 
released by all combustion processes; once 
in the atmosphere, it reacts with oxygen 
and a number of other inorganic (e.g. O3, 
OH radical, halogens) and organic (VOCs) 
gases to form NO2, NO3, HONO, HNO3, 
PAN, nitro – PAH and other organic 
and halogen nitrates, in the gaseous or 
particulate phase. Ozone and oxidized 
nitrogen compounds are strongly oxidant 
and this aspect mainly characterizes their 
harmful  health action. In particular, the 
oxidizing potential of these compounds  
is commonly referred to as “odd oxygen” 
(Ox) or “odd nitrogen” (NOx), i.e families 
of chemical compounds that interconvert 
rapidly among themselves on time scales 
that are shorter than those necessary to 
form or destroy the family . Another family 
is that defi ned as “NOz”, which refers to 
the sum of NOx oxidation products (19).

NOx = NO + NO2 [1]

traffi c exhausts. For example, experimental 
studies have demonstrated mild cardiac 
effects from both sulphur dioxide (SO2) 
and ozone (O3)(16). Other studies, where 
personal exposure to different pollutants 
has been investigated, have suggested that 
the estimated cardiac effects attributed to 
gases, including SO2, are actually effects 
of other pollutants, specifi cally PM (17). 
At this stage of knowledge, however, it 
is diffi cult to differentiate between the 
effects of PM and those of gases because 
people are normally exposed to both types 
of pollutants at the same time. Because 
of these uncertainties, it seems prudent 
to  further investigate both the effects that 
low concentrations of gaseous pollutants, 
alone or in combination with PM, might 
have on cardiovascular diseases, and 
the possibility that the associations with 
gaseous pollutants may actually refl ect the 
effects of PM or some component that is 
not currently being studied for its health 
effects (16).
Anthropogenic sulphur dioxide (SO2) 
results from the combustion of sulphur-
containing fossil fuels (mainly coal and 
heavy oils) and the smelting of sulphur 
containing ores. Over the past years, 
however, there has been a net tendency 
towards  emission reduction in Countries 
where low-sulphur fuels and emission 
control measures have been adopted. In 
addition, the source pattern has changed 
and moved from small multiple sources 
(domestic, commercial, industrial) to 
large single sources releasing SO2 from 
tall stacks. Volcanoes and oceans are the 
major natural sources of SO2. After being 
released in the atmosphere, sulphur dioxide 
is further oxidized to sulphate (SO4

=) and 
sulphuric acid forming an aerosol often 
associated with other pollutants in droplets 
or solid particles having a wide range of 
sizes. SO2 and its oxidation products are 
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production or the fl ux of solar UV photons, 
but O3 formation is more sensitive to NOx. 
For example, global tropospheric O3 is 
sensitive to CH4 concentrations even if the 
troposphere is predominantly NOx-limited. 
To get information about the O3-NOx-VOCs 
relationships and sensitivity,  the ratio 
of summed VOC to NOx concentrations 
determining whether conditions are NOx-
sensitive or VOC sensitive is not suffi cient 
to describe O3 formation, since other 
factors - i.e. the effect of biogenic VOCs 
(which are not present in urban centres 
in early morning)  - and some important 
individual differences in VOCs ability 
to generate free radicals, have to be 
considered. The difference between NOx-
limited and NOx-saturated regimes is also 
refl ected in measurements of hydrogen 
peroxide (H2O2), another strong oxidant of 
ambient air. H2O2 formation takes place by 
self-reaction of photo chemically generated 
HO2 radicals, so that there is large seasonal 
variation in H2O2 concentrations, and 
values in excess of 1 ppb are mainly limited 
to summer months,  when photochemistry 
is more active (20). Hydrogen peroxide is 
produced in abundance only when O3 is 
produced under NOx-limited conditions. 
The transition from NOx - limited to NOx 
- saturated conditions is highly space and 
time dependent. In the upper troposphere, 
responses to NOx additions from commercial 
aircraft have been found that are very 
similar to those in the lower troposphere. 
Moreover, the complex interplay between 
chemical and meteorological processes 
gives rise to uncertainties in understanding 
ozone formation. This is especially true for 
regions of complex topography. In coastal 
regions around the Mediterranean Basin, 
for instance, the combination of mountain 
and sea breeze re-circulations signifi cantly 
affects ozone phenomenology. Ozone 
can also have very specifi c distributions 

Ox = Σ (O(3P) + O(1D) + O3 + NO2) [2]

NOz = Σ (HNO3 + HNO4 + NO3 + 2NO2O5 
+ PAN + other organic nitrate + halogen 
nitrate + particulate nitrate) [3]

Unlike some other compounds whose 
formation rates vary directly with the 
emissions of their precursors, O3 differs 
in that its production changes nonlinearly 
with the concentrations of precursors. 
At the low NOx concentrations found in 
most environments ranging from remote 
continental areas to rural and suburban 
areas, the  O3  net production increases 
with the increasing of NOx. At the high 
NOx concentrations found in downtown 
metropolitan areas especially near busy 
streets and roadways and in power plants, 
there is a net destruction of O3 by titration 
reaction with NO. Between these two 
regimes is a transition stage in which O3 
shows only a weak dependence on NOx 
concentrations. In the high NOx regime, 
NO2 scavenges OH radicals which would 
otherwise oxidize VOCs to produce peroxy 
radicals, which in turn would oxidize NO 
into NO2. In the low NOx regime, VOC 
oxidation generates, or at least does not 
consume, free radicals, and O3 production 
varies accordingly.  Sometimes the terms 
‘VOC-limited’ and ‘NOx-limited’ are 
used to describe these two regimes; also, 
the terms NOx-limited and NOx-saturated 
are used. The chemistry of OH radicals, 
that are responsible of the initiation  of 
hydrocarbons oxidation, shows a behaviour 
similar to that of O3 with respect to NOx 
concentrations (19). These considerations 
introduce a high degree of uncertainty 
into attempts to relate changes in O3 
concentrations to precursors emissions. It 
should also be noted at the outset that in 
a NOx-limited (or NOx-sensitive) regime, 
O3 formation is not insensitive to radical 
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infi ltration factor (Finf, or α if people spend 
100% of their time indoor). Indoor NO2 
is removed by gas phase reactions with 
ozone and assorted free radicals and by 
surface promoted hydrolysis and reduction 
reactions. The concentration of indoor 
NO2 also affects PAN decomposition. 
These processes are important not only 
because they infl uence the indoor NO2 
concentrations to which humans are 
exposed, but also because some products 
of indoor chemistry may confound 
attempts to examine associations between 
NO2 and health. As a matter of fact, NO2 
is an oxidant and lipid peroxidation is 
believed to be a major molecular event 
responsible for its toxicity. As a result, 
there has been considerable attention paid 
to NO2 effect on the antioxidant defence 
system in the epithelial lining fl uid and 
in pulmonary cells. Repeated exposure to 
indoor NO2 at concentrations ranging from 
0.04 to 33 ppm has been shown to alter 
low molecular weight antioxidants such 
as glutathione, vitamin E, and vitamin 
C, as well as some enzymes involved in 
cell oxidant homeostasis. NO2 effects 
on structural proteins of the lungs have 
raised concern because elastic recoil is 
lost after exposure. It has been observed 
that the latter increases collagen synthesis. 
This, in turn, shows increases in total 
lung collagen which, if suffi cient, could 
result in pulmonary fi brosis after longer 
periods of exposure. Such correlation has 
yet to be confi rmed by in vivo studies 
involving NO2 exposure; nevertheless 
some evidence shown in animal studies 
about asthma, emphysema and other lung 
diseases. Similarly to O3, NO2 is absorbed 
throughout the lower respiratory  tract, but 
the major delivery site is the centriacinar 
region, i.e, the junction between the 
conducting and respiratory airways in 
humans and animals (21). 

in mountain areas, and observed 
concentrations differ signifi cantly between 
mountain peaks and valleys (20). Nitro-
polycyclic aromatic hydrocarbons (nitro-
PAHs) are generated from incomplete 
combustion processes through PAHs 
electrophilic reactions in the presence 
of NO2 (21). Among combustion sources, 
diesel emissions have been identifi ed as the 
major source of nitro-PAHs in ambient air. 
Direct emissions of nitro-PAHs in PM vary 
with the type of fuel, vehicle maintenance, 
and ambient conditions (22). In addition 
to being directly released, nitro-PAHs can 
also be formed from both PAHs gaseous 
and  heterogeneous reactions with gaseous 
nitrogenous pollutants in the atmosphere. 
After formation, nitro-PAHs with low 
vapour pressures (such as 2NF and 2NP) 
immediately migrate to particles under 
ambient conditions; therefore harmful 
effects related to nitro – PAHs are better 
investigated in the organic fraction of 
particulate matter. An extended discussion 
on this topic is reported in par. 3.2. 
Also in indoor environments NO2 plays 
a key role in adverse health effects. It is 
indeed produced by NO reactions with 
ozone or peroxy radicals generated 
by indoor air chemistry involving O3 
and unsaturated hydrocarbons such as 
terpenes found in air fresheners and other 
household products (23). Nevertheless 
indoor NO2 is also contributed by indoor 
– outdoor air exchange. The relationship 
between personal NO2 exposure and 
ambient NO2 can be modifi ed by the 
indoor environment. For example, during 
the infi ltration processes, ambient NO2 
can be lost through penetration and decay 
(chemical and physical processes) in the 
indoor environment, and the concentration 
of indoor ambient NO2  is not just the 
ambient NO2 concentration but the product 
of the ambient NO2 concentration and the 
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alone. Other groups at risk are those people 
exercising outdoors during evening hours 
or whenever ozone concentrations tend to 
be highest (e.g. in photochemical smog 
events). Due to the irritant nature of ozone, 
capable of inducing airway infl ammation 
and bronchoconstriction, asthma patients 
are deemed to be at enhanced risk from 
exposure to ozone and photochemical 
smog, because infl amed airways contribute 
to the pathogenesis and exacerbation of the 
disease and to morbidity and mortality for 
asthma. Results from recent epidemiologic 
studies have suggested that ozone might 
have serious cardiovascular effect (24 
and references therein). Although a large 
number of toxicity animal studies have 
been performed on respiratory  and other 
effects of NO2, O3 and other gaseous 
pollutants on metabolic and physiological 
functions (body weight, hepatic, renal, 
brain, etc.), results are often affected 
by serious limitations, due to both the 
necessary animal-to-human extrapolation 
of concentration-response data and the fact 
that controlled exposures to a single pollutant 
alone provide incomplete information. 
Human clinical studies attempt to recreate 
in laboratory the atmospheric conditions 
of ambient pollutant atmospheres, paying 
great attention to concentrations, duration, 
timing, and other conditions which may 
impact responses. These studies allow 
the measurement of health symptoms 
and physiological markers resulting  from 
air breathing.  This carefully controlled 
environment allows researchers to identify 
responses to individual pollutants, 
to characterize exposure-response 
relationships, to examine interactions 
among pollutants, and to study the effects of 
other variables such as exercise, humidity, 
or temperature. Susceptible populations, 
including individuals with acute and 
chronic respiratory and cardiovascular 

