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1.1. Definition of atmospheric aerosols 

The term aerosol was first used by the physical chemist Frederick G Donnan in 1918 

(Whytlaw-Gray et al., 1923) and it was introduced into scientific literature as similar to 

the term hydrosol, a stable liquid suspension of solid particles in 1920 by A. Schmauss 

(Schmauss, 1920), the director of the Meteorological Central Station in Munich, 

Germany (Spurny, 2001, Clobeck and Lazaridis, 2010). Aerosol which as generally 

referred to as particulate matter is the suspension of fine solid or liquid particles in a 

gas (Seinfeld and Pandis, 2006). In this thesis, the terms particle/particulate matter have 

been used instead of aerosols. 

1.2. Particle sizes and size distribution 

The size of the particles determines the behaviour of particulate matter in the 

atmosphere, its transport and deposition in the respiratory tract and residence time. The 

size distribution of the particulate matter is important to understand the effects of 

particles on human health and visibility and to estimate the magnitude of particulate 

matter-climate effects. The particle distribution by number, surface area and volume is 

given in Figure 1.1. Atmospheric particulate matter ranges in size from a few 

nanometers (nm) to tens of micrometers (µm) in diameter (Seinfeld and Pandis, 2006). 

Generally atmospheric particles have been categorized into three distinct size classes 

(or modes) (Hester and Harrison, 2009) such as ultrafine (diameter: 0.01-0.1 µm or 10-

100 nm), fine (diameter: 0.1-2.5 µm) and coarse mode (diameter: >2.5 µm) particles. 

All the three distinct size classes have different chemical composition, optical 

properties and deposition pattern. Moreover, their origin, transformation and removal 

mechanisms are also different.  

Atmospheric particles have four different modes (Figure 1.2) such as nucleation 

mode/nuclei (Particles with diameters up to about 10 nm), aitken mode (Particles range 

between 10 nm to 100 nm in diameter), accumulation mode (Particles with sizes 

between 0.1 to 2.5 µm) and coarse mode (Particles with sizes larger than 2.5 µm). 

Particles both in nucleation and aitken modes are predominant in number due to their 

small size. Nucleation mode is the fresh aerosol formed in-situ by nucleation from gas 

phase. Accumulation and coarse phase modes are predominant in volume or mass 

distribution in most of the areas.  
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Figure 1.1. Size distribution of atmospheric particles; (a) number (b) surface (c) volume 

[source: Seinfeld and Pandis, 2006]. 

Accumulation mode particles are mainly formed due to the primary emission 

(condensation of secondary sulphates, nitrates and organics from gas phase; and 

coagulation of smaller particles). Coarse-mode particles are generally formed by 

mechanical processes such as wind or erosion and may be primary and secondary. 

Accumulation mode has two sub-modes such as condensation mode (produced from the 

emission of primary particles and coagulation and vapour condensation of smaller 

particles) and droplet mode (created during cloud processing). The size of the aerosol 

distribution could be characterized by number concentration (expressed as dN/dlogDp 

versus logDp, with N the number concentration and Dp the particle diameter), surface 

distribution and volume or mass size distributions (dM/dlogDp versus logDp, M is the 

mass concentration) (Figure 1.2). 
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Figure 1.2. Typical number and volume distribution of atmospheric particles with the 

different modes (Seinfeld and Pandis, 2006). 

1.3. Sources of atmospheric particulate matter  

Atmospheric particulate matter has both natural and anthropogenic sources. Main 

natural sources are soil and rock debris (terrestrial dust), volcanic eruption, sea spray, 

biomass burning, forest fires, biological sources (pollen, bacteria, fungal spores etc) 

and reactions between natural gaseous emissions. Anthropogenic activities responsible 

for the emission of particles are fuel combustion, industrial processes, non-industrial 

fugitive sources (roadway dust from paved and unpaved roads, wind erosion of 

cropland, construction etc.) and transportation. Approximately, 10% of the particulate 

matter comes from anthropogenic sources. A significant fraction of particulate matter is 

secondary inorganic particles (formed from the oxidation of primary gases such as 

sulphur and nitrogen oxides and produced ammonium sulphate and ammonium nitrate) 

and organic particles [produced from the reaction of biogenic emitted species (volatile 

organic components)]. Particles emitted from both natural and anthropogenic sources 

are given in Table 1.1.  
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Table 1.1. Natural and anthropogenic sources of primary and secondary aerosols in 

global scale [based on Maenhaut, 1996; Raes et al., 2000; Mather et al., 2003; Jaenicke, 

2005]. Adapted from Wang (2010). 

 

Source  Particle 
size (µm) 

Emission 
(Tg/yr) 

 
Natural   

 
  

Primary Soil dust (mineral aerosols) 
 

D <1 
D =1-2 

D =2-20 

110 
290 

1750 
 Sea to air flux of sea salt 

 
D <1 

D=1-16 
54 

3290 
 Biogenic organic matter Coarse 1000 
 Volcanic ash Fine 20 
Secondary Sulphate from aerosols from marine biogenic 

gases (mainly DMS)  
 

Fine 16-32 

 Sulphate aerosols from terrestrial biogenic 
gases 
 

Fine 57 

 Nitrate aerosols from NOx (lightning, soil 
microbes) 

Mainly 
coarse 

3.9 

 Organic matter from biogenic gases Fine 16 
 Sulphate aerosols from volcanic SO2 Fine 9-21 
Natural 
subtotals 

 At least 6600 

Anthropogenic    
 

Primary Aerosols from all kinds of fossil fuel burning, 
cement manufacturing, metallurgy, waste 
incineration, etc 

Coarse 
and fine 

100 

 Soot (black carbon) from fossil fuel burning 
(coal, oil) 

Fine 8 

 Soot from biomass burning Fine 5 
 Biomass burning without soot Fine 80 
Secondary Sulphate from SO2 (mainly from coal & oil 

burning) 
Fine 140 

 Nitrate aerosol from NOx (fossil fuel and 
biomass combustion) 

Mainly 
coarse 

36 

 Organic matter from anthropogenic gases Fine 5 
 Organic matter from biomass burning Fine 54 
 Organic matter from fossil fuel burning Fine 28 
Anthropogenic 
Subtotal 

  460 

Total  
 

 7100 
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1.4. Effects of atmospheric particulate matter 

1.4.1. Impacts of atmospheric particulate matter on human health 

Various epidemiological and toxicological studies have provided evidence that 

particulate matters are correlated with severe health impacts especially, respiratory, 

allergic, cardiovascular diseases and even mortality (Bernstein et al., 2004; 

Katsouyanni et al., 2001; Pope et al., 2004; Samet et al., 2005). A correlation between 

daily mortality and changes in particulate matter has been found from daily time-series 

data [Schwartz and Dockery, 1992; Schwartz, 1994]. Lung cancer and cardiopulmonary 

mortality increase with the increases of fine particulate matter PM2.5 (Dockery et al., 

1993; Pope et al., 1995; Schwartz et al., 1996; Pope et al., 2002). About 6% 

cardiopulmonary and 8% lung cancer risk are increased for every 10 µg m-3 elevation 

in fine particulate air pollution. Long-term exposure to atmospheric aerosols may have 

an association with cardiovascular problems, respiratory morbidity and mortality 

particularly for infants and elderly people.  

     

 Figure 1.3. Loss of life expectancy due to ambient aerosols in Europe in 2000. 

Calculation results for the meteorological conditions of 1997 (CAFÉ 2011).  
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However, strong correlation is also observed between short-term exposure to ambient 

particles and hospital admissions or consultations of physicians (Hauck et al., 2004, 

Schulz et al., 2005; Tie et al., 2009). A recent research reported approximately 22,000-

52,000 annual deaths in the United States (from 2000) and ~370,000 premature deaths 

in Europe during 2005 due to particulate matter pollution (Mohapatra and Biswal, 

2014). Loss of life expectancy in Europe due to ambient aerosols (PM10) has been 

delineated in Figure 1.3 which is prepared by the CAFÉ (Clean Air For Europe) 

steering group of the European Commission from meta-analysis of epidemiological 

data and the measured mass concentration of PM10.  

Particle size is the main factor that determines where the pollutant will deposit in the 

respiratory tract of human body. Particulate matter, PM10 penetrates thorough the upper 

airways (nose, mouth, nasopharynx and larynx) and can be settled in conducting 

airways (bronchi and upper part of lungs). Particulate matter, PM2.5 can be deposited in 

gas-exchange part (deep) of the lung, whereas ultrafine particles (< 100 nanometers) 

deposit in alveoli and may penetrate through the lungs to infect other organs (Hester 

and Harrison, 2009). Respiratory deposition of the particulate matter in human body is 

shown in Figure 1.4.  

                  

Figure 1.4. Deposition of different sized particles in the respiratory system (ICAO, 

2005). 



8 
 

According to the Figure 1.4, approximately 40% of the ultrafine particles (PM0.1, 

particles with a diameter up to 0.1 µm) can deposit in the pulmonary alveoli while 60% 

of the particle ≤ 10 µm (PM10) can be retained in the upper respiratory tract. 

The occupational health community has classified airborne particles into different 

aerosol fractions based on the penetration of particles in the various regions of the 

respiratory tract (Figure 1.5). This convention has classified particles into inhalable 

(Dae ≤100 µm; they enter the respiratory tract including head airways), thoracic (Dae 

<30 µm; they penetrate into trachea-alveolar region of the lung; lung airways and the 

gas-exchange regions of the lung) and respirable particles (Dae <10 µm: they penetrate 

into the alveolar region of the lung; gas-exchange region of the lung (Wilson et al., 

2002). 

 

                         

     Figure 1.5. Occupational health size-cuts (Wilson et al., 2002) 

However, penetration and deposition position of the particles in the respiration systems 

are dependent on not only their size but also on their shape and chemical composition 

(Harrison and Yin, 2000). Various aerosol pollutants have toxicological effects. Several 

trace elements especially lead (Pb), cadmium (Cd), manganese (Mn) and arsenic (As) 

present in the particulate matter are hazardous to human health (Manahan, 1993).  

Nowadays scientists are concerned about organic pollutants found in atmospheric 

particulate matter especially polycyclic aromatic hydrocarbon (PAHs) and dioxins for 

their toxicity and carcinogenicity (Poschl, 2002, Hu et al., 2007; Viana et al., 2008a). 
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Bio-aerosols such as viruses, bacteria, spores, pollen and insect parts (i.e. house dust 

mites) cause diseases or allergenic reactions in humans (Matthias-Maser et al., 2000). 

Major health impacts associated to biogenic fractions are inflammation and irritation 

(Fujii, 2002). Although many studies have proved that atmospheric particulate matter 

have strong impact on human health, but due to a limited knowledge on sources, 

composition, properties and processes, the actual effects of particulate matter on human 

health and their mechanisms are not fully understood (Poschl, 2005). Several possible 

mechanisms by which atmospheric particles may affect human health are given here 

below (Bernstein et al., 2004). 

 Pulmonary inflammation induced by PM or O3. 
 
 Free radical and oxidative stress generated by transition metals or organic 

compounds (e.g. PAHs). 
 
 Covalent modification of key intracellular proteins (e.g. enzymes). 
 
 Inflammation and innate immune effects induced by biological compounds such 

as endotoxins and glucans. 
 
 Adjuvant effects in the immune system (e.g. DPM and transition metals 

enhancing responses to common environmental allergens). 
 
 Procoagulant activity by ultrafine particle accessing the systemic circulation. 

 
 Suppression of normal defense mechanism (e.g. suppression of alveolar 

macrophages functions). 

 

1.4.2. Effect of atmospheric particulate matter on climate 

Both greenhouse gases and particulate matter (microscopic airborne particles or 

droplets) can alter global radiation budget and hence climate [IPCC (Intergovernmental 

Panel on Climate Change), 2007]. However, the mechanism behind the global climate 

change due to atmospheric aerosols is more complicated and far less understood. 

Greenhouse gases absorb or trap infrared radiation at the top of the atmosphere, while 

aerosols increase the reflection of solar radiation back to the space through various 

radiative and physical processes (Ramanathan, 2001). Moreover, atmospheric particles 

are also capable of heating the lower atmosphere when they contain light absorbers 

likely elemental carbon and mineral dust (Andreae, 2001). The warming effects caused 
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by black carbon may be neutralized or balanced by the cooling effect of the sulphate 

aerosols (Jacobson, 2000). Greenhouse gas forcing has global significance while the 

aerosol forcing in mainly regional and seasonal (Bengtsson et al., 1999). The Climate is 

influenced by atmospheric particles in both directly (by the scattering and absorption of 

solar radiation) and indirectly (as cloud condensation nuclei).  

 

    

Figure 1.6.  Global average radiative forcing (RF) (Wm−2) for the period from pre-

industrial (1750) to 2005. (IPCC, 2007) 

Positive or negative changes in energy balance because of GHGs (Greenhouse gases) 

and aerosols, land cover and solar radiation are expressed as radiative forcing used to 

evaluate warming or cooling effects on global climate change (IPCC, 2007). Changes 

imposed on the Earth’s radiation balance are known as radiative forcing (Seinfeld and 

Pandis, 2006). IPCC (2007) defined it as “the change in net (down minus up) irradiance 

(solar plus longwave; in W m–2) at the tropopause after allowing for stratospheric 

temperatures to readjust to radiative equilibrium, but with surface and tropospheric 

temperatures and state held fixed at the unperturbed values”.  Changes happen from 
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scattering and absorption of ambient aerosols is known as direct radiative forcing.  