Ozone is a strong oxidant, and as such 
can react with a wide range of cellular 
components and biological materials: 
damage can occur to all parts of the 
respiratory tract. The time pattern of 
these changes in the respiratory system, 
as determined in laboratory animals as 
well as in epidemiological investigations, 
is complex. During the fi rst few days of 
exposure, infl ammation occurs and then 
persists at an attenuated level. At the same 
time, epithelial hyperplasia progresses, 
and reaches a plateau after about one week 
of exposure. When the exposure ceases, 
these effects slowly disappear. In contrast 
to this, interstitial fi brosis increases slowly 
and can persist even when exposure 
ceases. In a large number of controlled 
human studies, signifi cant impairment of 
pulmonary function has been reported. 
Field studies in children, adolescents, 
and young adults have indicated that 
pulmonary function decrements, similarly 
to those observed in controlled studies, can 
occur as a result of short term exposure 
to ozone concentrations in the range of 
120-240 μg/m3 and higher. In comparison 
with adults, children have a higher intake 
of ozone and other air pollutants. This 
is due to a higher basal metabolic rate, 
resulting in a higher breathing volume per 
minute and a higher breathing frequency. 
Furthermore, their respiratory tract is still 
under development until the age of six and 
a half, and it is therefore more susceptible 
to the infl ammatory effects of ozone. 
Children’s immune systems are not yet 
fully developed and are generally under 
bigger stress. For these and other reasons, 
children are at higher risk when exposed 
to ambient ozone concentrations. Hospital 
admissions for respiratory causes and 
exacerbation of asthma are observed both 
in exposures to ambient ozone (and co-
pollutants) and in controlled exposures to O3 
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Air Pollution (LRTAP) (26). Guideline 
levels aimed at health and environment 
protection have been set by WHO and 
other institutions, too, to be used for 
impact assessment. The fi rst edition of the 
WHO “Air quality guidelines for Europe 
(AQG)”  was published in 1987 (27). To 
determine critical or guideline levels, 
quantitative relationships between the 
pollutant exposure and its studied effect are 
needed. However, any such relationships 
have a certain degree of uncertainty, and 
the data necessary to produce them are 
often scarce. Therefore, the establishment 
of  guideline values, such  as levels at 
which acute (or chronic) effects on public 
health or ecosystems are likely to be not 
relevantly harmful, impose the support of 
biological, clinical and epidemiological 
evidence,  often not available or inadequate. 
Different legal tools aimed at protecting 
and improving the health and quality of 
ecosystems from air pollution have been 
used in recent years. The 1992 fi fth action 
programme of the European Commission 
(EAP) on the environment recommended 
“the establishment of long-term air quality 
objectives” for many inorganic gaseous 
pollutants (CO, NO2 and NOx, SO2, O3). 
The list of key requirements, also includes 
the need for “studies to analyze the effects 
[on health ant ecosystems] of the combined 
action of various pollutants or sources 
of pollution and the effect of climate 
on the activity of the various pollutants 
examined”. Under the 5th EAP the Air 
Quality Framework was established, 
within which the 96/62/EC Directive and 
the following four Daughter Directives 
have been adopted. This law establishes 
limits  and threshold values for SO2, NO2 
and NOx under the 99/30/EC, CO under 
the 2000/69/EC and O3 under the 2002/03/
EC for EU Member States. In the 6th EAP, 
further steps have been taken toward health 

diseases, can participate with appropriate 
limitations based on subject comfort and 
protection from risk. Endpoint assessment 
has traditionally included symptoms  and 
pulmonary function, but more recently  
a variety of markers of pulmonary, 
systemic, and cardiovascular function 
have been used to assess pollutant effects. 
It is reasonable to consider, however, that 
human clinical studies have limitations. 
For practical and ethical reasons, studies 
must be limited to relatively small groups, 
to short durations of exposure, and to 
pollutant concentrations that are expected 
to produce only mild and transient 
responses. Findings from the short-term 
exposures in clinical studies may provide 
limited insight about the health effects of 
chronic or repeated exposures. Moreover, 
the choice of previous- and after-exposure 
time lags for the observation of health 
effects is critical in assessing the role of a 
pollutant in toxicity events. Many studies 
have shown that NO2 has a fairly consistent, 
immediate effect on health outcomes, 
including respiratory hospitalizations and 
mortality. Several studies also observed 
signifi cant NO2 effects over longer 
cumulative lag periods, suggesting that in 
addition to single-day lags, multiday lags 
should be investigated to fully capture a 
delayed NO2 effect on health outcomes. 
Finally it should be kept in mind that, 
although many biochemical changes are 
not necessarily toxic manifestations of the 
pollutant per se, such changes may anyway 
impact the metabolism and toxicity of 
other chemicals in humans and animal 
species (21). 
The EU regulates the main harmful 
inorganic gaseous pollutants by the EC 
legislation of the Air Quality Framework 
(25). Other  legally binding Protocols have 
been established since the 1979 Geneva 
Convention on Long Range Transboundary 
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(2008/50/EC, published in June 2008) 
summarised most of the existing legislation 
on ambient air and introduced some new 
requirements. As far as PM is concerned, 
the First Daugther Directive addressed only 
PM10, setting limits for its annual average 
concentration (40 μg/m3) and the number 
of exceedances (35 per year) of the 50 μg/
m3 daily concentration limit. Air quality 
limits also for PM2.5 were introduced 
only by the recent Directive 2008/50/EC 
(25 μg/m3, with a 20% margin of tolerance 
that will be reduced to zero on 1st January 
2015). In addition to the measurement of 
PM mass concentration, Directive 2008/50/
EC also includes the measurement of PM2.5 
chemical composition in background 
sites, listing a number of components that 
must necessarily be determined in each 
PM2.5 sample (sulphate, nitrate, chloride, 
sodium, ammonium, potassium, calcium, 
magnesium). This new issue is related to 
the increasing awareness of the complexity 
of this “pollutant”, which is a mixture of 
thousands of different chemical species, 
each one with its own properties and 
possibly its own environmental and health 
effects.
Unlike gaseous pollutants, where the 
concentration is generally suffi cient to 
defi ne the system, for the atmospheric 
aerosol many parameters have to be 
defi ned. Physical parameters include the 
geometric and aerodynamic diameter, 
shape (spheres, fi bres, etc.), phase 
(solid, liquid, mixture of both), density, 
electrical charge, hygroscopicity etc. and 
are necessary to understand particles 
behaviour in the atmosphere as well as 
inside the respiratory system. The most 
complex issue in aerosol characterisation, 
however, is its chemical composition, 
which includes a variety of components, 
whose determination requires a variety of 
analytical techniques.

/ environment protection by the Clean Air 
for Europe (CAFE) programme. The CAFE 
is conceived as a process based on technical 
analysis and policy development to achieve 
the adoption of a Thematic Strategy 
on Air Pollution. The major elements 
of the CAFE programme are outlined 
in Communication COM(2001)245 (2). 
The programme, launched in early 2001, 
aims at the development of a long-term, 
strategic and integrated policy advice to 
protect against the signifi cant negative 
effects of air pollution on human health 
and the ecosystem. Within  this process, 
the 2008/50/EC Directive on ambient air 
quality and cleaner air for Europe has been 
adopted and will enter into force as from 
11 June 2010, when the Directives 96/62/
EC, 1999/30/EC, 2000/69/EC and 2002/3/
EC shall be repealed. 

3.2 Composition and size distribution of 
the inorganic fraction of suspended PM 

3.2.1 Inorganic fraction of suspended PM
The history of air pollution is very long, 
and since its very fi rst occurrence - smoke 
from heating and cooking activities in 
prehistoric dwellings - particles have been 
addressed as one of the most important 
issues. Pollution from combustion sources 
and specifi cally suspended particles 
have been responsible for the most 
relevant pollution disasters (e.g. Mause 
Valley, Belgium, 1930, the Big Smoke, 
London, 1952), which led to increasing 
efforts towards pollution monitoring, 
the understanding of main pollution 
processes, political awareness and, fi nally, 
regulations. 
At European level, pollution from particulate 
matter (PM) has been fi rst addressed by 
the First Daugther Directive (1999/30/EC) 
to the Air Quality Framework Directive 
(1996/62/EC); recently, a new Directive 
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from combustion processes (e.g. vehicle 
exhausts, biomass burning). Natural 
aerosol, originating from the sea and the 
soil, is mostly in the coarse mode and 
is generally considered as less harmful 
than anthropogenic aerosol, generated by 
combustion sources, found mainly in the 
fi ne mode and able to penetrate deeply 
in the respiratory tree. The harmful role 
of nanoparticles, able to reach the alveoli 
and to be directly transported inside the 
body cells, is still a matter of debate. The 
chemical composition of an atmospheric 
particle depends on its source as well as 
on its “story” from the time of its emission 
or formation to the time when it reaches 
the receptor (e.g. the human body). Some 
particles are directly released from their 
source into the atmosphere (primary PM), 
but the characterisation of any emission 
source is quite complex, as it generally 
changes with time and operative conditions. 
In addition, once formed, particles 
often undergo chemical and physical 
transformations and for this reason what 
is measured at the receptor may be also 
very different from what is released at the 
source. Even more diffi cult to trace are the 
other particles formed in the atmosphere 
as a result of chemical reactions between 
gaseous compounds or gas-to-particle 
conversion; of particular relevance, in this 
framework, is the oxidation of biogenically 
released VOCs. 
Information about PM sources can be 
obtained by analysing their chemical 
composition. Only a limited number of 
compounds constitute more than 1% of the 
overall PM mass: a few metals (Al, Si, Fe), the 
main anions and cations (chloride, nitrate, 
sulphate, carbonate, sodium, ammonium, 
potassium, magnesium and calcium), 
elemental carbon and organic material. 
This last category is the most important, 
as it generally represents 20 – 60% of PM, 

The knowledge of health effects caused 
by inhalation of atmospheric particles has 
been improved a lot during the last decade 
and there is no doubt that particles can be 
harmful to human health. PM is associated 
with a wide variety of both acute and 
chronic cardiovascular and respiratory 
effects. Acute effects include increased 
hospital admittance for respiratory disease 
or premature mortality for cardiovascular 
disease, while chronic effects include a 
number of diseases leading to longevity 
reduction. The increase in respiratory and 
cardiovascular morbidity and mortality 
is in the order of a few percent for a PM 
increase of 10 μg/m3 (28-34).
The study of the link between particulate 
matter and health is extremely complex 
and poses many problems, including 
the diffi culties in assessing the role of 
particle size and particle composition, 
in quantifying the real exposure and 
understanding the biological mechanisms 
that are responsible for the effects, in 
evaluating the impact of the different 
sources and, last but not least, in detecting 
the real concentration and composition of 
the atmospheric aerosol.
The size of atmospheric particles varies 
among fi ve orders of magnitude, from a few 
nanometres to hundreds of micrometers. 
The size of the aerosol infl uences its lifetime 
in the atmosphere (and thus the spatial 
range of infl uence of any single source) 
as well as its pathway inside the human 
body. Basically, the atmospheric aerosol 
consists of three modes, which are closely 
linked to their formation mechanism: the 
coarse mode, predominantly mechanically 
generated (e.g. by erosion and by re-
suspension), the accumulation mode, 
produced by condensation from vapours 
and coagulation from smaller particles, 
and the nucleation mode, which includes 
particles smaller than 0.1 μm originating 
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individuals in indoor microenvironments. 
Also, we need information about the 
composition of indoor PM, that may 
greatly differ from the composition of 
outdoor particles (49-56). For example, in 
indoor environments we may be exposed to 
much more particles produced by peculiar 
sources such as domestic wood burning or 
cooking than to particles emitted by traffi c 
sources. 
As a consequence of the many diffi culties 
arising when relating PM concentration 
to the results of epidemiological studies, 
the scientifi c community is now trying to 
fi nd a relationship between health effects 
and individual chemical components. 
This attempt requires the availability 
of long time series of PM composition 
study and is still in its infancy. The other 
pathway to elucidate the link between PM 
and health effects is the study of the PM  
toxicological effects, that is the specifi c 
mechanisms that lead PM to cause the 
observed health impacts. These studies 
include animal models, human exposure 
during occupational activities and 
experimental exposures. The mechanisms 
of PM effects on human health  are still 
quite uncertain, but given the variety and 
degree of observed health associations, it 
is likely that more than one of them are 
involved. Basically, particles entering 
the tissue cells may cause infl ammation; 
researchers increasingly fi nd that reactive 
oxygen compounds (in the PM or produced 
by stimulated cells) play a role. Because of 
the presence of particles in the respiratory 
tract,  changes in the respiratory function 
may occur. Particles in the blood may 
increase viscosity, causing thrombosis or 
myocardial infarct. Of course, individuals 
with pre-existing defi ciencies of the 
cardiovascular or respiratory system may 
suffer more severe effects (56-61).
It is clear that a more integrated approach 

but, unlike the other main components, 
it is not a single chemical compound but 
it is constituted by many hundreds of 
compounds, none of which constitute more 
than 1% of the total PM mass. Although 
the determination of the listed compounds 
is in most cases suffi cient to obtain the 
mass closure (i.e the sum of the single 
components equals the gravimetric mass), 
the determination of micro-components is 
generally necessary to obtain a picture of 
PM sources and effects (35-45). Although 
quite complex, the determination of most 
inorganic PM components has been one of 
the targets of fi eld research during the last 
10-20 years. By determining inorganic PM 
macro-components it is  possible to trace 
natural sources (sea-spray, desert dust, 
local crustal components) and to measure 
the contribution of secondary compounds 
(ammonium sulphate and ammonium 
nitrate); inorganic micro-components, on 
the contrary, may be of help in determining 
the contribution of anthropogenic sources, 
e.g. dust re-suspension and industrial 
sources (46-48). Much less understood 
and quantifi ed is the organic fraction, as 
the chemical analysis is generally able 
to identify no more than 15-20% of total 
organic mass.
Once we are able to measure PM 
concentration and to determine its chemical 
composition, we need to clarify the link 
between concentration and exposure. This 
is a critical point in the scientifi c studies 
about health effects, as the reference PM 
values are generally those measured by 
local Protection Agencies, i.e. outdoor 
values sometimes taken at traffi c hotspots, 
while people generally spend most of their 
time in indoor environments, including 
homes, working places and vehicles, and 
only a small part of their time outdoors. 
Considerable work is still needed to develop 
models able to simulate the behaviour of 
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containing substances can undergo various 
chemical and physical transformations 
in the atmosphere on their way from the 
source to a possible receptor. For example, 
As (III) compounds may be oxidized to 
As (V). Unfortunately, analytical methods 
normally identify only the elements present 
in atmospheric particles, since a specifi c 
analysis is extremely diffi cult in the 
concentration range occurring in ambient 
air (typically several ng/m³). In addition, 
the state of oxidation may change during 
sampling. Consequently, information on 
the concentration of different compounds 
in ambient air is very limited at present. 
Another possibility to gain some insight 
into them is to analyze which compounds 
are emitted by the most important 
natural (i.e, weathering processes) and 
anthropogenic sources. 
Some metals are naturally found in the 
body and are essential to human health. 
Iron, for example, prevents anaemia, and 
zinc is a cofactor in over 100 enzyme 
reactions. They normally occur at low 
concentrations and are known as trace 
metals. In high doses, they may be toxic to 
the body or produce defi ciencies in other 
trace metals; for example, high levels 
of zinc can result in copper defi ciency, 
another metal required by the body. Heavy 
metals (HMs) (or toxic metals) are trace 
metals with a density at least fi ve times that 
of water. As such, they are stable elements 
(meaning they cannot be metabolized by 
the body) and bio-accumulative (passed 
up the food chain to humans). These 
include: mercury (Hg), nickel (Ni), 
lead (Pb), arsenic (As), cadmium (Cd), 
aluminium (Al), platinum (Pt), and copper 
(Cu) (the metallic form versus the ionic 
form required by the body). Heavy metals 
have no function in the body and can 
be highly toxic. Once liberated into the 
environment through air, drinking water, 

is needed to get insights into PM health 
effects. In particular, the link between 
health effect and PM component and size 
and the biological specifi c mechanism 
of its action requires further combined 
interdisciplinary studies.

3.2.2 Transition (heavy) metals
In contrast to gaseous specifi c compounds 
such as benzene or carbon monoxide, 
the assessment of metal and metalloid 
compounds in ambient air is complicated 
by the fact that different species with 
considerably differing toxicity and/or 
carcinogenic potency may be encountered. 
Therefore, to fully evaluate the health 
effects, it is important to know which 
compounds do occur in the environment 
or at least which compounds form the 
main constituents. In ambient air, metals, 
metalloids and their compounds are 
mainly encountered as part of particulate 
matter. They may be present in the non 
soluble, non stoichiometric mixture phase 
(for example as spinels) or as soluble ionic 
compounds (salts). To a lesser extent and 
under certain environmental conditions, 
gaseous forms (i.e, organometallic 
compounds) may or may not be adsorbed 
by particles. In respect to their effects on 
the environment and on human health, 
these compounds can be characterized by 
other parameters, such as water solubility 
(extended to solubility in biological fl uids), 
particle size distribution, morphology 
and specifi c surface area, and chemical 
heterogeneity of their particles (for 
example, a metal compound encapsulated 
in another aerosol or surface enrichment of 
volatile compounds), or the concentration 
of metals and metalloids in the particles 
ultimately contacting target tissues in the 
human body. All parameters mentioned 
will infl uence bioavailability and possible 
effects. In addition, metal and metalloid 
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genetic mutation, compete with “good” 
trace metals for biochemical bond sites, 
and act as antibiotics, killing both harmful 
and benefi cial bacteria. For the most toxic 
HMs, atmospheric concentrations for Pb, 
As, Cd, Ni and Hg in ambient air have 
been regulated by European Commission 
directives (Directive 1999/30/EC from 22 
April 1999 for Pb; Directive 2004/107/EC 
from 15 December 2004 for As, Cd, Ni 
and Hg). For Pb, an annual limit value of 
0.5 g m-3, entered into force 1.1.2005, has 
been set. The pertaining As, Cd and Ni 
Target Values are, otherwise, reported in 
Table 3.1. 