Contribution of aerosol to radiative forcing arises from sulphate aerosols, fossil fuel, 

soot and biomass burning (Penner et al., 1993; Robock 1991). IPCC (2007) has 

calculated radiative forcing considering anthropogenic aerosols (primary sulphate, 

organic carbon, black carbon, nitrate and dust) and found total direct radiative forcing 

is -0.5 (-0.9 to -0.1) W m-2 while indirect cloud albedo effect is -0.7 W m-2 (-1.8 to -0.3 

W m-2). Estimated radiative forcing from beginning of the Industrial Era to 2005 from 

quantifiable natural and anthropogenic forcing sources is given in Figure 1.6 (IPCC, 

2007). 

       

Figure 1.7. Flow chart showing the process linking aerosol emissions or production 

with changes in cloud optical depth and radiative forcing. Bars indicate functional 

dependence of the quantity on the top of the bar to that under the bar. Symbols: CCN 

(Cloud condensation nuclei, CDNC (Cloud droplet number concentration), IN (Icc 

Nuclei), IP (Ice particles), OD (Optical depth), HC (Hydrometeor concentration), A 

(Albedo), fc (Cloud fraction), τc (Cloud optical depth), ∆F (Radiative forcing). (IPCC, 

2001) 
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Broadly, indirect forcing may be defined as the process by which aerosols perturb the 

Earth-atmosphere radiation balance by modifying cloud albedo and cloud amount 

(IPCC, 2001).  A diagram of the processes involve in indirect forcing linking several 

intermediate variables such as aerosol mass, cloud condensation nuclei (CCN) 

concentration, ice nuclei (IN) concentration, water phase partitioning and cloud optical 

depth is shown in Figure 1.7. As an indirect effect, aerosols in the lower atmosphere 

can modify the number and size of the cloud droplets (Kaufman et al., 2002) or cause 

effects on precipitation efficiency (Poschl, 2002). Indirect effect arises when aerosol 

number concentration increases from anthropogenic sources which lead to the 

formation of cloud condensation nuclei. Cloud droplets formed on atmospheric 

particles, known as cloud condensation nuclei, lead to the increase in the number of 

cloud droplets with smaller radii, which in turn form more scattering of shortwave 

radiation i.e higher cloud albedos (Seinfeld and Pandis, 2006). This phenomenon is 

known as first indirect effect or Twomey effect (Cloud albedo effect). Changes in the 

number concentration of aerosols lead to the variations/reduction of the size of cloud 

droplets. This process increases cloud lifetime by decreasing or suppressing 

precipitation, known as the cloud lifetime aerosol effect or second indirect effect or 

Albrecht effect. Effectiveness of aerosol particles to work as a nucleus for the 

formation of water droplet (to become activated as a CCN) depends on its size and 

response to water (IPCC, 2001). Sulphates, sodium chloride and other water-soluble 

salts and inorganic acids are efficient as CCN (Hudson and Da, 1996).  

1.4.3. Visibility 

Visibility degradation is the most observable impact of air pollution and considered as a 

primary and general index of ambient air quality in an urban area (Watson, 2002). The 

term visibility (also known as “visual range”) may be defined as the farthest distance an 

object can be seen against the sky from the horizon (Seinfeld and Pandis, 2006). This 

depends on several factors such as optical properties of the atmosphere, amount and 

distribution of light, characteristics of the objects and properties of the human eye 

(Seinfeld and Pandis, 2006). Visibility is reduced by the absorption and scattering of 

solar radiation by both gas molecules and aerosol particles (Figure 1.8). 



13 
 

 

Figure 1.8. Processes by which particles and gases in the atmosphere affect visibility 

(Adapted from Malm, 2000). 

These two processes, scattering (changes the direction of photon) and absorption (removes 

the photon from the beam by conversion to thermal or electronic energy) are collectively 

known as light extinction and responsible for visibility reduction. Atmospheric light 

extinction is characterized by the extinction coefficient (bext) and can be divided into four 

components: absorption by gases (bag), scattering by gases (bsg), absorption by particles 

(bap) and scattering by particles (bsp). 

bext= bag + bsg + bap + bsp  …………………….. (1.1) 

Nitrogen oxide is the only light-absorbing gas present in the troposphere. Gaseous 

scattering (known as Rayleigh scattering) has minor contribution to visibility reduction in 

urban areas whereas scattering and absorption by atmospheric particles (known as Mie 

scattering) have been found to be more prominent reason of light extinction in urban areas 

(Chan et al., 1999). Accumulation mode aerosol particles (0.1 to 1 µm) are more effective 

in reducing light than nucleation or coarse mode particles. (Seinfeld and Pandis, 2006). 
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1.5. Removal mechanism 

Atmospheric particles are taken away from the atmosphere by following two 

mechanisms such as dry deposition (deposition at the Earth’s surface) and wet 

deposition (incorporation with cloud droplets during formation of precipitation) 

(Seinfeld and Pandis, 2006). Atmospheric cycling of atmospheric particles has been 

given in Figure 1.9. 

            

Figure 1.9. Atmospheric cycling of particulate matter (Adapted from Poschl, 2005). 

1.5.1. Dry deposition 

Dry deposition is the moving of gaseous and particulate matter from the atmosphere to 

the surface in the absence of precipitation. The main factors affecting particles of dry 

deposition are i) level of atmospheric turbulence, ii) the chemical properties of the 

depositing species, iii) the nature of the surface itself (Seinfeld and Pandis, 2006). The 

level of atmospheric turbulence is the layer closest to the ground which regulates the 

rate of the species, which are transported down to the surface. Solubility and chemical 

properties affect the uptake of gaseous species at the surface, while size, density and 

shape decide the captured position by the surface of the particles. Bounce-off of the 

particle may be higher in smooth surface, whereas highly variable vegetable surface 

accelerates dry deposition.  

The dry deposition process of gases and particles includes three steps such as i) 

aerodynamic down transport through the atmospheric surface layer to a very thin layer 

of stagnant air just adjacent to the surface, ii) molecular (gases) or Brownian (for 
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particles) transport across this thin stagnant layer of air, known as quasi-laminar 

sublayer, to the surface itself and iii) uptake at the surface (Seinfeld and Pandis, 2006).  

Deposition velocity is defined as,  

Vd= 1/rt =1/(ra + rb +rarbvs) +vs  ………………….(1.2) 
 

Where, ra is the aerodynamic resistance, rb is quasi-laminar layer resistance and vs is 

the particles settling velocity. Settling velocity vs is generally expressed by the 

following equation, 

Vs =ρpD2
pCc/18µ ………………………………. (1.3) 

Where,  

ρp = density of the particles 

D=particle diameter 

µ= viscosity of air 

Cc= slip correction 

1.5.2. Wet deposition 

     
Figure 1.10. Conceptual framework of wet deposition processes [Seinfeld and Pandis, 

2006] 
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Wet deposition is a natural process where particles are removed by atmospheric 

hydrometeors (cloud and fog drops, rain, and snow) and thus delivered to the Earth’s 

surface (Seinfeld and Pandis, 2006, Fig. 1.10). Several terms are related to the wet 

deposition such as precipitation scavenging, wet removal, washout and rainout. Rainout 

is the in-cloud scavenging, whereas washout is the below-cloud scavenging by falling 

rain, snow and so on. All the processes follow three steps during wet removal of a 

material especially i) species should be brought into the presence of condensed water, 

ii) species must be scavenged by hydrometeors and finally iii) delivered to the Earth’s 

surface. However, the compound may undergo chemical transform during each one of 

the above steps. The wet deposited steps are delineated in Figure 1.10. 

1.6. Chemical components of particulate matter 

Atmospheric aerosols consist of various organic and inorganic compounds such as ions, 

organic carbon and elemental carbon, trace elements, polycyclic aromatic hydrocarbon, 

n-alkanes, dicarboxilic acids, water soluble compounds etc. (Alves, 2008) 

1.6.1. Inorganic ions 

Besides ammonium, sulphate and nitrate, various other water-soluble inorganic ions are 

also present in atmospheric aerosols. They include Cl-, Na+, Ca2+, K+, Mg2+ and 

phosphate. Although these ions are often only responsible for a minor fraction of the 

PM mass, these inorganic species are of importance for aerosol mass closure balance 

and as tracers for source apportionment. Sea spray is a major source of Cl-, Na+ and 

Mg2+ and Ca2+ has contribution from marine aerosols. In continental aerosols, Ca2+ and 

coarse K+ have often important contribution from mineral dust disposal. Fine K+ is a 

good indicator for biomass burning and mineral incinerators as its strongly enriched in 

biomass smoke.  

1.6.2. Carbonaceous aerosols 

Carbonaceous compounds are an important fraction of atmospheric aerosols, 

contributing annually 20-45% of PM2.5 and 20-35% of PM10 (Putaud et al., 2010; Yttri 

et al., 2007). In European urban areas carbonaceous compound accounts for 30-50% to 

PM2.5 (Putaud et al., 2004). In recent years, scientists all over the world have paid much 

attention to the carbonaceous particulate matter because it has great influences on 
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global radiation budget, cloud microphysics (Seinfeld and Pandis, 1998; Lyamani et al., 

2006), global climate change (Hitzenberger et al., 1999; Dan et al., 2004) and human 

health (Na et al., 2004). Moreover, cardiovascular mortality and morbidity is associated 

with increased levels of urban carbonaceous particulate matter (Ito et al., 2011). 

Furthermore, several organic compounds such as PAHs and PCBs are found in OC 

mixtures which have carcinogenic and mutagenic effects (WHO, 2000).  

Carbonaceous particulate matter is classified into two main types such as organic 

carbon (OC) and a refractory light-absorbing component commonly referred to as soot 

(Baumgardner et al., 2012; Bond and Bergstrom, 2006). Soot is produced from 

incomplete combustion of organic material from traffic, residential heating, industrial 

activities and energy production using heavy oil, coal or biofuels (Sandrini et al., 2014). 

Based on empirical determination, soot is referred to as elemental carbon (quantified by 

thermal optical method) and equivalent black carbon (EBC, quantified by optical 

measurement). 

According to EEA (European Environmental Agency) (2013a), “Soot, the product of 

incomplete combustion of fuels, can be determined using different methodologies. 

When its light-absorbing properties are measured, soot is referred to as BC (Black 

carbon). When its concentration is measured by thermal-optical techniques, soot is 

known as elemental carbon (EC)”. 

1.6.2.1. Elemental Carbon (EC) 

EC is the primary pollutants released in the particle phase from the incomplete 

combustion of carbon-containing fuels. The main sources of elemental carbon are 

biomass burning and fossil fuel combustion (Gelencser, 2004). Out of the two sources, 

the first one is predominant in Europe and in the continental mid-latitude northern 

hemisphere (Hamilton and Mansfield, 1991) whereas biomass burning (savana fires, 

forest fires, agricultural burning and domestic biofuel burning) is predominant in 

tropical and equatorial regions. The EC or black carbon has significant impact on 

reducing visibility because of its light absorption properties in the atmosphere. In 

addition, EC is a potential carrier of toxic compounds into human and animal 

respiratory systems (Novakov et al., 1997).  
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1.6.2.2. Organic Carbon (OC) 

OC includes thousands of organic compounds (such as aliphatic, aromatic compounds, 

carboxylic acids and carboxylic compounds with polar substituents etc.) with widely 

varying chemical and physical properties. It may be emitted directly from sources such 

as combustion, industrial, and natural sources (primary OC) or formed in the 

atmosphere from gas to particle conversion of semi- and low-volatility organic 

compounds (secondary OC). The quantification of contribution of primary and 

secondary organic carbon is quite difficult through direct chemical analysis, as OC is a 

complex mixture of many compounds. Several indirect methods have been used to 

estimate secondary organic carbon. Among them, EC tracer method is a widely 

accepted technique where EC is used as a tracer of primary organic carbon (POC) 

(Turpin and Huntzicker, 1995; Castro et al., 1999, Lim and Turpin 2002; Cabada et al., 

2004; Harrison and Yin, 2008). Particles containing OC may also pose a significant risk 

to human health (Mauderly and Chow, 2008). 

1.6.3. Trace elements  

Trace elements are introduced into the atmosphere from various natural and 

anthropogenic sources (Borbely-Kiss et al., 1999; Pakkanen et al.. 2001). Humans play 

a significant role in trace element pollution by different ways especially combustion of 

fossil fuels and biomass, industrial processes and waste incineration (Rajsic et al., 

2008). However, there are some natural sources which contribute trace elements to the 

atmosphere such as erosion, dusts from aerolian processes and weathering, volcanic 

activity, oceans, forest fires and sea spray near coastlines (Allen et al., 2001; Hester and 

Harrison, 2009; Karanasiou et al., 2007). In an urban area, key source of trace elements 

in a particular day depend on anthropogenic activities and national regulations such as 

limits in gasoline, emissions from coal fired power plants and industry (mainly, 

metallurgic and chlor-alkali processes) (Hester and Harrison, 2009). 

From various epidemiological studies, it was revealed that atmospheric particulate 

matter with diameters less than 2.5 micrometers, is strongly correlated with human 

morbidity and mortality (Huang et al., 2012; Pope and Dockery, 2006; Poschl, 2005).  

It is quite difficult to remove fine particles after being entered into the pulmonary 

systems (Donaldson et al., 2002). Although trace metals represent a small fraction of 
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PM, high concentration and/or long exposure of metals may cause harmful effects on 

human health, (Berggren et al., 1990; Devries et al., 1996) and long-term burden on the 

biogeochemical cycling in the ecosystem (Adriano, 2001; Hu et al., 2012). Several 

metallic elements are highly toxic (V, Cr, Mn, Ni, Cu, Zn, Cd, Hg and Pb) (Campen et 

al., 2001; Donaldson et al., 2002; Garcon et al., 2006) and referred to as human 

carcinogenic (Cr, As, Cd, Ni). Particulate matters containing transitional metals such as 

Cu, Fe, and Zn are responsible for cellular inflammation because metals favour free 

radicals releasing in lung fluids (Donaldson et al., 1997). 

Trace particles in the ambient atmosphere have been of greater interest because they 

give a high surface area-to-volume ratio, leading to higher toxicity and reactivity 

(Dockery et al., 1994; Peters et al., 1997; Oberdörster, 2000).  Determination of metals 

composition of inhalable particles is important in determining their potential impact on 

human health (Allen et al., 2001). Many research works have been conducted on 

atmospheric particulate matter in different parts of the world and found variations and 

inequalities among the trace elements components (Sohrabpour et al., 1999; Bilos et al., 

2001; Gupta et al., 2007; Hao et al., 2007; Ayrault et al., 2010). Fluctuation of the 

concentration and size distribution of metal aerosols depend on emission sources, rates 

of wet and dry deposition and physical and chemical transformation (Gu et al., 2008). 

Moreover, long-range transport of aerosols also influences the concentration and size 

distribution of metals (Xu et al., 2008). Generally, the accumulation type particles have 

long residence time and are able to be transported over a long distance influencing 

remote regions from sources. Therefore, size-resolved metal concentration will provide 

information on the toxicity level of metals, as well as on transport behavior in the 

ambient atmosphere and on inhalation characteristics of the human respiratory system.  

1.6.3.1. The elements in the particulate and their origin 

A large number of elements (about 70) are responsible for pollution, but from the air 

pollution point of view the most important are only twenty (Ministry of Environment, 

2013). 

The trace metals of natural origin transported into the atmosphere have a concentration 

that varies greatly over time because events that spread them are usually sporadic and 

brief. The concentration of man-made elements, instead, is more consistent over time, 
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since it is based on continuing operations in the year (Molinaroli and Masiol, 2006). 

The metals from natural sources are related to the geological composition of the earth's 

crust and their re-suspension in the air is in agreement with chemical, physical, 

biological and meteorological factors, such as resuspension of soil particles by the 

action of wind, volcanic emissions, sea spray and forest fires. The major and trace 

elements classified as natural are: Na, Mg, K, Ca, Si, Al, Cl, Fe, Ti (Brunelli, 2009; 

Farao, 2014).  

The anthropogenic sources, related mostly to high temperature processes, release 

certain metals in vapor form which can then form particles by condensation reactions or 

conversion to gas-particle. They are responsible for more than 50% of total emissions 

of Cr, Mn and V and for 20-30% of the annual release of Cu, Mo, Ni, Pb, Sb, As, Se, 

Hg, Sn and Zn into the atmosphere (Farao, 2014). Various metals are used as marker 

for the indentification of emission sources as discussed below (Mitra et al., 2002; 

ARPA, 2005; ARPAV, 2007) and also given in Table 1.2 and Table 1.3 (Calvo et al., 

2013). 

 Aluminum (Al), iron (Fe), calcium (Ca), silicon (Si), titanium (Ti) and 

manganese (Mn) are primarily derived from soil and rocks (crustal elements). 

The oxides of aluminum, calcium, iron and silicon are the main components of 

the fly ash of the natural combustion processes. Other elements also present in 

fly ash combustion are C, Mg, S, Ti, K and Na. 

 Sodium (Na), chlorine (Cl), magnesium (Mg), sulfur (S) are elements that come 

from marine aerosols.  

 Arsenic (As), cadmium (Cd), manganese (Mn), lead (Pb), nickel (Ni), antimony 

(Sb), selenium (Se), vanadium (V), and zinc (Zn) can volatilize during the 

process of high temperature combustion of fossil fuels and, when the 

temperature decreases, condense on the surface of suspended ash (fly ash). In 

particular, As, Cd, Cu, Ni, Zn are also indicators of metallurgical processes. 

 Bromine (Br), lead (Pb), barium (Ba), iron (Fe), copper (Cu), zinc (Zn), 

cadmium (Cd) are good indicators of emissions from transport vehicles. The 

concentrations of bromine and lead, in particular, have decreased compared to 
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the past due to the use of "green" gasoline. Sb, Cu and Ba are mainly originated 

from brake wear, whereas Zn and Cd are primarily derived from abrasion of the 

tires; in fact, such elements are used as additives for plastics and rubbers and 

therefore are emitted in the combustion of these substances. 

 Bromine (Br), lead (Pb), zinc (Zn), copper (Cu), sulfur (S) are elements emitted 

from various industrial activities. 

 Vanadium (V) and nickel (Ni) derive from combustion of fuel oils and 

particularly they are used as indicators of anthropogenic pollution. These 

elements are also present in traces in the primary particles of oil-fired power 

stations; Vanadium is also returned from diesel vehicles. 

 Zinc (Zn), antimony (Sb), copper (Cu), cadmium (Cd), mercury (Hg) are 

present in the elements emissions from the incineration of wastes.  

 Selenium (Se), arsenic (As), chromium (Cr), cobalt (Co), copper (Cu) are 

present in the primary particles of coal-fired power stations.  

 Nickel (Ni), vanadium (V), manganese (Mn), copper (Cu) are often issued in 

fusion processes. 
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Table 1.2. Inorganic marker elements associated with various emission sources (Calvo 

et al., 2013) 

Emission sources Characteristic element emitted 

 

Road transport  

Motor vehicle emissions Br, Pb, Ba 

Industrial facilities  

Oil fired power plants V, Ni 

Coal combustion Se, As, Cr, Co, Cu, Al 

Refineries V 

Non-ferrous metal smelters As, Ni smelting, Cu 

Iron and steel mills Mn 

Plant producing Mn metal and Mn chemicals Mn 

Cu refinery Cu 

Small combustion  

Refuse incineration Zn, Sb, Cu, Cd, Hg 

Use of pesticides As 

 

Table 1.3. Inorganic tracer elements associated with different emission sources 

(Adapted from Calvo et al., 2013) 
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1.6.4. Polycyclic Aromatic Hydrocarbons (PAHs) 

The most important part of the organic compounds are the polycyclic aromatic 

hydrocarbons (PAHs), which are normally emitted from human activities such as 

industry, vehicles emissions, incineration of waste and wood burning, domestic 

heating, oil refining, asphalt production, agricultural burning of biomass, shipping and 

flying (Ravindra et al., 2008). There is an increasing concern about aerosols especially 

with a diameter of 10 µm or less because of their inhalation into the deeper respiratory 

tract region without difficulty (Kameda et al., 2005). Probably this is one of the major 

reasons for considering the particle-bound PAHs as the most hazardous chemicals to 

human health. Although polycyclic aromatic hydrocarbons represent a small part of the 

particulate matter, they are ubiquitous organic pollutants, some of which are known as 

mutagenic and /or carcinogenic (Omar et al., 2006; Fang et al., 2002) and are mainly 

generated by incomplete combustion and pyrolysis of organic material (Manahan, 

2009). Polycyclic aromatic hydrocarbons in atmospheric particles have obtained a great 

deal of attention because of having carcinogenic effects of some of these compounds 

especially benzo(a)pyrene, benzo(a)anthracene, chrysene, benzo(e)pyrene, 

benzo(e)acephenanthrylene, benzo(j)fluoranthene, and  indenol. However, the most 

important one is benzo(a)pyrene because the body can easily metabolize to a 

carcinogenic form (Bahry 2007). Polycyclic aromatic hydrocarbons is the complex 

organic chemicals, consist of two or more fused benzene rings containing only 

hydrogen and carbon (Ravindra et al., 2008; Seinfeld and Pandis, 2006). PAHs found in 

the atmosphere both in lower and higher molecular weight. The lighter PAHs are found 

in the atmosphere in gas phase, whereas the heavier PAHs are totally adsorbed on to the 

particles. The carcinogenicity of PAH increases with the increases of molecular weight, 

whereas acute toxicity decreases (Ravindra et al., 2008).  

1.6.4.1. Formation of PAHs 

The main mechanisms that explicate the formation of PAHs are pyrosynthesis and 

pyrolysis. PAHs form from lower hydrocarbons through pyrosynthesis. Free radicals 

are formed when carbon-hydrogen and carbon-carbon bonds are broken down at a 

temperature higher than 500 0C. These free radicals join with acetylene and produce 

PAHs after condensation (Figure 1.11). The formation of PAHs from hydrocarbon by 

pyrosynthesis process varies in the order – aromatics> cycloolefins> olefins> parafins 
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(Manahan, 1994). Some controls such as type of fuels, oxygen amount and temperature 

influence the rate of production and fate of combusted-derived PAH in the environment 

(Lima et al., 2005). 

 

Figure 1.11. Pyrosynthesis of PAHs starting with ethane [Adapted from Ravindra et al., 

2008]. 

1.6.4.2. Priority PAHs 

The United States Agency for Toxic Substances and Disease Registry has given 

priority to 17 PAHs based on their toxicological profile specially availability of the 

information, harmfulness and exposure (ATSDR, 1995). On the contrary, based on 

toxicity, potential to human exposures, frequency of occurrence at hazardous waste 

sites and availability of information, United States Environmental Protection Agency 

(USEPA) has categorized 16 of the PAHs as priority-pollutants (ATSDR, 2005). They 

are listed in Table 1.4. Working groups of International Agency for Research on Cancer 

(IARC) also categorized agent or pollutant into four groups depending on their 

carcinogenicity. 
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Group 1: Carcinogenic to humans 

An agent may be placed in this category when there is sufficient evidence of 

carcinogenicity in humans. 

Group 2: Probably carcinogenic to humans (2A) and possibly carcinogenic to 

humans (2B) 

 An agent may be included in this group when the degree of evidence of 

carcinogenicity in humans is almost sufficient. This group also considers the evidence 

of carcinogenicity in experimental animals when there is unavailability of human data. 

This group is further divided into Group 2A (probably carcinogenic to humans) or 

Group 2B (possibly carcinogenic to humans) based on epidemiological and 

experimental evidence of carcinogenicity and mechanistic and other relevant data. 

Group 3: Not classifiable as to its carcinogenicity to humans 

Agent listed for which the evidence of carcinogenicity is inadequate in humans and 

inadequate or limited in experimental animals. 

Group 4: Probably not carcinogenic to humans 

 Agents for which there is evidence suggesting lack of carcinogenicity in humans and in 

experimental animals. 

Table 1.4. USEPA’s 16 priority-pollutant PAHs and selected physico-chemical 

properties (ATSDR, 2005). 

PAHs  Particle/gas 

phase 

Molecular 

weight 

(g/mole) 

Solubility 

(mg/L) 

IARC 

category 

Napthalene  
 

gas 128.17 31 2B 

Acenapthene  

 

gas 154.21 3.8 3 

Acenapthylene  
 

gas 152.20 16.1  
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Fluorene 
 

gas 166.22 1.9 3 

Anthracene  
 

Particle-gas 178.23 0.045 3 

Phenanthrene 
 

Particle-gas 178.23 1.1 3 

Fluoranthene 
 

Particle-gas 202.26 0.26 3 

Pyrene 
 

Particle-gas 202.26 0.132 3 

Benzo (a) 
anthrance  

particle 228.29 0.011 2B 

Chrysene 
 

particle 228.29 0.0015 2B 

Benzo (a) 
pyrene  

particle 252.32 0.0038 1 

Benzo (b) 
fluoranthene  

particle 252.32 0.0015 2B 

Benzo (k) 
fluoranthene  

particle 252.32 0.0008 2B 

Dibenz (a,h) 
anthracene  

particle 278.35 0.0005 2A 

Benzo (g,h,i) 
perylene  

particle 276.34 0.00026 3 

Indeno[1,2,3-
cd] pyrene  

particle 276.34 0.062 2B 

 USEPA has classified PAHs in italics as probable human carcinogens (NTP, 2005) 
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1.6.4.3. PAHs distribution 

PAHs exhibit a bimodal distribution (0.01-0.5 µm diameter) mode in ambient urban 

aerosol, with an additional mode in the 0.5-1.0 µm diameter range (Venkataraman and 

Friedlander, 1994, see Figure 1.12). 

 

Figure 1.12. Size distribution of benzo[a] anthracene a) measured inside a tunnel and b) 

the ambient atmosphere of southern California. 

1.6.4.4. Partitioning between gas and aerosol phase 

Polycyclic aromatic hydrocarbons remain in the atmosphere either as particulates or in 

the form of gases because their vapour pressures vary over several order of magnitude. 

Generally lower molecular weight PAHs are present in the atmosphere in gaseous 

phase, while the higher molecular weight PAHs remain as particulate PAHs. There is a 

rule of thumb proposed by Baek et al (1991) that 2-3 ring PAHs (naphthalene, fluorene, 
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phenanthrene, anthracene) are predominantly in the gas phase, four-ring PAHs (pyrene) 

remain in both phases, while 5-6 ring PAHs exist mainly in the aerosol phase.  The 

distribution of PAHs between gas and particle phases can be calculated using the 

partitioning constant Kp (Yamasaki et al., 1982; Pankow, 1987). 