Table 3.1 Target values for As, Cd and Ni. 
2004/107/EC

Pollutant Target Value (1)

Arsenic 6 ng m-3

Cadmium 5 ng m-3

Nickel 20 ng m-3

 (1) For the total content in the PM10 fraction averaged       
over a calendar year

Specifi cally, from chronic arsenic 
exposure, the greatest dangers are lung 
and skin cancers and gradual poisoning, 
most frequently derived from living near 
metal smelting plants or arsenic factories. 
Arsenic toxicity has been recognized 
for centuries, and hair shows signifi cant 
correlation with its intake. As can be 
released to the atmosphere from metal 
transformation, fuel  combustion and the 
use of pesticides.
In the air, As exists predominantly absorbed 
on particles, and is usually present as a 
mixture of arsenate (As(+V)) and arsenite 
(As(+III)), except in areas of arsenic 
pesticide application or biotic activities, 
where organic species are predominant 
(27,62). Recent data display a wide range 
of As concentrations in atmospheric 
particulate matter, for samples collected 

food, or countless human-made chemicals 
and products, heavy metals are taken into 
the body via inhalation, ingestion, and 
skin absorption. If heavy metals enter and 
accumulate in body tissues faster than the 
body’s detoxifi cation pathways can dispose 
of them, a gradual build-up of these toxins 
will occur. High concentration exposure is 
not necessary to produce a state of toxicity 
in the body, as heavy metals accumulate in 
body tissues and, over time, can reach toxic 
concentration levels. Human exposure to 
heavy metals has risen dramatically in the 
last 50 years as a result of an exponential 
increase in the use of heavy metals in 
industrial processes and products. Today, 
chronic exposure comes from mercury-
amalgam dental fi llings, lead in paint and 
tap water, chemical residues in processed 
foods, and “personal care” products 
(cosmetics, shampoo and other hair 
products, mouthwash, toothpaste, soap).
The effects of Heavy Metal toxicity studies 
confi rm that heavy metals can directly 
infl uence behaviour by impairing mental 
and neurological functions, infl uencing 
neurotransmitter production and utilization, 
and altering numerous metabolic body 
processes. Systems in which toxic 
metal elements can induce impairment 
and dysfunction include the blood and 
cardiovascular system, detoxifi cation 
pathways (colon, liver, kidneys, skin), 
endocrine (hormonal)system, energy 
production pathways, enzymatic, 
gastrointestinal, immune, nervous (central 
and peripheral), reproductive, and urinary 
systems. Breathing heavy metal particles, 
even at levels well below those considered 
nontoxic, can have serious health effects. 
Virtually all aspects of animal and 
human immune system functions are 
compromised by the inhalation of heavy 
metal particulates. In addition, toxic metals 
can increase allergic reactions, cause 
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the environment it is found primarily in 
the form of oxides or sulphides. Nickel 
is also found in meteorites and in lumps 
of minerals on the bottom of the ocean, 
and it is known as sea fl oor nodules. The 
earth’s core is believed to contain large 
amounts of nickel. Nickel is released into 
the atmosphere during nickel mining and 
by industries that convert scrap or new 
nickel into alloys or nickel compounds 
or by industries that use nickel and its 
compounds. It is also released into the 
atmosphere by oil-burning power plants, 
coal-burning power plants, and trash 
incinerators. The nickel that comes out 
power plants’ stacks is attached to small 
particles of dust that settle to the ground 
or are transported in the air by rain. It 
will usually take many days for nickel to 
be removed from the air. If the nickel is 
attached to very small particles, removal 
can take longer than a month. Given nickel’s 
ability to cause contact dermatitis, and its 
observed perturbation of immunoglobulin 
levels, elevated hair levels may serve as an 
indicator of possible immune dysfunction, 
as well as a potentially useful marker of 
cardiovascular problems. 
Pb is one of the most released HMs in the 
Mediterranean atmosphere. Traffi c remains 
the main source at global scale (67), but its 
relative importance varies from region to 
region. In Europe, the phasing out of alkyl-
leads in gasoline resulted in a decrease 
in atmospheric lead concentrations. As a 
result, industrial emissions (lead smelting 
and steelworks) became predominant 
in Europe and discernable from traffi c 
emissions at continental scale (68). The 
annual emission of Pb in the Mediterranean 
region has been estimated to be about 
1.1 104 Mg yr-1 in 2005 by (69). Lead is 
a known neurotoxin (it kills brain cells), 
and excessive blood lead levels in children 
have been linked to learning disabilities, 

at various sites in Spain (ranging from 
13 to 144 mg kg-1 for a rural area and an 
industrialised area, respectively) (63). All 
studies performed in the Mediterranean 
basin (64-65) agree with an enrichment of 
As in the atmosphere as shown by (66). 
Cadmium is an element that is naturally 
found in  the earth’s crust. Cadmium is often 
found as part of small particles present in 
air. Cadmium has many uses in industry 
and consumer products, mainly batteries, 
pigments, metal coatings, and plastics. 
Cadmium can enter the environment in 
several ways. It can enter the air from 
the burning of coal and household waste, 
and metal mining and refi ning processes. 
Cadmium attached to small particles may 
get into the air and travel a long way before 
coming down to earth as dust or in rain or 
snow. Cadmium does not break down in the 
environment but can change into different 
forms. Most cadmium stays where it enters 
the environment for a long time. Cadmium 
has no known good effects on health. 
Breathing air with very high levels of 
cadmium severely damages the lungs and 
can cause death. Breathing lower levels 
for years leads to a build-up of cadmium 
in the kidneys that can cause kidney 
disease. Other effects that may occur after 
breathing cadmium for a long time are 
lung damage and fragile bones. Workers 
who inhale cadmium for a long time may 
have an increased chance of getting lung 
cancer. The greatest danger from chronic 
nickel exposure is lung, nasal, or larynx 
cancers, and gradual poisoning from 
accidental or chronic low-level exposure, 
the risk of which is greatest for those living 
near metal smelting plants, solid waste 
incinerators, or old nickel refi neries. Nickel 
combined with other elements is naturally 
found in the earth’s crust, in all soils, and 
it is also released from volcanoes. Nickel 
is the 24th most abundant element, and in 
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model estimates indicate that anthropogenic 
mercury emissions are at least as great as 
those from natural sources, and contribute 
to the global atmospheric pool. A threefold 
increase of mercury deposition since pre-
industrial times was in fact observed from 
the analysis of lake sediments, ice cores 
and peat deposits in both hemispheres (74-
79). Recent studies have highlighted that 
in fast developing countries (i.e, China, 
India) mercury emissions are rapidly 
and dramatically increasing due mainly 
to a sharp increase in energy production 
from coal combustion. Recent emission 
estimates highlighted that the Asian 
emissions are considered to have a global 
impact.
Evidence shows that an increase in 
ambient air levels of mercury is linked 
to an increased load of toxic mercury in 
ecosystems (80). The atmospheric input 
of this element in aquatic and terrestrial 
ecosystems is driven by particle dry 
deposition and wet scavenging by 
precipitation mechanisms (81-83). The 
most important from a toxicological point 
of view are the metallic forms. In fact, 
the impact of mercury on human health 
and the environment depends on several 
mechanisms, which, in turn, depend on 
the toxicokinetic of its major chemical 
forms present in different environmental 
media including elemental mercury 
(Hg0), inorganic mercury (i.e, HgCl2) and 
organic mercury (i.e, methylmercury). 
This toxicokinetic mechanisms include 
absorption, distribution, metabolism and 
excretion.  Therefore, according to the 
relevant chemical form of mercury, the 
combination of these mechanisms will 
determine the risk associated to the human 
exposure.  For instance, the absorption of 
Hg0 vapour occurs rapidly through the 
lungs, but it is poorly absorbed from the 
gastrointestinal tract. 

attention defi cit disorder, hyperactivity 
syndromes, and reduced intelligence and 
school achievement scores. 

3.2.3. Mercury (Hg) and impact on human 
health
Although mercury is an element  found in 
nature and as such it will always be present 
in the environment, human activities have 
signifi cantly increased  global atmospheric 
mercury deposition since pre-industrial 
times.  A signifi cant increase in mercury 
emissions in the atmosphere occurred 
during the industrial revolution due to fossil 
fuel combustion and other human activities. 
Mercury is today a severe and chronic 
pollution problem in the environment. 
It is released into the atmosphere  from 
a variety of anthropogenic (i.e, cement 
production, waste incineration, power 
generation facilities, smelters) (70-71) and 
natural sources (i.e, volcanoes, crustal 
and vegetation degassing, oceans) (72-
74) in different chemical and physical 
forms.(75). In the troposphere, the most 
important forms  are gaseous elemental 
mercury (Hg0), divalent reactive gaseous 
mercury, Hg(II), which consists of various 
oxidised compounds, and particle-bound 
Hg (Hg-p), which consists of various 
Hg compounds. It should be noted that 
information on the speciation/fractionation 
of these different chemical and physical 
forms is largely operationally defi ned. 
Conversions between these different 
forms provide the basis of Hg’s complex 
distribution pattern on local, regional 
and global scale. Hg cycles in  different 
environmental compartments depends 
on the rate of different chemical and 
physical mechanisms (i.e, dry deposition, 
wet scavenging) and meteorological 
conditions as well as on the anthropogenic 
variables that affect its fate in the global 
environment. Experimental fi eld data and 



89

Role of Atmospheric Pollution on Harmful Health Effects 

humans are excreted through the faeces. 
Methylmercury is rapidly and extensively 
absorbed through the gastrointestinal tract 
(92). Absorption information following 
inhalation exposure is limited. Epidemic 
of mercury poisoning following high-dose 
exposures to methylmercury in Japan and 
Iraq demonstrated that neurotoxicity is 
the most worrisome health effect when 
methylmercury exposure occurs to the 
developing foetus. Dietary methylmercury 
is almost completely absorbed into 
the blood and distributed to all tissues 
including the brain. It also readily passes 
through the placenta to the foetus and 
foetal brain.  Methylmercury in the body is 
considered to be stable and it is only slowly 
demethylated to form mercuric mercury 
in rats.  It has a relatively long biological 
half-life in humans (44-80 days) and it is 
excreted through faeces, breast milk and 
urine.