ܭ = ೌೝ
ெ

 ……………………………………     (Eq. 1.4) 

Where,  

Kp = Temperature-dependent partitioning coefficient (m3 µg-1) 

Caer = Aerosol-phase concentration of the species (µg m-3)      

Mt = Total ambient aerosol mass concentration (µg m-3)      

Cg = Gas-phase concentration of the species (µg m-3) 

1.6.4.5. Sources of PAHs 

PAHs are formed mainly from incomplete combustion and pyrolysis of fossil fuels or 

wood and from the release of petroleum products (Manahan, 1994). There are also 

other sources such as petroleum spills, oil seepage and diagenesis of organic matter in 

anoxic sediment. Broadly, there are five major emission sources of PAHs such as 

domestic, mobile, industrial, agricultural and natural (Ravindra et al., 2008). 

1.6.4.5.1. Domestic Emission 

This includes burning of coal, oil, gas, garbage and other organic substances such as 

tobacco or char broiled meat (Smith, 1987). Several wastes used mainly in developing 

countries such as wood, dried animal-dung-cake and crop waste (agricultural residue) 

are also responsible for domestic emissions (WHO, 2002). During 45-60 minutes of 

cooking, the concentration of 16 USEPA PAHs were 2.0 µg m-3 (wood), 3.5 µg m-3 

(wood/dung), and 3.6 µg m-3 (dung-cake). 
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1.6.4.5.2. Mobile Emissions: 

Emission from transportation is the main sources of mobile emissions such as aircraft, 

shipping, railways, automobiles, off-road vehicles and machinery. Emissions from 

these sources depend on engine types, load and age, fuel type and quality (such as 

aromaticity). 

1.6.4.5.3. Industrial Emissions 

The main industrial sources of PAHs are primary aluminium production (plant using 

Soderberg process), coke production (part of iron and steel production), creosote and 

wood preservation, waste incineration, cement manufacture, petrochemical and related 

industries, bitumen and asphalt industries, rubber tire manufacturing and commercial 

heat/power production (PAHs Position paper, 2001). 

1.6.4.5.4. Agricultural Sources 

Burning of agricultural waste is another major source for PAHs which includes stubble 

burning, open burning of moorland heather for regeneration purposes, and open 

burning of brushwood and straw.  

1.6.4.5.5. Natural Sources: 

a. Terrestrial origin: Terrestrial origin includes non-anthropogenic burning of 

forest, woodland, and moorland due to lightning strikes (Baumard et al., 1999).  

In nature, PAHs generally form in three ways such i) high-temperature 

pyrolysis of organic materials, ii) low to moderate temperature diagenesis of 

sedimentary organic material to form fossil fuels and iii) direct biosynthesis by 

microbes and plants (Neff, 1979). 

b. Cosmic origin: Carbonaceous chondrites originated in the main asteroid belt 

and are not associated with life (Halasinski et al., 2005). 

1.6.4.6. Ambient air quality standards for PAHs 

Although there is no mandatory air quality standard for PAHs, Many countries have 

included PAHs to their hazardous air pollutants list (Table 1.5). 
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    Table 1.5. Non-mandatory ambient air quality standard for the B[a]P (Adapted from 
Ravindra et al., 2008) 
 
Countries Limit valuea (ng m-3) Guide value (annual 

average) (ng m-3) 
Australia - 1.0 
Belgium 1.0 0.5 
Croatian 2.0 0.1 
Germany - 10.0 
Indiab - 5.0 
Netherlands 1.0 0.5 
France 0.7 0.1 
Italy 1.0 - 
Sweden - 0.1 
UK - 0.25 
WHO - 1.0 
EUc 6 - 
EU  1.0d 
 

a Limit value may not be exceeded and exceeding the guide value should be avoided. 
b Reducing 1 ng m-3 every year from 2005 till 2010 to meet 1 ng m-3 in 2010. 
c To be met in 2010. 
d Target value for the total content in the PM10 fraction. 

1.6.5. Secondary Organic Aerosols (SOA) 

Organic aerosols comprise of primary organic aerosol (organic compounds emitted 

directly from sources) and secondary organic aerosol (it can be formed in-situ by 

condensation of low-volatility hydrocarbon-oxidation products). The capability of 

volatile organic compound (VOC) to produce secondary organic aerosol depends on 

three factors (Seinfeld and Pandis, 2006) such as i) the volatility of its oxidation 

produces, ii) its atmospheric abundance and iii) its chemical reactivity. Organic gases 

are oxidized by several species mainly O3, OH and NO3. Atmospheric oxidation 

mechanisms of VOC have been studied in detail by Atkinson and Arey (2003). A 

simplified reaction mechanism for the atmospheric oxidation of a generic VOC has 

been given in Figure 1.13. According to Seinfeld and Pandis (2006), the formation of 

SOA follows the three step process.  

 Production of SOA compounds from the parent VOC through gas-phase 

chemical reaction, 
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 Partitioning of SOA into gas and particle phases (partitioning is influenced by 

temperature, presence of other organics and humidity), 

 Breaking down of SOA to other chemical compound by the particle-phase 

reaction. 

 

Figure 1.13. Reaction mechanism for the atmospheric oxidation of a generic VOC 

(Atkinson and Arey, 2003). 
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Figure 1.14. Formation of secondary organic aerosol in the atmosphere 

A schematic diagram of the formation of SOA in the atmosphere has been given in 

Figure 1.14. Aromatic hydrocarbons are the most important anthropogenic SOA 

precursors and principal component of SOA in large urban areas (Pandis et al., 1992) 

whereas monoterpene, sesquiterpene and isoprene oxidation products are major 

contributor to SOA in rural forested areas (Odum et al., 1997). Main anthropogenic and 

natural sources of SOA precursors are combustion of fossil fuels and wood, biomass 

burning, solvent use, emission by vegetation and oceans (Duce and Mohnen, 1983; 

Jacobson et al., 2000; Seinfeld and Pandis, 2006). Approximately, 8-40 Tg yr-1 of SOA 

may come from biogenic sources (IPCC) , whilst SOA production may increase up to 

50 Tg yr-1 due to anthropogenic sources (Kanakidou et al., 2000). 

1.6.6. Secondary Inorganic Aerosols (SIA) 

Sulphate (SO4
2-), nitrate (NO3

-) and ammonium (NH4
+) are the main SIA that are 

formed from the gas-phase precursors SO2, NOx and NH3. 
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1.6.6.1. Sulphate 

The formation of SO4
= from the oxidation of SO2 follows three different pathways 

(Figure 1.15): the oxidation of SO2 by the hydroxyl radical in gas phase, ii) the 

dissolution of SO2 in cloud, fog and rain water followed by aqueous-phase oxidation, 

and iii) the oxidation of SO2 in reactions in the water of the aerosol particles 

themselves. H2SO4 formed in the above pathways is neutralised by NH3 to form 

ammonium sulphate (NH4)2SO4 or NH4HSO4. 

 

Figure 1.15. Schematic of the three pathways (reaction in the gas, cloud and condense 

phases) for the formation of SO4
2-, in the atmosphere. (NARSTO, 2004). 

 

1.6.6.2. Nitrates 

Nitrates are formed by the oxidation of NO and NO2 (NOx) both in daytime (reaction 

with OH) and during the night (reaction with ozone and water) (Wayne et al., 1991). 

Nitric acid is continuously transferred between the gas and the condensed phases 

(condensation and evaporation) in the atmosphere (Figure 1.16). The formation of 

aerosol NH4NO3 is favoured by availability of NH3, low temperatures and high relative 

humidity. 
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Figure 1.16. Schematic of the formation of HNO3 and particulate NO3
- in the 

atmosphere. Formation of particulate NO3
- from HNO3 requires either reaction with 

NH3, sea salt or alkaline dust. (NARSTO, 2004) 

 

1.6.7. European limit values for ambient air quality 

European Commission directive (2008/50/EC) introduced a range of binding and non-

binding objectives for particular matter (Table 1.6). This directives also set limit values 

for particulate matter for short-term (24-hour) and long-term (annual) exposure. 
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Table 1.6. Air quality limit and target values for PM10 and PM2.5 (Adapted from EC, 2008) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Note: (a) Indicative limit value (Stage 2) to be reviewed by the Commission in 2013 in the light of further information on health and 
environmental effects, technical feasibility and experience of the target value in Member States. 
 
(b) Based on a three-year average 
 
 

Size fraction Average period Value Comments 

PM10, limit value One day 50 µg/m3 Not to be exceeded on more than 35 days 

per year. To be met by 1 January 2005 

PM10, limit value Calendar year 40 µg/m3 To be met by 1 January 2005 

PM2.5, target value Calendar year 25 µg/m3 To be met by 1 January 2010 

PM2.5, limit value Calendar year 25 µg/m3 To be met by 1 January 2015 

PM2.5, limit value (a) Calendar year 20 µg/m3 To be met by 1 January 2020 

PM2.5, exposure concentration 

obligation (b) 

 20 µg/m3 2015 

PM2.5 exposure reduction target 

(b) 

0-20% reduction in exposure (depending on the average exposure indicator in the reference year) 

to be met by 2020 
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1.6.8. Motivations and outlines of this thesis 

Atmospheric aerosols consist of various organic and inorganic compounds (Alves, 

2008). There are different kinds of compounds present in the atmospheric aerosols such 

as carbonaceous fraction, polycyclic aromatic hydrocarbons, ions, heavy metals, n-

alkanes, dicarboxylic acids, water soluble compounds etc.  However, high aerosol 

concentrations can cause a wide range of impacts on human health and also natural 

ecosystems, agriculture, visibility and tropospheric oxidation capacity. For example, 

polycyclic aromatic hydrocarbons represent a small part of the particulate matter, but 

they are ubiquitous organic pollutants, some of which are known as mutagenic and /or 

carcinogenic (Omar et al., 2006). The elemental carbon (EC) has significant impact on 

reducing visibility because of its light absorption properties in the atmosphere. In 

addition, EC is a potential carrier of toxic compounds into human and animal 

respiratory systems (Japar et al., 1986). On the other hand, researchers are very much 

concerned about trace metals as some of them are toxic and have hazardous impacts on 

human health and living organisms (Gracia et al., 2011). Most studies concluded that 

particulate matter is the main pollutant causing deaths in Europe today. Therefore, 

scientists all over the world are carrying out researches on atmospheric aerosols 

because of their great influence on global radiation budget, cloud microphysics, global 

climate change and human health. 

However, various anthropogenic activities are responsible for the emission of aerosol 

components into the atmosphere. The most important part of the organic compounds 

includes polycyclic aromatic hydrocarbon which are normally emitted from human 

activities such as industry, vehicles emissions, incineration of waste and wood burning, 

domestic heating, oil refining, asphalt production, agricultural burning of biomass, 

shipping and flying (Ravindra et al., 2008). The main sources of elemental carbon are 

biomass burning and fossil fuel combustion. In contrast to EC, OC (organic carbon) is 

not only directly emitted from sources, but also can be produced by atmospheric 

reactions from gaseous precursors. Humans play a significant role in atmospheric 

particulate pollution by different ways such as transportation, industrial activities, 

biomass burning and agricultural activities. However, there are some natural sources 

which contribute trace elements to the atmosphere such as erosion, surface dusts, 

volcanic activity, oceans, and forest fires (Karanasiou et al. 2007). 
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Although several works have been conducted on organic and inorganic components 

present in atmospheric aerosols in Italy, no extensive investigations have been 

conducted in Venice. A main limitation of the papers so far published in Italy is that 

they did not discuss all organic and inorganic pollutants all together and also have 

collected measurement in a limited number of stations. Moreover, very limited research 

was conducted about the source apportionment of these compounds which are very 

important to implement source-related mitigation measures. Furthermore, the recent 

European Council Directive (2008/50/EC) has given great emphasis to the monitoring 

of particulate matter (diameter less than 2.5 µm, PM2.5) in Europe (EC, 2008). The new 

annual limit value for PM2.5, fixed at 25 µg m-3 to be met in 2015, is not achieved yet in 

several European sites so far. In particular, some studies (Putaud et al., 2010) indicated 

that particulate matter pollution increases from North to central and Southern Europe. 

The most adverse situations are reported during the winter season in medium and large 

cities and, in general, in Benelux and Northern Italy, where high air pollution may 

cause serious risks for human health (EC, 2004).  

 

This work is the first one conducted in the Veneto region with the collaboration of 

ARPAV (Agenzia Regionale per la Prevenzione e Protezione Ambientale del Veneto). 

It includes all important organic (OC/EC and PAHs) and inorganic pollutants (trace 

elements), which were characterized at regional scale for an extended period of time. 

Keeping the above points in mind, an investigation has been carried out with the 

following objectives. 

 

i) To analyze the chemical composition (EC, OC, PAHs and Trace elements) 

of PM2.5 at regional scale (Veneto) 

ii) To monitor the seasonal trends of the components present in PM2.5 at 

regional scale (Veneto) and their relationship with micro-meteorological 

parameters. 

iii) To quantify source contributions to PM2.5 at the Veneto regions using 

receptor models [Factor Analysis (FA)] 
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2.1. Study area 

2.1.1. The Po Valley 

The Po Valley, a vast geographical area located in Northern Italy, included within the 

basin of the river Po, is bordered to the north and west by the Alps, the Apennines to 

the south and east by the Adriatic Sea. The territory of the Po Valley covers a very 

extensive area in different regions of northern Italy such as Piedmont, Lombardy, 

Veneto and Emilia-Romagna. It is one of the largest plains in Europ,  about 47000 km2 

and also one of the most densely populated areas in Italy as well as in Europe 

(approximately 20 million inhabitants) (Hamed et al., 2007; Larsen et al., 2012; Masiol 

et al., 2012a; Squizzato et al., 2012a).  It is also considered one of the largest industrial, 

commercial and agricultural zones (Crosier et al., 2007; Koelemeijer et al., 2006; 

Masiol et al., 2010; Schenone and Lorenzini, 1992). 

However, air quality is seriously affected by industrial emissions, urbanization and road 

traffic (Sogacheva et al., 2007; Stracquadanio et al., 2007). It is also known that the Po 

Valley represents, for some time, one of the most polluted areas in Europe 

(Koelemeijer et al., 2006; Masiol et al., 2012b; Putaud et al., 2010; Squizzato et al., 

2012a) and struggling with several pollutants especially atmospheric particulate matter, 

ozone and nitrogen oxides (Belis et al., 2011; Masiol et al., 2012a). 

The peculiar topography and unfavorable climatic conditions of this region play a 

leading role with regard to the high levels of pollution present (Masiol et al., 2010; 

Sogacheva et al., 2007; Squizzato et al., 2012a). The presence of the Alps in the north 

and north-west, the Apennines to the south protect the Po valley from cold winds 

coming from the north-northeast (Crosier et al., 2007; Larsen et al., 2012). These 

conditions do not allow the dispersion of pollutants, but it favors the accumulation and 

permanence in air (Hamed et al., 2007; Masiol et al., 2012c; Sogacheva et al., 2007; 

Squizzato et al., 2012a), making winter the most polluted year period (Larsen et al., 

2012). 
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2.1.2. Veneto Region 

The research work was conducted in the Veneto region located in the northeastern part 

of the Italy. This region has an area of ~18.4 × 103 km2 which extends 210 km to the 

North-South direction and 195 km to the West-East direction. Geomorphologically, this 

region is characterized by northern mountainous areas (29%), intermediate hilly (15%) 

and plain areas located in the southern part. Such variety, enhanced by the presence of a 

considerable coastline situated between the lagoon areas and the delta of the Po, makes 

an appreciable diversified climate that goes from the mountain to the relatively low 

temperature-zones of the rest of the region (1-3 0C in January and 23-25 0C in 

July). The eastern exposure causes the territory to be crossed by Bora and Scirocco 

winds that cause abrupt climate change. Annual rainfall peaking at the foothills of the 

Alps is between 1500 mm to 2000 mm. Rainfall decreases moving towards the alpine 

areas (less than 1500 mm), hilly areas, plains (1000 mm-1300 mm) and the area of the 

Po delta (600 mm). Approximately 4,866,324 inhabitants are living at Veneto region 

with a density of 264 inhabitants/Km 2. The morphological characteristics and climatic 

conditions have a decisive effect on the distribution of the population concentrated 

largely in the southern areas of the region. Human activities coupled with peculiar 

weather conditions which are favorable for accumulation and nucleation of pollutants 

make polluted this area (EEA, 2013b). There are seven administrative provinces 

(Venice, Padua, Vicenza, Verona, Treviso, Belluno and Rovigo) and 581 municipalities 

in the Veneto region. This study included all provincial capitals with the exception of 

Verona (See Figure 2.1). The features of each station are given at Table 2.1.  
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                       Figure 2.1. The location of the sampling stations. 
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Table 2.1. The features and meteorological parameters of the measurement sties at Veneto region. 
 
Province Municipality Latitude Longitude Altitude 

(m) 

Site characteristics Temperature 

(0C) 

Solar 

radiation 

(Wm-2) 

Wind velocity 

(ms-1) 

Humidity 

(%) 

Precipitation 

(mm) 

BL Belluno 46.143 N 12.218 E 401 Park, residential-commercial 10.9±9.6 147.5 0.7 79.5 0.15 

 

TV Conegliano 45.890 N 12.307 E 72 Residential area 14.9±9.4 160.1 1.5 62.8 0.12 

 

VI Vicenza 45.560 N 11.539 E 36 Residential area 13.8±9.9 154.1 0.7 78.5 0.07 

 

PD Padova 45.371 N 11.841 E 13 Residential area 14.5±9.8 96.1 0.1 71.8 0.08 

 

VE Venice-

Mestre 

45.498 N 12.261 E 1 Park, residential 13.0±9.3 147.7 0.7 78.7 0.11 

 

RO Rovigo 45.074 N 11.782 E 7 Residential-commercial area 13.9±10.2  1.3 76.5 0.05 
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2.2. Heating period in the Veneto Region 

In this thesis, as mentioned previously, six measurement stations were involved for 

being representative of the entire region. Each site identifies the specific 

microenvironments such as: 

 The alpine environment: Belluno 

 The hilly environment: Conegliano 

 The environment of the lagoon: Venice - Mestre 

 The environment of the plains: Vicenza, Padua and Rovigo. 

The law regulating the periods of switching on and off the heating systems (Law and 

n.10/91 dpr n.412/93) includes the area of the province of Belluno under F and the 

provinces of Venice, Padua, Vicenza, Treviso and Rovigo under E. In Zone E, the 

heating period starts on October 15 and continues until April 15 each year for 14 hours 

a day. The area F, relative to the location that record lower average temperatures on the 

national stage, does not provide for any time limitation. 

2.3. Sampling of PM2.5 

The PM2.5 samples were collected by ARPAV (Regional Agency for the Protection of 

Environment in Veneto) at six major cities located in six provinces of the Veneto 

region from April 2012 to March 2013 using low-volume samplers (Low Volume 

Sampler, LVS) with a nominal capacity equal to 2.3 m 3 h-1, which draw air 

continuously for 24 hours starting at midnight (EN 14907:2005). The PM 2.5 samples 

were collected on quartz fiber filters (Whatman QMA, GE Healthcare, USA) with a 

diameter of 47 mm. Sixty samples per sampling site were collected in every alternate 

month (April, June, August, October, December and February): 10 samples per 

sampling site in 10 consecutive days of the months selected. The sampler from the 

company "Zambelli" has been used to collect the samples from Venice (Mestre) 

whereas the sampler of the company “Tecora” is used for the other five measurement 

stations. The particles are separated on the basis of a measure of the aerodynamic 

diameter (D ad). The samplers are made by a series of nozzles that allow entering the 
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particles with a diameter equal to or less than 2.5 micron and preventing the passage of 

particles with greater diameter.  

2.4. Quantification of PM 2.5 

As reported by — EN 14907:2005, PM filters were conditioned before and after being 

weighted in a climatic chamber provided with a control system for the temperature and 

humidity (20 ± 1 ºC and relative humidity of 50 ± 5%) (Emerson S05KA Emerson 

Network Power – Piove di Sacco-Pd). After this, an analytical balance (Sartorius series 

Genius, mod. SE2, Germany) with a sensitivity of 0.1µg was used to measure the 

particulate mass collected on the filter surface. Finally, the samples were inserted in the 

"Petri dishes" and stored in a special freezer at a temperature of -20 ºC. In order to 

correct the values for particulate matter and evaluate possible contamination of the 

filter, field blank samples were collected where the filters were placed inside the 

sampler, but were not exposed to the air flow. Each sampled filter was divided into four 

sub-samples (16 mm diameter) through the use of a puncher (Figure 2.2) taking the 

assumption that a punch is the representative of an entire filter, and the particulate 

matter is homogeneously distributed on the surface.  

 

 
Figure 2.2: Subdivision of the filter into three subsamples 
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Each sub-sample was treated differently depending on the type of pollutant 

considered. This thesis project involved the analyses of three of the sub-samples, 

representative of the organic and inorganic components present in PM2.5 such as 

 Elemental and organic carbon  

 PAHs and 

 Trace element.   

2.5. Analyses of the carbonaceous fraction 

The carbonaceous fraction (Organic and elemental carbon) was quantified with the 

Sunset Lab OC-EC Aerosol Analyzer (Sunset Laboratory Inc., USA; Figure 2.3), an 

instrument analyzing the carbonaceous fraction by thermal optical transmission 

following the NIOSH 5040 protocol. 

 

 

 

 

Thermal/optical methods are typically used for the measurements of both organic (OC) 

and elemental carbon (EC). Three characteristic features of this method are very  

important. The first one is the optical detection and correction for elemental carbon. 

Elemental carbon is naturally present in many of these samples from some combustion 

source such as a diesel exhaust. This black material is a very strong absorber of light, 

and almost the only absorber in the red light region. In addition to this type of 

elemental carbon, in the sample more elemental carbon can be formed from some 

charring of the organic carbon fraction of the sample as it is pyrolyzed during the initial 

Fig. 2.3: Sunset Lab OC-EC Aerosol Analyzer 
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temperature ramp. This can begin occurring at a temperature as low as 300 °C 

depending on the organic components on the filter. This charring of organic carbon 

could result in an artificially low measurement of the organic carbon and a higher than 

actual measurement for the original elemental carbon if no correction is made.  

 

Figure 2.4. Thermogram for filter sample containing organic carbon (OC), carbonate 

(CC), and elemental carbon (EC). PC is pyrolytically generated carbon or ‘char.’ Final 

peak is methane calibration peak.  

The determination of organic and elemental carbon by this technique is accomplished 

through temperature and atmosphere control, considering that EC, as opposed to OC, 

evolves at temperature higher than 350°C and in oxidant atmosphere. The analysis 

proceeds essentially in two stages: the first one in helium atmosphere and the second 

one in oxidant atmosphere, where the temperature is stepped to about 850°C and above 

940°C, respectively. However the temperature set points and the residence times at 

each temperature step change with the thermal evolution protocol used (IMPROVE, 

NIOSH, EUSAAR). The evolved carbon is catalytically oxidized to CO2 and then 

reduced to CH4, which is quantified by a flame ionization detector (FID). Taking into 

account the EC light absorbing properties, a He–Ne laser light (passing through the 

filter) allows continuous monitoring of transmittance in order to correct for pyrolitically 

generated carbon (PC), which is formed as oxygen enters the oven and determines an 
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increase in filter transmittance. The point at which the filter transmittance reaches its 

initial value is defined as the "split" between OC and EC. At the end of each analysis, a 

known volume of methane is injected into the sample oven allowing the instrument 

calibration (Figure 2.4).  

2.5.1. Calibration 

Since it is not available to date an appropriate standard for organic carbon, elemental 

and carbonates in the aerosol, and as the process of catalytic oxidation-reduction is 

independent of the type of sample, for calibration of the instrument and to test the 

efficiency of the thermal-optical method different carbonaceous materials can be used 

as a standard. In this thesis, the calibration curve was constructed (Figure 2.5) with four 

standard solutions of sucrose, by plotting the amount(µg) of carbon content in a given 

volume of solution injected onto the filter (µgC calculated ) against those detected by 

the instrument (µg C instrumental). By calculating the standard deviation of the slope 

and intercept of the straight regression line and knowing the tabulated value for the 

variable t -student with a 95% confidence, the slope and the intercept can be considered 

not significantly different from 1 and 0, respectively. 

 
Figure 2.5. Calibration line: plot of µg C calculated against those instrumental for four 

standard solutions of sucrose. 
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concentrations from 0.2 to 2 µg C. A calibration curve was prepared by plotting the 

calculated values in µg of carbon contained in the known volume injected onto the 

filter against those instrumental. 

 

Figure 2.6. Sensitivity plot of µg C calculated against those instrumental for eleven 

standard solutions of sucrose in a concentration range between 0.2 and 2 µg C.  

Finally, LOD was calculated from the linear regression using the following formula: 

                                                 LOD = 3Sy / m 

Where Sy is the standard deviation of the linear regression and m is the slope of the 

line. Using this procedure, having obtained a Sy equal to 0.04 and a slope of 0.94, LOD 

is obtained equal to µg 0.13 of carbon (Figure 2.6). Also in this case we can say that the 

slope and intercept of the regression line can be considered not significantly different 

from 1 and 0 respectively at 95% confidence. Organic and elemental carbon analyses 

were conducted at the laboratory of the Department of Chemistry, University of Bari by 

following the procedure established by Birch and Cary (1996). 

2.6. Data of pollutants and automatic weather stations 

This research also used the meteorological data [rainfall (mm), barometric pressure 

(mbar), air temperature (0C), solar radiation (Wm-2), relative humidity (%) and wind 
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speed (ms-1)] and gaseous pollutant concentrations (CO, NOx, SO2, and O3) from the 

continuous monitoring stations of ARPAV and the Meteorological Centre of Teolo for 

conducting statistical analysis. 

2.7. Analysis and quantification of PAHs 

One sub-sample has been used for identification and quantification of eight PAHs: 

benzo [a] anthracene (BaA), chrysene (Chry), benzo [b] fluoranthene (BbF), benzo [k] 

fluoranthene (BkF), benzo [a] pyrene (BaP), dibenzo [a, h] anthracene (DahA), benzo 

[ghi] perylene (BghiP) and indeno [1, 2,3-c, d] pyrene (IP). 

The analytical procedure was divided into several phases. Each punch (representative 

part of the sample) of the filter was ultrasonically extracted two times for 25 minutes 

with 3-5 mL of acetonitrile (CH3CN, HPLC grade, ≥99.9%, Sigma-Aldrich). After 

completion, the extract was filtered into a vial using PTFE syringe filter with a porosity 

of 0.2 µm. 