4. ORGANIC AIR POLLUTANTS

4.1 Volatile organic compounds
The atmosphere is formed by a restricted 
number of macro-components, namely 
gaseous nitrogen, oxygen, argon, carbon 
dioxide, solid particulate matter and water; 
the latter exists as vapour, or in liquid 
and solid forms. Thousands of micro-
components are dispersed in the gas phase 
and/or participate to aerosol composition 
93. Although occurring often at very low 
levels (even below one part-per-trillion), 
they nevertheless intervene in the 
physics and chemistry of the atmosphere, 
heavily infl uencing our life. Among the 
micro-components, a key role is played 
by hydrocarbons and their derivatives, 
cumulatively called “volatile organic 
compounds” (VOC), which are in gas form. 
Congeners of VOC occur in particulates 
as adsorbed on soot or dissolved in water 

Once absorbed, elemental mercury is 
readily distributed throughout the body, 
it crosses both placental and blood-brain 
barriers (84-86) Elemental mercury is 
oxidised to inorganic divalent mercury by 
the hydrogen peroxidase-catalase pathway, 
present in most tissues. The distribution 
of absorbed elemental mercury is limited 
by the oxidation of elemental mercury 
into mercuric ion as the mercuric ion has 
a limited ability to cross the placental 
and blood-brain barriers. Once elemental 
mercury crosses these barriers and is 
oxidised to mercuric ion, its return to 
the general circulation is impeded, and 
mercury can be retained in brain tissue. 
The elimination of elemental mercury 
occurs via urine, faeces, exhaled air, sweat 
and saliva. The excretion pattern depends 
on the extent to which elemental mercury 
has been oxidised to mercuric mercury 
(87-90). Absorption of inorganic mercury 
through the gastrointestinal tract varies 
with the particular mercuric salt involved 
and decreases with its increasing solubility 
and can reach even  20% (91). Available 
data indicate that absorption of mercuric 
chloride from the gastrointestinal tract 
results from an electrostatic interaction 
with the brush border membrane and 
limited passive diffusion.  Increases in 
intestinal pH, high doses of mercuric 
chloride causing a corrosive action, a milk 
diet and increases in pinocytotic activity 
in the gastrointestinal tract have all been 
associated with increased absorption of 
inorganic mercury.  Inorganic mercury has 
a limited capacity of penetrating blood-
brain and placental barriers.  There is some 
evidence indicating that mercuric mercury 
in the body following oral exposure can be 
reduced to elemental mercury and excreted 
via exhaled air.  Because of the relatively 
poor absorption of orally administered 
inorganic mercury, most ingested doses in 
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stratosphere Antarctica has been 
associated with CFC, which capture 
the solar light and start a reaction chain 
with those transforming molecular 
oxygen (O2) into ozone (O3). The variety 
and intensity of CFC use, combined 
with their long lifetime, caused their 
accumulation in the air and transport 
by winds in remote regions. This 
phenomenon leads to an increased ultra-
violet radiation that reaches the ground, 
causing in particular an increase in 
skin tumours. This is the reason why 
CFC have been banned and replaced 
by other chemicals characterized by 
shorter lifetimes; nevertheless, they 
have lower heat capacities and higher 
prices, so their true use gains place 
with diffi culty (99-100).  

-  At ground level, ozone represents a 
sanitary risk for humans and causes 
damages to crops and materials, thanks 
to its strong oxidant potency. Ozone 
is primarily generated in reactions 
involving oxygen, nitrogen oxide 
and dioxide, and “active” sunlight (l 
<430 nm)  (93). The  natural ozone 
background regulated and limited by 
them. Nevertheless, this equilibrium 
is modifi ed by VOC that trigger 
processes leading to the formation 
of ozone without NO2 consumption. 
Thus, the ozone concentration can 
largely increase. A lot of other oxygen-
containing compounds are generated 
in the form of molecules (carbonyls, 
carboxy-acids, phenols, epoxides) and 
free radicals (OH, RO, RO2, HO2); 
when oxidized, hydrocarbons easily 
condensate giving raise to nuclei around 
which nano-particles are formed. Not 
all hydrocarbons participate equally 
to the photochemical smog formation. 
Methane, short-chain alkanes and 
benzene are quite non-reactive, 

drops and crystals.
In its chemical structure, VOC include: i) 
aliphatic hydrocarbons (linear, branched 
and cyclic); ii) arenes having at least one 
aromatic group (Ar), namely benzene, 
alkylbenzenes and some polyaromatics 
(naphthalene); iii) alcohols (ROH) and 
ethers (ROR1); iv) carbonyls, comprising 
aldehydes (RCHO) and ketones (RCR1O), 
v) carboxy-acids (e.g. formic, HCOOH) and 
phenols (ArOH); vi) organic halogenides; 
vii) nitrogen, sulphur and phosphorus 
compounds; ix) heterocyclic and x) mixed 
functionality types (94-96).   
Widely varying in concentration, structure 
and properties, different classifi cations 
have been proposed for VOC. One worth 
of mention distinguishes four groups of 
substances according to major aftermaths 
induced onto the environment, and their 
chemical formulas. They are:
i) gases promoting the Earth warming 
(greenhouse effect VOC); ii) compounds 
responsible for the stratospheric ozone hole; 
iii) hydrocarbons promoting (or involved 
in) the tropospheric ozone and secondary 
particulate generation (photochemical 
smog); and iv) toxic compounds. At this 
regard, it seems worth to remark that:  
- The global Earth warming has been 

overall associated with carbon dioxide 
and water vapour. Nevertheless, it is well 
known that other compounds promote 
this phenomenon, e.g. methane, nitrogen 
protoxide, sulphur hexafl uoride, and 
chlorofl uorocarbons (freons or CFC) 

(97-98). The worldwide use of these 
substances and/or their release into the 
environment as by-products of human 
activities caused a strong increase in 
their respective atmospheric loads, 
and long, expensive and concerted 
actions must be launched to control and 
remediate global warming. 

- The “ozone hole” fi rst observed on 
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4.2. Organic particulate matter
The organic fraction of particulates is well 
known, yet much remains not understood. 
Thousands of chemical substances have 
been identifi ed in airborne and emission 
particles. They include n-alkanes and 
non-polar aliphatic or alkylbenzenes, 
polynuclear aromatic hydrocarbons (PAH) 
and the corresponding alkyl-, nitro-, 
amino-, carbonyl-, oxy-, sulphur- and aza-
derivatives, halogen- and phosphorus-
containing pesticides, phthalate esters, 
acids and phenols, alcohols and nitriles 
(113-115). Most of these substances 
show scarce hydro-affi nity, whilst short-
chain, mixed functionality acids are 
water soluble. Finally, polymers and 
macromolecules, often of biogenic origin, 
contribute to the bulk (116). Several 
studies have been carried out to elucidate 
chemical composition, with two main 
objectives in mind: to draw an indirect 
toxicity parameterization of emissions 
or environment, to solve the biogenic/
anthropogenic origin of particulates 
and evaluate the relative contribution 
of their sources (117-121). Finally, the 
detection of reactive compounds and their 
corresponding by-products has allowed to 
put in evidence the oxidation capacity of 
the atmosphere, deriving from both the 
presence of oxidants (ozone, free radicals, 
nitrogen oxides) and light (122). This 
seems particularly important in the case 
of reactions involving gaseous substances 
that are converted into particles (secondary 
pollution), and whenever the degradation 
products are much more toxic than their 
parent compounds (116). Despite extensive 
and prolonged efforts made in this fi eld, 
the complete characterization of organic 
fraction of particulates is far from being 
reached. It has been demonstrated that 
the organic fraction accounts for 10 to 
over 80% of total airborne particulates. 

similarly to acids and ketones. By 
contrast, alkenes and alkylbenzene 
have high photochemical ozone 
formation potentials (101). A special 
role is played by isoprene and terpenes 
(biogenic hydrocarbons), which are 
very reactive vs. OH and NO3 radicals 
as well as vs. O3; they can induce high 
airborne concentrations of O3 in rural 
areas (forests, crops). Through nano-
particle and oxidant formation, reactive 
VOC indirectly affect the air quality. 