For the analysis of the eight congeners a 2695 series Alliance high performance liquid 

chromatograph (HPLC, Waters, USA), equipped with auto-sampler, quaternary pump, 

micro-degassercolumn thermostat and interfaced with a 2475 multi λ fluorescence 

detector, has been used. The mobile phase consisted of a mixture of ultrapure water 

(Milli-Q) and acetonitrile (CH3CN) (HPLC grade, ≥99.9%, Sigma-Aldrich). HPLC set-

up was the following: reversed phase chromatographic column (LC-PAH, 15 cm × 3 

mm, 5 mm, Supelco, USA) at a temperature of 25 0C, injection volume 5 mL, mobile 

phase system consisting in a varying mixture of ultrapure H2O and acetonitrile at a flow 

rate of 0.5 mL min-1. Inside the container the water was bubbled with an inert gas, 

helium, to eliminate any gas dissolved in it. In order to increase the strength of eluent 

and improve the separations, a gradient elution was carried out. The relationship 

between the percentage of water and acetonitrile during the run has changed as follows: 

initial phase: 20% H2O and 80% CH3CN; 100% CH3CN after 13 minutes of running; 

final phase: 20% H2O and 80% CH3CN). The chromatography column was a reversed 

phase (reversed phase), with a polar stationary phase and polar mobile phase (H2O and 

CH3CN). The column was maintained at a temperature of 25°C, while the samples were 

maintained at a temperature of 15 °C. 
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The system injects a small aliquot of the sample (5 µL) into the column with a flow rate 

of 0.5 mL min-1. The eluent is pushed onto the stationary phase due to the applied 

pressure by a pump to the column head. This system guarantees analysis in a short time 

and a good resolution. The compounds output from the column are detected with a 

fluorescence detector, which indicates the presence of the compounds, and generates a 

signal as a function of time. The fluorimeter measures the energy released in the form 

of photons to particular classes of fluorescent substances, IPA in our case, when excited 

with ultraviolet radiation. 

The UV light from a lamp (set to a specific wavelength, λ) passes through a flow cell. 

When the fluorescent sample passes through the cell, absorbs radiation, is excited and 

emits the fluorescence radiation with higher λ. The intensity of the light emitted is 

measured by a photomultiplier placed at 90° with respect to the incident beam. The 

detector used, during each run, makes two changes of wavelength from 270 nm to 290 

nm and finally at 300 nm. Each congener emits at a particular wavelength, specific for 

each compound. 

2.7.1. Quality Assurance / Quality Control (QA / QC) 

Instrumental response was obtained using five successive dilutions of a certified 

standard PAH-Mixture PM-613A (Ultra Scientific, USA). The analytical method was 

systematically validated by measuring the certified reference material ERM-CZ100 

PAHs (JRC, Belgium) and recovery efficiencies varied from 75% to 125%. The limit of 

detection (LOD) for all contenders, calculated using surrogate standards with 0.5 ng 

mL-1 was equal to 0.02 ng m-3. The error was calculated on the intermediate 

repeatability obtained from the results of the recovery of the reference material. Field 

blank samples were also collected in order to evaluate the possible contribution of 

contaminations to PAHs concentrations and every ten samples were placed with a blank 

(acetonitrile) and two controls. 
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2.8. Procedure and analytical instrumentation of trace element 

2.8.1. Materials and tools used 

 
 Microwave oven (Ethos 1600, Milestone, Italy, Figure 2.7) 

 Analytical balance 

 Teflon beaker 

 Syringe filter (cellulose acetate, diameter 25 mm, porosity 0.45 µm) 

 Syringe (50 mL) 

 Acetone 

 NIST (Standard Reference Material 1648, Urban Particulate Matter) 

 Water (Milli-R and Milli-Q) 

 Nitric Acid (69%, Fluka-analytical-sigma alrich) 

 Hydrogen peroxide (Chem-lab) 

 Hydrogen fluoride (Fluka-analytical-sigma Aldrich) 

 Inductively coupled plasma optical emission spectrometer (ICP-OES, optima 

5300 DV, Perkin-Elmer, USA) 

 Inductively coupled plasma mass spectrometer (ICP-MS; Elan 6100, Perkin-

Elmer) 

 PTFE bottles 

 Ceramic scissors 

 Tetrafluor methoxi vessels (TFM vessels) 

 

 

 

 Figure 2.7: Digester ETHOS 1600 Milestone®. 
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2.8.2. Digestion Procedure 

The bottles made of polyethylene (PE) were kept under conditioning with 5% HNO3 

solution for 15 days to avoid the possible contamination of Cd and Zn (possible 

components of plastics) from the plastic bottle. 

I. Before sample digestion, the TMF vessels were filled with acid mixture (4 ml 

HNO3: 2 ml H2O2: 1 ml HF) and cleaned with three step digestion 

II. Filters were placed in TFM vessels 

III. Acids were added into the vessel (4 ml HNO3: 2 mL H2O2: 1 mL HF) and the 

samples were homogenized by gently swirling. 

IV. The vessels were closed and set into the rotor segment and finally each cap was 

tighten by using the torque wrench 

V. The segment was inserted into the microwave cavity 

VI. The microwave program was run to complete the digestion using the protocol 

proposed by Karthikeyan et al. (2006) and given in Table 2.2 

VII. The rotor was cooled by air until the solution reached the room temperature 

(time required: allowed 1.5 hrs).  

VIII. The digested solution was diluted to 25 mL with ultrapure water, filtered 

through syringe fitted with a Teflon filter and stored at 4 0C in PTFE bottles. 

IX. After each round of digestion, each vessel was cleaned with acetone to remove 

any organic residue (especially for winter samples) and,  finally, the vessels 

were filled with the same amounts of chemicals used for sample digestion and 

cleaned using the same digestion program to be ready for next run. 

 

Table 2.2. Microwave Program 

Step Time Power (W) 

1 5 250 

2 5 400 

3 2 600 
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In addition to the samples, the following samples were also treated with the same 

procedure 

 Blank filters 

 Blank reagent: solutions containing the same mixture of acids of the samples, 

useful to verify the quality and the reagents and whether there were phenomena 

of pollution of the containers during the analysis 

 Standard Reference Material (SRM), NIST (National Institute of Standard & 

Technology): This material was used to evaluate the analytical method adopted 

to analyse the particulate matter. Approximately 2 g of NIST (Taylor and 

Kuyatt, 1994) were taken and analyzed according to the similar way as samples 

(Squizzato, 2011) 

 

Before identification of the elements by ICP�MS and ICP�OES the samples were 

diluted according to the following way: 

 

 For the ICP �OES:  

o For sample: 5 mL of the sample and 5 mL of Milli�Q water [1:2)] 

o For blank filter: 5 mL of the sample and 5 mL of Milli�Q water [1:2] 

o For blank reagent: 5 mL of the sample and 5 mL of Milli�Q water [1:2] 

o For NIST: two dilutions was prepared; 1 mL sample + 4 mL Milli�Q 

water [1: 5] and 1 mL sample + 9 mL Milli�Q water [1:10] 

 For the ICP�MS, samples were prepared also with the internal standard 

(Rhenium solution).  

For sample: 1:1 [1.4 mL of Rhenium (100 ppb in the nitric acid solution), 2.1 

mL of Milli�Q water and 3.5 mLof sample] 

For NIST: 1: 5 (2 mL solution of Rhenium, 6 mL of Milli�Q water, 2 mL of 

NIST) to 1:10 (2 mL solution of rhenium, 7 mL of Milli�Q water and 1 mL 

NIST). 
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2.8.3. Inductively coupled plasma optical emission spectrometer 

  

 

Figure 2.8: Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES). 

The main advantage of Inductively Coupled Plasma Optical Emission Spectrometry 

(ICP-OES) (Figure 2.8) instrument is its greater sensitivity and its ability to determine 

the concentrations of certain elements, at values below the g L�1 limit.  The liquid 

sample is introduced into plasma as an aerosol suspended in argon gas by a 

nebulization process.  The aerosol samples are desolvated and vaporized and finally 

undergo an atomization and ionization process in the ICP. Due to high temperature in 

the plasma (7000-10000 °K), all the elements present in the sample are atomized in 

argon to achieve a higher energy level than in their ground state. The excited electrons  

then return to the original state, either directly or by intermediate energy levels, 

emitting quanta of light energy that generate an emission spectrum at different 

wavelengths (lines). A layout of a typical ICP-OES instrument is given in Figure 2.9. 
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Figure 2.9. A layout of a typical ICP-OES instrument 

Since all the atoms in the plasma are excited simultaneously, the light emitted 

(emission broadband) is a combination of all wavelengths of individual atoms and ions 

present in the sample and in the plasma gas. The emission of the plasma is 

polychromatic and this polychromatic light is separated according to individual 

wavelength by monochromator (measure light at one wavelength at a time) or 

polychromator (measure light at several different wavelengths at once). Finally the 

detection of the light is carried out by a photosensitive detection such as photo-

multiplier or chare-couple device (CCD) at each designated wavelength. The intensity 

of the polychromatic light emitted by the sample then passes through an optical system 

which is selected as a function of wavelength. The concentration of element in the 

sample is obtained using plot between emission intensities of the signals and the sample 

compared to reference solutions of known concentration.  

The model used (OptimaTM 5300 DV Perkin-Elmer) is characterized by a dual 

detector system: the UV detector operates at a wavelength of between 165 and 403 nm, 

while the VIS detector between 404 and 782 nm, so as to cover a high range of 

wavelengths. The intensity of each wavelength is then converted into electrical signals 
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by a detector CDD (Charge Coupled Detector Device). Elements determined by ICP-

OES and ICP-MS have been listed in Table 2.3. 

2.8.4. Inductively coupled plasma mass spectrometer  

The principle of operation of the first part of the instrument is very similar with ICP-

OES. The Inductively Coupled Plasma Mass Spectrometer (ICP-MS) is an analytical 

tool that allows the determination of some elements, also present below the single part 

per trillion (ppt) level (Fig. 2.10). It combines two components: a source for the 

inductively coupled plasma to produce the ionization and a quadrupole mass 

spectrometer for the separation and detection of the ions produced (Fig. 2.11). A liquid 

sample is introduced by a peristaltic pump into a nebulizer and converted to fine 

droplets in the presence of a stream of argon that acts as a carrier, and pass through a 

spray chamber before entering the ICP torch. 

In the ICP, the torch generates the plasma which creates very hot zone (The plasma 

thus produced can also reach temperatures of 6000-10000 °K) which lead to the 

complete ionization of the elements present in the sample. The plasma is generated by 

passing through a series of concentric quartz tubes (ICP torch) that are covered at one 

end by a radio frequency (RF) coil. A radio frequency generator supplies current to the 

coils, with a frequency of 40 MHz, to induce a magnetic field coupled with the argon. 

Due to the high thermal energy, the liquid sample goes through a series of 

transformations (desolvation, evaporation and vaporization of the liquid phase, 

atomization of the solids present, ionization) leading to the production of the ionic 

species to be sent to the mass spectrometer. 
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Figure 2.10: Inductively Coupled Plasma Mass Spectrometer (ICP-MS). 

 

 

Figure 2.11 Schematic of ICP-MS instrument 
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As the atoms continue their travel through the plasma, they absorb more energy and 

eventually release one electron to form singly charged ions. The singly charged ions 

exit the plasma and enter the interface region. The area of the interface is the 

connection between the system of generation of the plasma and the mass spectrometer 

and consists of two coaxial cones: the first has a hole of about 1.1 mm and is said 

"sampler". The ions produced by the plasma pass through said hole forming a 

supersonic jet, then through the second cone called "skimmer" with a hole of about 0.9 

mm. The beam finally reaches the ion lens that focuses and directs it to the quadrupole. 

They have the function to reduce the pressure between the plasma generation system, 

which operates at ambient pressure and temperatures of 7500 °C, and the mass 

spectrometer, working in conditions of high vacuum (10-5 torr) and low temperature.  

In the quadrupole, the ions are separated by a magnetic field, according to the speed 

with which they move, which strictly depends on the mass / charge ratio (m / z) of the 

ion. Therefore appropriate voltages are applied to the bars, thus creating the conditions 

so that only specific ratios mass / charge can walk the path through the bars to the 

detector. The ions leaving the quadrupole are finally captured by a detector that 

functions as a counter and produces electrical signals proportional to the ion flux 

transmitted by the analyzer of the mass.  
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Table 2.3. List of elements analyzed by ICP-OES and ICP-MS 

 

ICP-OES  ICP-MS 

 

Element Wavelength 

(λ, nm) 

LOD (ng m-3)  Element Mass number LOD (ng m-3) 

S 180.669 146.51  V 51 0.13 

Zn 206.200 9.77  Co 59 0.09 

Fe 239.562 27.46  Ni 60 2.86 

Mn 257.610 1.67  Cu 63 1.80 

Mg 285.213 616.97  As 75 0.0 

Ca 317.933 1090.34  Cd 111 0.09 

Ti 336.121 3.22  Sb 121 0.43 

Al 394.401 499.07  Pb 208 0.99 

Ba 493.375 9.42     

K 766.490 240.61     
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2.8.5.  Methodological aspects and quality control and quality assurance 

Filter blanks and field blanks (filter kept inside the sampler but not used for air filtering) 

were prepared and analyzed together with the samples, following the same procedures and 

the values obtained were routinely subtracted from those of the samples. For ICP-OES, the 

calibration technique is based on the use of external standards. This type of calibration, 

which precedes the reading of samples, is the measurement of the signal intensity of the 

elements of interest in a blank and in one or more known concentrations of standards and 

whose range values must cover the range of concentrations of the elements to be analyzed 

in the samples. These standards, after being corrected of the blank, serve to draw 

calibration curves for each element correlating the intensity of the signal and the known 

concentration of the element. Single- and multi-ionic standard for IC and ICP (Fluka –

Riedel-de Haën) were used to test the linearity and calibrate the instrument response. With 

regard to the ICP-MS, calibration method is based on the use of internal standards and the  

internal standard, that is, usually an isotope having a mass which does not interfere with 

the analytes present in the matrix and added to each sample at a known concentration to 

correct any variation in the intensity of their signal to the known concentration. In the 

present work, it was decided to use the Rhenium (100 ppb), which meets these 

requirements. It can therefore normalize signal intensity of all analytes compared to those 

of the isotope used as a standard. As mentioned before, in addition to the samples, filed 

blanks were also analyzed, necessary for the calculation of the limit of detection (LOD).  

The limit of detection (LODs) was calculated for each ion and element as the three times 

the standard deviation of the blank values for each analyzed period. It is defined as "the 

concentration that gives a signal equal to three times that of the noise". The average LODs 

are reported in Table 2.3. The quality and accuracy of quantitative analysis were routinely 

checked analyzing the NIST SRM 1648 standard for air particulate. The recoveries of ions 

and elements were in the range of 80-110%. 

2.9. Source apportionment 
 

Various statistical tools such as diagnostic ratios, conditional probability function and 

factor analysis have been used to identify possible sources of particulate matter PM2.5. 
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2.10. Data processing 

2.10.1. Wind roses 

 Wind roses were built in order to assess the influence of local conditions on air quality and 

the program used for the construction of wind roses is the WRPLOT View of Lakes 

Environmental. The wind rose depicts the frequency of winds for each specified direction 

and speed classes for a given location and time period. The matrices loaded into the 

program contain the following information: year, month, day, hour, wind direction, wind 

speed and rainfall for each sampling site. In addition to this information, it is necessary to 

specify the sampling station and the corresponding values of latitude and longitude. 

 2.10.2. Back trajectories  

The trajectories were simulated using the program HYSPLIT version 4.9 of the NOAA 

/ARL (National Oceanic and Atmospheric Amministration / Air Resources Laboratory) 

(Draxler and Rolph, 2011). The GDAS files are loaded into the program downloaded from 

the archive of the Air Resources Laboratory (NOAA, USA). Each trajectory was calculated 

by setting a total run time equal to -96 hours, the latitude and longitude of the stations 

considered, a basic quota of 20 m, ie within the mixing layer height and the same model 

10000 m. For each day, 4 different trajectories were determined related to six hours (03:00, 

09:00, 15:00, and 21:00 UTC). Overall, 240 trajectories were calculated for each sampling 

site. As accuracy in back trajectory calculation descreases with distance and time because 

of model assumptions and spatial-temporal resolution of the meteorological data, 4 back- 

trajectories per day seem to be the most suitable option. Subsequently, cluster analysis was 

performed on the back- trajectories obtained in order to reduce errors associated to single 

trajectory (Stohl, 1998) and to join the masses of air with similar characteristics. 

2.10.3. Statistical analysis 

The data have been processed by using various statistical softwares such as “R”, Origin, 

STATISTICA, WRPLOT View™ and Hysplit.  
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3.1. Local Contribution 

3.1.1. Wind Roses 

In order to interpret the data on the basis of local atmospheric circulation nine wind roses 

were built for each station (one for each month, summer, winter and annual). The 

comparison between the summer and winter is useful in order to assess whether and how 

much the wind speed affects the observed concentrations. The wind is divided into six 

classes and the % of calm refers to winds with speeds less than 0.5 ms -1. The monthly 

wind roses for all stations are given in Appendix 3.1. 

3.1.1.1. Belluno 

From the observation of the wind roses (Figure 3.1) we notice that wind prevails in Belluno 

from South / South-West. The annual wind speed is 0.8 ms-1 whereas the wind speed was 0.9 

ms-1 and 0.6 ms-1 during summer and winter, respectively. The percentages of calm reach 

26.8%, 33.5% and 35.8% during summer, winter and annually, respectively. 

 

 

a. 

 

 

b. 

 

 

c. 

 

 

Figure 3.1. Wind-rose at Belluno [a. annual, b. summer, c. winter] 
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3.1.1.2. Treviso 

In the station of Conegliano the wind has come from the North-West, Southeast and Northeast 

while North-west is the dominant during both winter and summer (Figure 3.2). Annually, 

average wind speed is 1.56 ms-1 while the wind speed is 1.65 ms-1 and 1.41 ms-1 during 

summer and winter, respectively. Treviso is characterized by stronger winds than in Belluno, 

which is affected by much lower proportions of calm (11.8%). 

 
a. 

 

b. 

 

c. 

 
 

Figure 3.2. Wind-rose at Treviso [a. annual, b. summer, c. winter] 

3.1.1.3. Vicenza 

The station of Vicenza is characterized by an average calm (29.8%) and an average speed 

of 0.9 ms-1 with prevalence from East and South-West (Figure 3.3). In summer, however 

the wind speed reaches 1.1 ms-1 with prevalence from East. The calm is equal to 20.5%. 

On the contrary, South and South-East direction is prominent during winter (wind speed 

0.6 ms-1). 
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a. 

 
 

b. 

 

c. 

 

 

Figure 3.3. Wind-rose at Vicenza [a. annual, b. summer, c. winter] 

3.1.1.4. Padova 

Padua is characterized by very weak winds (0.2 ms-1) from the north-eastern quadrant with 

calm of 20% (Figure 3.4). 

 
a. 

 

b. 

 

c. 

 
 

Figure 3.4. Wind-rose at Padova [a. annual, b. summer, c. winter] 
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3.1.1.5. Venice 

In the station of Mestre both the seasons are characterized by weak winds (0.9 ms-1 and 0.4 ms-

1 in summer and winter, respectively) that blow predominantly from North, South-East and 

West. Summer has a percentage of calm equal to 20.9%, while winter has a value equal to 

21.3% (Figure 3.5). 

 

a.  

b. 

 

c. 

 
 

Figure 3.5. Wind-rose at Venice [a. annual, b. summer, c. winter] 

3.1.1.6.  Rovigo 

The Rovigo Station recorded a very low percentage of calm (0.8%). The average speed is 

higher than the most of the stations, and falls into the second class (1.4 ms-1). The winds blow 

from the north- East and South-West (Figure 3.6). The wind rose for the month of December 

and February was not built due to lack of data. 

 
a. 

 

b. 

 

c. 

 
 
Figure 3.6. Wind-rose at Rovigo [a. annual, b. summer, c. October] 
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3.1.1.7. Wind Roses at Veneto Region 

In general the winds are low to medium intensity in all six stations (in particular in the station 

of Padua) (Figure 3.7). Rovigo and Padua can be distinguished from other stations: the first 

one is characterized by very low percentages of calm during the whole period considered and 

Padua is characterized by very weak winds. The presence of very weak winds favors the 

accumulation of pollutants and consequently high concentrations in the air. However, from the 

observation of wind roses, it is not possible to identify a clear relationship between the 

concentration of pollutants and the speed of the wind.  

a. 

 

b. 

 

c. 

 
 

Figure 3.7 Wind-rose at Veneto region (a. annual, b. summer, c. winter) 

3.2. Long-distance transport 

The calculation of back-trajectories through the use of meteorological data stored is 

potentially useful for identifying the source areas of pollutants (Baker 2010). They 

describe the path traveled by a particle in a given period of time and then allow it to tell 

which locations it comes (Abdalmogith and Harrison, 2005). The potential influence of 

long-range transports on the chemical composition of aerosol in Veneto was estimated by a 

cluster analysis on the back-trajectories. Back-trajectories were computed by using the 

HYSPLIT model (Draxler and Rolph, 2013; Rolph, 2013). The setup was: 96 h backward; 

starting height at 20 m a.s.l.; 4 trajectories per day at 3, 9, 15 and 21 UTC calculated 

separately for all the sites. For a single trajectory is associated with a high rate of 

uncertainty, which depends on the accuracy of the meteorological data used and the level 

of approximation of the model. The problem can be overcome by calculating a large 
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number of trajectories, which are subsequently grouped through an analysis of the cluster 

(Baker, 2010). This multivariate analysis technique groups the data into several 

groups (clusters), according to their similarity. In this study, 4 back-trajectories were 

calculated for each sampling day considered. For each station total 240 trajectories were 

obtained. A clustering algorithm using the Euclidean distance measure (Carslaw, 2014) 

was further applied to group back-trajectories into clusters depending on their potential 

origin. From the observation of the figures, 7 areas of air masses origin have been 

identified (Table 3.1) such as (1) Mediterranean (2) Local (3) Western Europe (4) North-

Western Europe (5) North Europe (6) North Eastern Europe and (7) Adriatic. In all the 

stations, it is noticed that highest air masses are originated from local (Table 3.1). 

Table 3.1. Percentage of origin of air masses in the six stations 

 Mediterranean Local Western 
Europe 

North-
western 

North North-
Eastern 

 

Adriatic 

Belluno 7 59 4 21 9   

Treviso 11 54 7  11 18  

Vicenza 7 42  19 3 30  

Padova 9 35 4  11 41  

Mestre 12 31   13 24 20 

Rovigo 12 33 4   28 23 
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Figure 3.8. Results of the back-trajectory cluster analysis for Belluno station 
 
 

 
Figure 3.9. Results of the back-trajectory cluster analysis for Treviso station 
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Figure 3.10. Results of the back-trajectory cluster analysis for Vicenza station 
 
 

 
Figure 3.11. Results of the back-trajectory cluster analysis for Padova station 
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Figure 3.12. Results of the back-trajectory cluster analysis for Venice station 
 
 

 
Figure 3.13.  Results of the back-trajectory cluster analysis for Rovigo station 
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4. CARBONACEOUS AEROSOLS 

4.1. Introduction 

Carbonaceous compounds account for an important fraction of atmospheric particulate 

matter (PM), generally contributing between 30 and 50% of PM with aerodynamic 

diameter < 2.5 μm (PM2.5) in many European urban areas (Putaud et al., 2004). In the 

recent years, the scientific community has paid much attention to the carbonaceous fraction 

of PM, since it may affect the global radiation budget, cloud microphysics (Seinfeld and 

Pandis, 1998; Lyamani et al., 2006) and has effects on the global climate change 

(Hitzenberger et al., 1999; Dan et al., 2004). In addition, increased levels of urban 

carbonaceous PM are significantly associated with cardiovascular mortality and morbidity 

(Na et al., 2004; Ito et al., 2011) and several organic compounds of known or suspected 

carcinogenic and/or mutagenic potential are commonly found in PM, e.g., polycyclic 

aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) (WHO, 2000).  

The carbonaceous PM is composed of a refractory component, commonly called elemental 

carbon (EC) and an organic fraction (OC). EC is a primary pollutant being mainly released 

in particle-phase from the incomplete combustion of carbon-containing fuels. On the 

contrary, OC includes thousands of different organic compounds (e.g., aliphatic, aromatic 

hydrocarbons, carboxylic acids and carboxylic compounds with polar substituent, etc.) 

with widely varying chemical and physical properties, such as molecular weights, level of 

oxidations and gas-particulate partitioning. OC can be directly emitted as a primary OC 

from many sources including combustions, industrial emissions, geological and natural 

sources. It can also form in the atmosphere as secondary OC, when some volatile and 

semi-volatile organic compounds (VOC and SVOCS) are chemically transformed and the 

products undergo condensation or nucleation.  

Although many recent researches have studied the carbonaceous fraction of PM, its 

chemical characterization is not comprehensively accomplished yet and some formation 

mechanisms are still unclear (Jacobson et al., 2000).  In addition, the quantification of 

primary and secondary OC is a very challenging task due to several reasons, such as the 

breaking down process of OC into primary and secondary organic carbon, potential 
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sampling and analytical artefacts, effects of meteorological conditions during the sampling, 

etc. However, an estimation is possible through several indirect methods. Among others, 

the EC-tracer method is a widely accepted technique (Turpin and Huntzicker, 1995; Castro 

et al., 1999, Lim and Turpin 2002; Cabada et al., 2004; Harrison and Yin, 2008) and uses 

EC as a tracer of primary organic carbon (POC).  

Several studies have been conducted across Italy on the carbonaceous PM (e.g., Lonati et 

al., 2005, 2007: Milan; Perrone et al., 2011: Milan; Larsen et al., 2012: Po Plain Italy; 

Cuccia et al., 2013: Milan; Malaguti et al. 2013: Trisaia ENEA Research Centre) and a 

recent review of available data was also recently published (Sandrini et al., 2014). 

However, data available for the Veneto Region, NE Italy, are quite limited so far. This is a 

serious gap, as Veneto is one of the most industrialized areas of Italy and is located in the 

Eastern part of the Po Valley, which is a well-known European hot-spot for many air 

pollutants, including PM10, PM2.5 and PM10-bound PAHs (Masiol et al., 2013). The 

presence of high mountain ranges, i.e. the Alps to the North and NW and the Apennines to 

the South, protects the Po Valley from cold winds coming from the NE (Larsen et al., 

2012). In addition, the occurrence of frequent and prolonged wind calm periods, 

atmospheric stability conditions, persistent thermal inversions and lower planetary 

boundary layer heights during the night-time may favour the accumulation of locally-

emitted pollutants especially during the coldest months (Masiol et al., 2014).  