Some VOC have been recognized as 
toxicants for their acute and/or chronic 
effects and have been included in the 
priority list of pollutants (102). For 
instance, benzene is known as tumour 
promoter, similarly to many halogen-
substituted hydrocarbons (e.g. bromoform, 
methyl tetrachloride). Numerous VOC are 
carcinogenic (butadiene, diazomethane), 
mutagenic (chloroform) or induce 
cough, skin, eye and noose sensitization, 
throat irritation (aldehydes, organic 
halogenides), faint, loss of knowledge 
(tetrachloroethylene, methanol, xilene), 
diarrhoea, liver and kidney damages 
(aniline); some of them are poisonous 
(ethylene oxide, camphor, methanol, 
monomethyl mercury), or psycho-active 
inducing euphoria, depression, headache 
(methyl bromide, ethanol). Acids, bases 
and strong solvents are also caustic 
(trichoroacetic acid; dimethylamine; 
methanol, acetone, chlorobenzene).  
As far as the above mentioned features 
of VOC have been clarifi ed, dedicated 
legislations have been issued to preserve 
the environment and health (103-112). 
Regulations refer to industrial and car 
emissions, power and heat production, 
agriculture, waste management, materials, 
food, open air, indoor and work places. 
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core is made of elemental carbon and 
inorganic elements. The polarity and size 
of molecules infl uence the hydro-affi nity 
of particles, their growth capacity and 
then their time life in the atmosphere. 
Most organic compounds are neutral, 
although exhibiting different polarities; 
basic species are a few (they include 
aromatic amines and aza-PAH), whilst 
a lot are acidic (phenols, carboxy-acids), 
even when lypophilic. This variety is of 
environmental concern, since its medium- 
and long-term toxicity is strictly dependent 
on the polarity features of these elements. 
Studies conducted in Italy and abroad have 
demonstrated that organic fraction is a 
major contributor to particulate toxicity. In 

This variability widely depends not 
only on the environmental contour 
investigated (locality, emission sources 
impact, orography, meteorology, indoor or 
outdoor), but also on the approach adopted 
to measure it. In particular, very different 
results are found if the sole “organic solvent 
extractable fraction” is considered, the 
water soluble fraction is taken in account, 
or optical automatic methods are adopted. 
Otherwise, the WSOC of aerosol contains 
many different compounds that, to date, 
are poorly characterized. Experimental 
evidence suggest that these compounds 
are at least partly responsible for the main 
oxidizing and toxicant properties of urban 
and non-urban aerosols (56,116). Unlike 
elemental carbon, which is generally 
associated with the presence of humans 
(the sole exceptions consist of forest 
spontaneous fi re and volcano emissions), 
the organic fraction of particulates has a 
twin origin, i.e. biogenic and anthropogenic. 
That can be easily explained through 
an example. Linear alkanes globally 
account for a few percents of organic 
particulate matter. Their group presents 
two well distinct composition behaviours. 
The saw-tooth distribution dominated 
by long-chain odd homologues (C29H60, 
C31H64 or C33H68) is typical of biogenic 
sources (e.g. high vegetation), whilst the 
mono-modal (or bell shaped) distribution 
characterizes anthropogenic emission 
like motor vehicles; in this case, the 
maximum centred at C19H40÷C25H52. With 
the exception perhaps of macromolecules 
and acid compounds having many 
hydrophilic groups (carboxyl-, hydroxyl-, 
carbonyl-, epoxy-), organic substances are, 
individually, micro-components of soot 
accounting for parts per million down to 
parts per trillion of the particulate mass. 
Together, they form a mixture often 
adhering to the surface, while the particle 

Table 5.2. UFPs/NPs natural and 
anthropogenic sources.

Anthropogenic
Natural Unintentional Intentional (NPs)

Gas-to-
particle 
conversion

Internal 
combustion 
engines

Controlled size and 
shape, designed for 
functionality

Forest fi res Power plants

Metals, 
semiconductors, 
metal oxides, 
carbon, polymers

Volcanoes 
(hot lava) Incinerators

Nanospheres, 
-wires, -needles, 
-tubes, -shells, 
-rings, -platelets

Viruses Jet engines

Untreated, coated 
(nanotechnology 
applied to many 
products: cosmetics, 
medical, fabrics, 
electronics, optics, 
displays, etc.)

Metal fumes 
(smelting, 
welding, etc.)

Polymer fumes
Other fumes

Heated surfaces
Frying, 
broiling, 
grilling
Electric motors
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nuclei, triggering the formation of nano-
particles. These latter are considered, as 
a consequence of their number and size, 
the main cause of air toxicity and an 
emerging “hot issue” for environmental 
safety preservation. Thus, the association 
of organic species to them has heavy 
environmental consequences. 
The importance of the organic component 
of particulates is well depicted by 
legislation issued to preserve health, and 
especially the health of workers (103-
106, 128-130). In fact, a set of organics is 
listed by WHO (UNEP) among the most 
important toxicants; these include a dozen 
of persistent pesticides, polychlorinated 
dioxins, furans and biphenyls. On the 
other hand, PAH are quoted in European 
Union Directives concerning air quality or 
integrated pollution prevention and control. 
The target value of 1 nanogram per cubic 
metre of air, calculated as yearly average, 
has been established for benzo(a)pyrene, 
kept as an index of aerosol carcinogenicity. 
European and Italian legislations require 
to measure also other seven relevant 
carcinogenic PAH. Toxicants like dioxins 
and furans are also quoted somewhere, 
however non target or limit values are 
provided. 
In terms of future actions, certainly the role 
played by organics in particle generation 
and accumulation, in troposphere 
properties (e.g. radiance, heat absorption, 
albedo, water condensation, global 
warming), human health and environmental 
preservation has a key importance. Concern 
would be ascribed also to “new” pollutants 
like polyfl uorinated acids, pesticides and 
plastic surrogates, psychotropic substances 
and poly-functionalized species (oxyacids, 
polycarboxylic acids, which are suspected 
to affect our world.

fact, up to 90% of total carcinogenic and/or 
mutagenic potency of particulates results 
to be associated to the corresponding 
organic extracts, although the substrate 
can act as promoter of synergic effects. 
Two main aftermaths can be detected, the 
former acute (cyto-toxicity, causing cell 
death) and the latter chronic (cell damage, 
inducing carcinogenicity, mutagenicity, 
teratogenicity). Both of them generally 
appear as associated to neutral polar and 
acidic compounds taken as pools, and 
a number of very strong toxicants have 
been identifi ed among them, including 
nitro-lactones and dioxins (123-124). By 
contrast, non-polar components are not 
toxic, although can exalt the potencies 
of active species. Despite that, the true 
contribution provided by each primary 
toxicant to environmental toxicity cannot 
be evaluated, since the interaction with the 
matrix is neglected in terms of synergic/ 
antagonistic actions, and with respect to 
net exposition of humans. At this regard, 
two points must be taken in account. 
First, due to combination of its nature 
and airborne concentration, to ambient 
conditions (temperature and humidity), 
to soot concentration and characteristics, 
each organic species partitions between 
gas and particulate (125). Thus, their 
interaction with human body is variable. 
Secondly, the total load of organic 
compounds is distributed among the 
particle size fractions, with the general 
tendency to accumulate into the ultra-fi ne 
and fi ne particles (126-127). It is worth 
remarking that the strongest toxicants (e.g. 
PAH, chlorinated hydrocarbons, nitro-
compounds) accumulate into the ultra-
fi ne and fi ne particles, while components 
with less pronounced potencies are 
more equally distributed. Very polar 
components, deriving from the oxidation 
of gaseous emissions, act as condensation 
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by toxicologists, ‘Aitken and nucleation 
mode’ particles by atmospheric scientists 
and ‘engineered nanostructured materials’ 
by materials scientists(132). The simplest 
examples of naturally occurring ultrafi ne 
particles are those found in the biological 
tissues of organisms. For example, biogenic 
magnetite is a natural NSP found in many 
animal species. Other nanosized materials, 
including fullerenes, are naturally 
originated from combustion processes 
such as forest fi res and volcanoes. Sources 
of ambient UFPs are either primary or 
secondary. In urban environments,  the 
dominant contributors of primary UFPs 
are combustion products found in motor 
vehicle exhausts, which are usually 
black carbonaceous soots with particle 
dimensions 200–300 nm. Atmospheric 
oxidation of gas-phase primary exhaust 
species can produce lower vapor pressure 
compounds that readily condense onto 
existing particles and produce secondary 
mass. Particle composition and size can 
also evolve due to interaction/reaction of 
gas- and liquid- or solid-phase species 
at the particle surface or in the bulk 
solution, as well as through coagulation 
of existing particles. In some conditions, 
photochemical oxidation of gas-phase 
species can directly produce new UFP 
(133). Most atmospheric UFPs are usually 
<50 nm and evidence has been found 
that the particle count distribution peaks 
at 20–30 nm at roadsides with heavy 
traffi c134. Diesel-exhaust particles (DEP) 
are major components of PM2.5. Although 
installing a diesel particle fi lter (DPF) can 
reduce the number of larger particles in 
the exhaust, nanoparticles are produced 
during DFP regeneration. Environmental 
or atmospheric UFPs contain semivolatile 
alkanes that originate from fuels and 
lubricants (135). In particular, primary 
exhaust emissions of particles consist 

4.3.  Research in organic air pollutants: 
the past, the present and the future
Organic substances are at the core of a 
series of studies conducted by CNR with 
the aim of clarifying the features and 
dynamics of the environment, in the frame 
of international and national programmes. 
Special attention has been paid to the 
composition of the atmosphere, the effects 
induced by anthropogenic activities and 
by natural events and sources, the kinetics 
of pollutants in the presence of oxidants 
and light, the assessment of  mobile and 
stationary emissions and pollution sources, 
particulate generation and properties, and 
sanitary relevance of pollution. According 
to recent developments, some items seem 
to deserve better analysis: the clean (green) 
energy generation, the chemistry of radicals, 
the air/sea, air/ice and air/soil interactions, 
the infl uence on meteorology and climate, 
the strict relationships between chemical 
composition and toxicity. As concerns 
this latter, interesting issues have been 
identifi ed in nanoparticles, water-soluble 
organics, organo-metallic compounds 
and psychotropic substances. Finally, the 
economic, social and legislative aspects 
cannot be neglected in view of life quality 
promotion.  

5. PARTICLES IN THE ULTRAFINE (UFP) AND 
NANO-SIZE FRACTIONS

5.1 Sources and formation of ultrafi ne 
particles
Ultrafi ne particles are the dominant 
contributors of particle numbers in the 
PM2.5 fraction. Particles with dimensions 
< 100 nm are defi ned as nano-sized and 
ultrafi ne particles (NSPs, UFPs), according 
to their manufactured or environmental / 
biological origin. In particular, NSPs are 
called ‘ultrafi ne’ particles (UFPs) also 
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on the type of product. In table 5.1 (136) 
main differences between environmental 
and manufactured UFPs are reported. 

Table 5.1. Differences between 
environmental and manufactured 
nanoparticles

Environmental 
nanoparticles

Manufactured 
nanoparticles

Si
ze ≤50 nm (≤100 nm: 

ultrafi ne)

1–100 nm (biomedical 
nanoparticles can be larger 
than 100 nm)

D
im

en
si

on
s

Two or three 
dimensions are on 
the nanoscale

Three dimensions are 
on the nanoscale (nano-
objects with one and two 
nanoscale dimensions 
are called nanoplates and 
nanofi bers, respectively)

N
am

e Nanoparticles, 
fi brous 
nanoparticles

Nano- : particles, spheres, 
tubes, rods, fi bers, wires, 
ropes, sheets, eggs, 
liposomes, dendrimers, 
etc.

C
om

po
ne

nt
s

Carbon soot, 
hydrocarbons 
(alkanes), heavy 
metals, sulfur

Carbon (fullerene, 
nanotube), metal oxide 
(TiO2, ZnO), CdSe, 
metalloids, transition 
metals, polymers

More recently, even smaller particles in the 
nucleation mode with peak diameters around 
4 nm have been observed. Humans have 
been exposed to airborne NSPs throughout 
all their evolutionary stages. Nevertheless, 
such exposure has increased dramatically 
over the last century due to anthropogenic 
sources. These can be classifi ed as 
unintentionally or intentionally produced, 
depending on weather UFPs represent a 
sub-product or the major product coming 
from an anthropogenic source. Although 
the mass of UFPs in ambient air is very 
low, approaching only 0.5–2.0 μg/m3 at 
background levels, it can increase several-
fold during high pollution episodes or on 
highway. In urban areas motor vehicle 
particle emissions are a dominant pollution 
source, where more than 80% of particle 
number concentrations are found in the 

mainly in a mixture of elemental carbon 
and organic compounds, and traces of 
heavy metals and sulphur. Tire wear also 
contains carbonaceous materials, while 
brake wear is rich in heavy metals136. 
Moreover, particle hygroscopic growth 
measurement techniques have been used 
to show that ultrafi ne particles may show 
two separate modes of ‘‘less’’ and ‘‘more’’ 
hygroscopic particles (137). The less 
hygroscopic particles are those that exhibit 
little or no growth when exposed to a high 
relative humidity (RH) (typically 80–90%) 
and are thought to be mainly composed 
of hydrophobic chemicals such as water-
insoluble organic compounds and soot, and 
must be attributed to primary emissions 
from traffi c and other combustion sources. 
More hygroscopic particles grow by a 
larger factor (e.g, 1.38–1.69 for 35–265 
nm particles at 90% RH) and have been 
shown to contain inorganic chemicals such 
as nitrate, sulphate, sodium and potassium 
and sometimes organic carbon as well. The 
more hygroscopic particles can result from 
the conversion of gaseous compounds into 
particles, or from the modifi cation and 
oxidation of pre-existing particles. Such 
chemical and physico-chemical processes, 
named “secondary”, may occur even 
far from the emission sources, and may 
infl uence the concentrations of ultrafi ne 
and fi ne particles outside urban areas. It has 
been shown that the nucleation of ultrafi ne 
particles from condensation of reactive 
gases is responsible for the increase of 
ultrafi ne particle number concentrations in 
many rural areas, including polluted and 
natural sites. The hygroscopic behaviour 
of the aerosol is an important quality, as 
this will determine how they interact with 
clouds (138), which, in turn, affects the 
lifetime of the particles in the atmosphere. 
Conversely, components of manufactured or 
engineered nanoparticles vary, depending 
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are good candidates to defi ne the susceptible 
population to the acute effects of UFP, 
while elevated levels of oxidatively altered 
biomolecules are important intermediate 
endpoints that may be useful markers in 
hazard characterization of particulates. 
Overall, despite the increasing amount 
of data provided by both laboratory and 
fi eld studies, the nature of the fraction 
of aerosol particles responsible for 
health effects is still a matter of debate. 
The issue is of importance, because 
the different constituents of the aerosol 
exhibit distinct sources and emission/
formation processes (147-148). Therefore, 
linking toxicological and epidemiological 
impacts of atmospheric particulate matter 
to chemical composition is a key for the 
evaluation of effective pollution abatement 
strategies (149-150).
The potential role of UFPs  as strong 
toxicant species of ambient air derives also 
from the following considerations (151): 
1. smaller particles have a greater total 

surface area per unit of mass than 
larger particles; thus, for a given mass, 
smaller particles may present a larger 
surface area for interacting with airway 
tissue or for transporting toxic material 
associated with the particle surface into 
the airways.

2. In vitro studies suggest that ultrafi ne 
particles may not be as effectively 
phagocytosed (ie, ingested for removal) 
as larger particles by cells of the innate 
immune response.

3. On the basis of size, models predict 
that a higher proportion of ultrafi ne 
particles of ~ 20 nm than of larger 
particles reach the air-exchanging 
alveolar region of the lung. On the basis 
of mass, however, more larger particles 
than smaller particles reach this lung 
region.

4. When particles have been instilled intra-

ultrafi ne size range. However, very little 
information can be obtained about particle 
number from particle mass measurements, 
and as current air quality standards are 
mass and not particle number-based, this 
means that the greater proportion of motor 
vehicle particle number emissions are not 
controlled or regulated (141). The latter 
case is represented by nanotechnologies. 
Main natural, unintentional and intentional 
sources of NSPs are reported in table 5.2 
(141). 

5.2 Role of UFPs and nano-particles as 
atmospheric toxicants 
Inhalation of particulate matter leads to 
pulmonary infl ammation and reduction in 
lung function (142) with secondary systemic 
effects or, after translocation from the lung 
into the circulation, to direct toxic effects 
on cardiovascular function (143) and on the 
coagulation pathway thus contributing to 
the onset of coronary events (144). Through 
the induction of cellular oxidative stress and 
proinfl ammatory pathways (144), particulate 
matter augments the development and 
progression of atherosclerosis (145).
 The main factor of these adverse health 
effects seems to be combustion-derived 
nanoparticles that incorporate reactive 
organic and transition metal components. 
An important source of these particles is 
new diesel cars with oxidizing converters, 
such as modern taxis in North Europe. 
Many epidemiological, human clinical, 
and animal studies showed that ultrafi ne 
particles (UFPs) penetrate deeply into the 
lungs initiating an infl ammatory response 
leading to respiratory diseases and may 
be absorbed directly into the circulating 
blood, causing cardiovascular diseases146. 
Recent studies highlighted the importance 
of identifi cation of susceptible sub-
populations and mechanisms of involved 
effects. Several chronic clinical conditions 
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the central nervous system and ganglia via 
translocation along axons and dendrites 
of neurons has also been observed. NSPs 
penetrating the skin distribute via uptake 
into lymphatic channels. Endocytosis and 
biokinetics are largely dependent on NSP 
surface chemistry (coating) and in vivo 
surface modifi cations (151). 
The importance of surface area becomes 
evident when considering that surface 
atoms or molecules play a dominant role 
in determining bulk properties; the ratio 
of surface to total atoms or molecules 
increases exponentially with decreasing 
particle size, as reported in table 4.3 
(141).

Table 5.3. Particle number and particle 
surface area per 10 μg/m3 airborne 
particles.

Particle 
diameter 
(μm)

Particle no. 
(cm–3)

Particle 
surface area 
(μm2/cm3)

5 153,000,000 12,000

20 2,400,000 3,016

250 1,200 240

5,000 0.15 12

There are many debates about the dose-
metric which best describes the toxicity 
of manufactured nanoparticles. The most 
commonly accepted dose metric is probably 
the surface area. Particle shape (e.g. fi brous 
or spherical), chemical composition, and 
the chemistry of the particle surface, 
including the zeta-potential, are also 
important factors that determine the 
toxicity of nanoparticles. It has been 
reported that the carcinogenic potency and 
toxicity of asbestos (151) largely depend 
on fi ber length. Fibrous titanium dioxide 
particles have been shown to be much more 
cytotoxic than spherical nanosize titanium 
dioxide particles to alveolar macrophages 
(149). Special attention should be paid to 

tracheally into animals, on the basis 
of mass, ultrafi ne particles were more 
effective than fi ne particles in inducing 
airway infl ammatory responses.

5. In some recent studies ultrafi ne particles 
appeared to move rapidly out of the 
airways and into the circulation.

Similarly to gases, when inhaled, specifi c 
sizes of UFPs are effi ciently carried by 
diffusional mechanisms in all regions of 
the respiratory tract. The greater surface 
area per mass compared with larger-sized 
particles of the same chemistry renders 
NSPs more active biologically. This activity 
includes a potential for infl ammatory and 
pro-oxidant, but also antioxidant, activity, 
which can explain early fi ndings showing 
mixed results in terms of toxicity of 
NSPs to environmentally relevant species 
(150). It has not been well investigated 
whether nanoparticles are responsible for 
pulmonary and extrapulmonary health 
effects of PM2.5, although the fi ne particles 
are reportedly associated with mortality 
from cardiovascular diseases (149). 
Nanoparticles can permeate through tissue 
walls, translocate to other tissues from the 
deposition sites, and cause cardiovascular 
dysfunction. However, we do not have a 
clear answer as to how far nanoparticles 
have a more distinctive toxicological 
aspect and are more toxic than larger 
particles (151).
The extraordinarily high number 
concentrations of NSPs per given mass 
will likely be of toxicant signifi cance when 
these particles interact with cells and sub-
cell components. Likewise, their increased 
surface area per unit mass can be of key 
importance. The small size facilitates 
uptake into cells and transcytosis across 
epithelial and endothelial cells into the blood 
and lymph circulation, to reach potentially 
sensitive target sites such as bone marrow, 
lymph nodes, spleen, and heart. Access to 
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urban sites. In example (153), combined 
the use of the scanning mobility particle 
spectrometer (SMPS), electrical low 
pressure impactor (ELPI) and TEM 
techniques to characterize the evolution 
of the particle size, morphology and 
composition distribution during dispersion 
of traffi c – related emissions at Birmingham 
(UK). The ELPI (Dekati, Finland) 
measures real-time particle concentration 
and size distribution and the SMPS (TSI, 
USA) measures particle size distributions 
with a high resolution. Combined use of 
these two instruments enhances the quality 
of particle size distribution measurements. 
Measurement size range of the ELPI is 30-
10000 nm, 50% cut size and the SMPS is 
9.6-352 nm. The analytical problem posed 
by the wide range of atmospheric PM sizes 
is dynamic range. A 1 nm diameter particle 
might have a mass of 10-21 g (zeptograms), 
whereas a 10 mm particle a mass of 10 ng. 
Reliable sampling and accurate chemical 
composition determination of a single 
nanogram particle is a tough analytical 
challenge; for a zeptogram particle, it is 
nearly impossible. In addition to PM size, 
composition and mass loading, many 
other physical and chemical properties 
are of interest, and should be preferably 
measured simultaneously. Research on 
climate changes, i.e, needs to correlate size 
and chemical composition with a particle’s 
ability to scatter and absorb radiation from 
the infrared to the near ultraviolet; health 
scientists hypothesize that a particle’s 
surface area and surface composition may 
be a key to understanding how it interacts 
with lung tissue to affect pulmonary 
functions and transfer chemicals into the 
blood stream (152); fi nally, the physical 
phase (liquid or solid), surface area, and 
surface composition can strongly affect 
the interaction of atmospheric trace gases 
with airborne particles, impacting the 
chemical composition of both the gaseous 

fi brous nanoparticles, because fi ber length 
may be predominant metric determining 
the toxicity of biopersistent fi brous 
nanoparticles

5.3 Innovative techniques of chemical– 
physical characterization of the UFP 
fraction
A major limitation of traditional impaction 
and membrane technologies is that the 
detection limits of the laboratory analysis 
instrumentation necessitate the collection 
of a large enough mass of sample for 
analysis, so temporal resolution is limited 
to greater than several hours for ambient 
samples. Also, the sample may be affected 
by evaporation or condensation of semi-
volatile components during or after 
sample collection and chemical reactions 
may take place within the sample itself 
or between oxidants in the sample gas 
and the collected particles, affecting 
the results (148). The size resolution of 
these instruments is generally poor to 
moderate because of the limitations of 
aerodynamic particle separation and 
the need to increase sampling times and 
analyze a larger number of samples with 
increasing size resolution. Nevertheless, 
examples exist of nano-size impactors 
(e.g. NanoMoudi by MSP Corporation, 
USA) and thermophoretic precipitators 
(152) which allow single particle collection 
aimed at analysis of UFPs chemical 
composition, i.e. by scanning transmission 
electron microscopy (STEM). 
As a matter of fact, anyway, the size 
distribution of ultrafi ne particles is 
expected to evolve rapidly in urban air 
and such knowledge is essential to the 
evaluation of human exposure. Differential 
mobility analyzers (DMA) and other 
particle evolution / growth measurement 
techniques have been used since recent 
years to evaluate the behaviour of airborne 
UFPs in the ambient air, especially at 
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particle measurements. A second class of 
aerosol mass instruments uses thermal 
vaporization of individual or collected 
particles followed by various ionization 
techniques. Separation of the vaporization 
and ionization steps enables quantitative 
detection of PM chemical composition and 
mass loading. In addition, the simplicity 
of thermal vaporization allows the use 
of a variety of ionization techniques that 
will produce less sample fragmentation 
than traditional electron impact (EI) 
methods, such as chemical ionization 
techniques(154). However, the most widely 
used technique is thermal vaporization 
aerosol mass spectrometer (AMS), which 
was designed and developed at Aerodyne 
Research, Inc. (ARI). The initial version 
of the ARI AMS was designed to measure 
the real-time non-refractory (NR) 
chemical speciation and mass loading of 
fi ne aerosol particles with aerodynamic 
diameters between <50 and 1000 nm as a 
function of particle size155. The original 
ARI AMS utilizes a quadrupole mass 
spectrometer (Q) with EI ionization and 
produces ensemble average data of particle 
properties. Later versions employ time-of-
fl ight (ToF) mass spectrometers and can 
produce complete mass spectral data for 
single particles (153).

6. FUTURE PERSPECTIVES AND DEVELOPMENTS 
IN THE FRAMEWORK OF THE “PILOT STUDY FOR 
THE ASSESMENT OF HEALTH EFFECTS OF THE 
CHEMICAL COMPOSITION OF ULTRAFINE AND 
FINE PARTICLES IN ITALY” PROJECT

Despite the increasing amount of data 
provided by both laboratory and fi eld 
studies, the nature and role of aerosol 
particles responsible for health effects, as 
well as of gaseous mixtures especially in 
urban areas, is still a matter of debate. In 
the former case the issue is of importance 
also because the different constituents of 

and condensed phase components of the 
atmosphere. 
Real-time instruments that measure 
physical properties such as particle number 
densities, mass loadings, and particle 
mobility or aerodynamic size distributions 
have been available since recent years. 
However, real-time instruments that 
characterize the chemical composition of 
atmospheric PM, ideally as a function of 
particle size, are a more recent development 
(153). Some near real-time PM chemical 
composition instruments, operating with 
measurement cycles of 10–60 min, can 
characterize the average PM content of 
one or more key PM constituents for 
an ensemble of particles in a size range 
defi ned by the sample collection system. 
Examples include the particle into-liquid 
sampler (PILS) that utilizes automated 
ion chromatography to quantify average 
major anion or cation PM content or an 
automated carbon analyzer to determine 
the water-soluble organic carbon (OC), 
instruments based on particle collection 
followed by thermal decomposition and gas 
phase chemiluminescence or absorption 
spectroscopy allow for semi-continuous 
measurements of sulfate and nitrate (153 
and references therein). However, the 
universal nature of mass spectrometric 
detection for atomic and molecular 
species makes this technique eligible 
as most comprehensive and sensitive 
to characterize the chemical content of 
atmospheric PM. Over the past decade, 
several research groups have made major 
strides in adapting mass spectrometric 
techniques to meet this challenge and 
three major directions of evolution of mass 
detection techniques can be currently 
identifi ed. One major theme involves the 
use of lasers to both vaporize and ionize 
individual atmospheric particles sampled 
into a mass spectrometer’s source region. 
This class of instruments focuses on single 
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concerned, in the project a collection of all 
these data will be performed and a data-base 
of size-resolved chemical compositions 
of the aerosol classifi ed according to site 
characterization and sampling period 
will be provided as outcome. The data-
bases emerging from the above activities 
will be further integrated and the results 
evaluated to derive conclusions on the 
available knowledge on the size-segregated 
chemical composition of the aerosol in the 
different environments explored. In this 
view, a further step forward will be also 
to identify systematic behaviours in the 
contributions of inorganic and organic 
chemical constituents as a function of 
particles size, and depending on site 
classifi cation (urban, sub-urban, rural, 
marine, high-altitude, etc.), as well as to 
provide a summary of the constituents 
of ultrafi ne particles. This will help 
interpreting clinical and epidemiological 
observations under an enhanced awareness 
of the behaviour of particulate pollutants 
in different environments. Finally, a 
comparison with published results of 
analogous measurements performed in 
other European countries will be carried 
out, to identify singularities to be further 
investigated in the future. New directions 
of research in the fi eld of understanding 
impact routes of ambient and indoor air on 
health relate to selected species showing 
a precise toxicant action and to their 
size-segregated behaviour in aerosols. In 
this view, research activities will be run 
concerning either the characterization 
or the toxicant and reactive behaviour 
of the water-soluble organic fraction of 
PM. Besides transition metals and PAHs, 
on which some peer-reviewed literature 
already exist, the chemical analysis of fi ne 
particulate samples has shown that even 
in urban areas the water-soluble fraction 
of the aerosol contains large amounts of 

the aerosol exhibit distinct sources and 
emission/formation processes. Therefore, 
linking toxicological and epidemiological 
impacts of atmospheric particulate matter 
to chemical composition is a key for the 
evaluation of effective pollution abatement 
strategies.
Results of size-segregated aerosol 
chemical analyses for Italian stations have 
already been published during the last 
ten years and are available in the peer-
reviewed literature and in project reports 
(40). These data generally refer to sparse 
measurements employing multi-stage 
impactors in both urban (e.g, Bologna, 
Catania, Rome) and rural/background 
sites (e.g, Monte Cimone); information 
on the inorganic and organic composition 
of ultrafi ne to coarse particles have been 
retrieved by chemical determinations of 
size-segregated fractions. 
Nevertheless, an increasing series of data 
on the aerosol chemical composition 
and size-distribution has been provided 
by short-term intensive fi eld studies 
performed in the frame of national and 
European research projects(46). During 
these experiments, state-of-the-art 
instrumentation has been deployed for 
aerosol characterization. 
In this direction, the “Pilot study for 
the assessment of health effects of the 
chemical composition of ultrafi ne and 
fi ne particles in Italy” project, recently 
approved by CNR, will combine the results 
of two advanced activities in the fi eld of 
atmospheric ultrafi ne particles composition 
and their toxicological properties, carried 
out by CNR-ISAC and CNR-IIA, with 
two new advanced health studies carried 
out by CNR-IFC and CNR-IBIM, aimed 
at exploring short-term effects due to air 
pollutants exposure in subjects with pre-
existent arrhythmia and  lung diseases. 
As far as CNR-ISAC and CNR-IIA are 
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particles. Moreover, the data analysis of 
the emerging results from AMS will allow 
comparison with the more consolidated 
outcomes from available measurements by 
multi-stage impaction methods.
In summary, by examining the priorities 
for the evaluation of upcoming research 
activities of CNR for linking atmospheric 
aerosols composition and properties to 
their health effects, at least two specifi c 
key issues can already be addressed and 
dedicated to a) ultrafi ne particles and b) 
WSOC.

Keywords: PM, UFP, WSOC, AMS, oxidizing 
potential.
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