This chapter mainly discussed (i) quantification of the seasonal and spatial trends of 

carbonaceous aerosols in the Veneto Region; (ii) effects of meteorological factors on the 

carbonaceous PM, and (iii) estimation of the contribution of secondary organic carbon 

(SOC) formation to the frequent exceeding of air quality standards for PM2.5. 

4.2. Methodology 

4.2.1. Conditional Probability Function (CPF) and Conditional Biovariate 

Probability Function (CBPF) 

Conditional probability function is an important tool for the identification of local point 

sources (Kim et al., 2003; Kim et al., 2005) and it estimates the probability that a source is 
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located within a particular wind direction sector, ∆θ (Ashbaugh et al., 1985; Begum et al., 

2010). CPF is defined as:  

ܨܲܥ
∆ఏୀ	


∆ഇ		⃒ಭೣ	
∆ഇ

						…………………………………	(ସ.ଵ)
			 

Where ݉∆ఏ		is the number of samples from the wind direction θ having concentration C is 

higher than or equal to a threshold value x and n∆θ is the total number of samples of the 

same wind sector ∆θ. Here, x represents a high percentile concentration (75th or 90th). 

Recently a new technique is developed by Uria-Tellaetxe and Carslaw (2014) combining 

conditional probability function with bivariate polar plots to detect and characterize the 

source of pollutants. Bivariate polar plots show how a concentration of a species varies 

jointly with wind speed and wind direction in polar coordinates and give directional 

information on sources as well as wind speed dependence of concentrations. The 

conditional bivariate probability function (CBPF) includes wind speed with CPF and 

allocates the observed pollutant concentration to cell defined by ranges of wind direction 

and wind speed which is defined as: 

ܨܲܤܥ
∆ఏ,∆௨ୀ	


∆ഇ,∆ೠ		⃒ಭೣ	
∆ഇ,∆ೠ

			………………………(ସ.ଶ)
 

Where m∆θ,∆u   is the number of samples from the wind direction ∆θ with wind speed 

interval ∆u having concentration C higher than or equal to a threshold value x and n∆θ,∆u is 

the total number of samples in that wind direction-speed interval. Details of the CPF and 

CBPF methods will be found elsewhere (Uria-Tellaetxe and Carslaw, 2014). For wind 

direction data, daily weighted circular mean was calculated from hourly wind direction 

data and used for CPF and CBPF. 

4.2.2. Back-trajectory analysis 

A cluster analysis on the back-trajectories was performed to investigate the potential 

effects of long-range transports on the levels of EC, OC and TC. Back-trajectories were 

computed by using the HYSPLIT model (Draxler and Rolph, 2013; Rolph, 2013). The 

setup was: 96 h backward; starting height at 20 m a.s.l.; 4 trajectories per day at 3, 9, 15 

and 21 UTC calculated separately for all the sites. A clustering algorithm using the 
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Euclidean distance measure (Carslaw, 2014) was further applied to group back-trajectories 

into clusters depending on their potential origin.  

4.3. Results and discussions 

4.3.1. Overview on results 

Summary statistics of the atmospheric concentration of PM2.5, Total Carbon (TC) and 

Total Carbonaceous Aerosols (TCA) at the six provinces of Veneto region are presented in 

Table 4.1. PM2.5 concentrations varied from 3 µg m-3 to 83 µg m-3 with mean 

[mean±standard deviation (SD)] of 24±17 µg m-3. The concentration of PM2.5 showed an 

increasing trend from warmer months (June, 12 µg m-3, August, 17 µg m-3) to colder 

months (December, 41 µg m-3, February, 38 µg m-3). The higher mean annual 

concentration was found in Padova (29 µg m-3), followed by Vicenza (28 µg m-3), Rovigo 

(27 µg m-3) and Venice (25 µg m-3), whereas comparatively lower mean concentrations 

were observed in Belluno (17 µg m-3) and Treviso (18 µg m-3). These PM levels are 

comparable to the concentrations normally observed in Milan (Lonati et al., 2005; 33 µg 

m-3) (Lonati et al., 2007; winter, 58 µg m-3 and summer, 25 µg m-3) and Florence 

(Giannoni et al., 2012; annual mean value 19±10 µg m-3). The higher values recorded 

during the colder months were substantially due to the atmospheric stability and lower 

mixing layers resulting in pollutant accumulation at ground level. On the contrary, 

atmospheric dispersion due to increased wind speeds and wide mixing layer heights was 

responsible for the lower PM concentrations in warmer months (Ferrero et al., 2010). It is 

noted that vertical mixing is the key factor to disperse the pollutants originated from 

primary pollution. The PBL (planetary boundary layer) height is 450 m (Bigi et al., 2012) 

in winter, whereas it increases during summer (1500-2000 m) due thermal convective 

activity (Di Giuseppe et al., 2012). 

Among the six measurement cities, PM2.5 concentrations in four cities exceeded the annual 

mean concentration limit set by the 2008/50/EC directive: annual mean value 25 µg m-3 

which will be met by 2015 (EC, 2008) (Table 4.1).  
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The total organic mass associated with OC (here designated as organic matter, OM) was 

calculated by multiplying the measured OC by a factor of 1.4, as suggested by Lonati et 

al., (2005). TCA is calculated as sum of OM and EC. The average annual contribution of 

TCA to PM2.5 is 39% ranging from 19% to 89%. The mean OC concentration was 5.5±4.0 

µg m-3 (mean±SD) accounting for 22% to the total PM2.5 and 79% to the TC. On the 

contrary, EC varied from 0.2 to 11.9 µg m-3 with a mean value of 1.3 µg m-3 and 

contributing to 5% of the total PM2.5 and 21% of the TC. A similar value was found by 

Lonati et al. (2007) in Milan, where the OC value ranged from 0.4 to 35.8 µg m-3 with a 

mean annual value of 9±7 µg m-3  and EC value ranged from 0.4 to 5 µg m-3 with mean 

annual value of 1.3 µg m-3. The concentrations of OC and EC reported in various European 

cities are given in Table 4.2. 

Table 4.1. Summary statistics for PM2.5 and total carbon in PM2.5 (µm-3) (Veneto region). 
 

 

Sampling site 

 

PM2.5 (µm-3) 

 

TC (µm-3) 

 

TCA (ug m-3) 

 

TCA/PM2.5 (%) 

Belluno 17.4±12 6.2 8.6 50.0 

Treviso 19.7±13 5.6 7.9 39.0 

Vicenza 28.1±18 7.0 9.9 34.0 

Padova 28.7±19 8.2 11.6 39.0 

Venice 25.3±17 6.8 9.6 37.0 

Rovigo 27.2±19 6.9 9.5 36.0 

Mean (Veneto 

reion) 

24.4 6.8 9.53 39.0 

Median 18.4 4.3 6.1 37.6 

SD 16.7 5.1 7.3 11.1 

Range 3.0-82.7 1.2-24.5 1.7-35.6 19.2-88.8 
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Table 4.2. Organic and elemental carbon concentrations in various European cities.   
 

City 

 

OC 

 

EC 

 

Authors 

 

 

Helsinki 

 

3 

 

1.2 

 

Viidanoja et al., 2002 

Budapest 6.8 3.3 Salma et al., 2004 

Amsterdam 3.9-6.7 1.7-1.9 Viana et al., 2007 

Barcelona 3.6-6.9 1.5-2.6 Viana et al., 2007 

Birmingham   Harrison and Yin, 2008 

         winter 3.7 1.2  

        spring 2.8 0.6  

Oslo 1.7 1 Jedynska et al., 2014 

Athens 3.5 1.6 Jedynska et al., 2014 

Paris 2.2 1.8 Jedynska et al., 2014 

London/Oxford 1.4 1.3 Jedynska et al., 2014 

Rome 3.7 2.3 Jedynska et al., 2014 

Munich 2.7 0.5 Jedynska et al., 2014 

4.3.2. OC/EC Ratio 

The OC/EC ratios ranged from 0.7 to 15.4 with an annual mean value of 4.5 (Table 4.3). A 

similar result was observed in Milan (annual mean value 6.5) by Lonati et al. (2007) and at 

urban background (from 2.1 to 8.4) and urban traffic (from 2.9 to 8.3) sites in Tuscany 

(Giannoni et al., 2012). These values, which are similar to the values observed in most of 

the urban background sites in the Po Valley (summer: from 5 to 7; winter: from 3 to 10) 

and also comparable to the rural sites of the Po Valley, suggest a regional influence of 

SOA coming from anthropogenic and biogenic sources in summer and the extensive wood 

burning utilization for residential heating in winter (Larsen et al., 2012). Condensations of 

gas phase semi-volatile organic species due to lower temperature combined with frequent 

events of air stagnation are responsible for increased OC/EC ratios in the Po Valley 

(Gilardoni et al., 2011; Larsen et al., 2012; Sandrini et al., 2014). However, the mean 

OC/EC ratios in this study were generally found above the values observed in most 

European cities. The OC/EC ratios in summer and winter in Amsterdam, Barcelona, and 
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Ghent were 2.8-4.7, 2.6-3.1 and 3.5-4.4, respectively. The higher OC/EC ratios were 

referred to the formation of secondary organic carbon in addition to primary organic 

carbon (Kim et al., 2000; Na et al., 2004).  

4.3.3. Spatial and seasonal trends  

Monthly variations of OC and EC concentrations are shown in Figure 4.1. Generally the 

higher concentrations were found during colder months, while lower concentrations were 

found in the warmer ones. The highest OC level was observed in December (11.4 µg m-3), 

the lowest in April (2.2 µg m-3). The monthly organic carbon concentration gradually 

increased from April to December. Both the OC and EC concentrations were higher in 

February (9.1 µg m-3), than in other months except December. Although the monthly mean 

of EC concentration does not exhibit larger variability, it follows the same pattern as OC 

with maxima during the colder months and minima in the warmer ones. Data categorized 

according to province, reveal the highest mean annual OC concentration in PD (6.8 µg m-3) 

while the lowest mean value in TV (4.5 µg m-3). OC concentrations varied slightly among 

the provinces and differences were not statistically significant as confirmed by Kruskal–

Wallis one-way analysis of variance (p-value 0.08). However, variations for EC values 

among the provinces were statistically significant (Kruskal–Wallis one-way analysis of 

variance test, p-value 0.00). 

The combined effect of the lower air temperature favouring the particle-phase partitioning 

of semi-volatile organics and the additional emission sources in the form of biomass 

burning or household heating systems are possibly the main factors for higher OC 

concentrations in winter months (e.g., Viana et al., 2007; Schwarz et al., 2008). Moreover, 

the daily variability of OC concentrations is higher in winter than in summer probably 

because of significant local contributions with remarkable daily variability, whereas 

homogenous contributions from regional-scale secondary organic aerosols are the reason 

behind lower variability of OC concentrations in summer months (Viana et al., 2007). The 

origin of carbonaceous aerosols can be evaluated from the relationship between OC and 

EC (Turpin and Huntzicker, 1995). A strong relationship between OC and EC is the 

indication of dominant primary sources (e.g. vehicle emissions, cooking, various 
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combustion processes). In this study, a statistically significant positive correlation (r=0.76) 

between OC and EC was observed for all data in absence of any categorization. Before 

statistical analysis, normality of the data was tested and data of OC and EC were not 

normally distributed. This was confirmed by observing histogram, boxplot and finally by 

applying the Shapiro-Walk tests (assumption, p < 0.05 was not met). LogOC and logEC 

have been used instead of OC and EC during statistical analysis as the normality 

assumption was not met and correlation analysis was performed using robust procedure.  

By sorting the data into months, positive correlations between elemental and organic 

carbon were observed in all the months except December (Table 4.3). However, the 

correlation is comparatively higher in the warmer months than in the colder ones. This 

weaker correlation and higher OC/EC ratio during the winter months is probably due to the 

influence of SOC (Secondary Organic Carbon) formation or other significant primary 

organic sources (Na et al., 2004). This result is similar to the one obtained by  Kim et al. 

(2000), who  suggest that the EC and OC may not be emitted from a single dominant 

primary source (Na et al., 2004). The relationship between organic and elemental carbon of 

each provinces was also determined (Table 4.3).  

An effort was given to provide a comparison of carbonaceous particulate matter between 

weekdays and weekend (Figure 4.2). Generally weekdays showed higher TC 

concentrations as compared to weekend. All the measurement sites follow the same pattern 

and  showed the highest TC concentration in Wednesday whereas the lowest concentration 

was observed in Sunday, indicates nonappearance of pollution from commuting and other 

professional activities (Martellini et al., 2012). This is also pointed out that the highest OC 

concentration was also observed during Wednesday whereas the highest EC concentration 

was observed in Thursday. Moreover, both OC and EC concentrations showed higher 

concentrations during Saturday than Monday may be due the fact that most of the business 

operations are functioned during Saturday in Italy.  
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Table 4.3 Monthly and province averaged values of OC, EC and OC/EC ratios in PM2.5 (µm-3) and Correlation of logOC and logEC  
Month 
 

 Province      

Month 
 

OC 
(µg m-3) 

EC 
(µg m-3) 

OC/EC Robust 
correlation 
coefficient 

Classical 
correlation 
coefficient 

 Province 
 

OC 
µg m-3 

EC 
µg m-3 

OC/EC 
 

Robust 
correlation 
coefficient 

Classical 
correlation 
coefficient 
 

February 9.1 1.5 6.8 
 

0.74 0.57  Belluno 4.9 1.3 4.4 0.76 0.75 
April 2.2 0.8 3.0 

 
0.47 0.43  Treviso 4.5 

 
1.1 4.5 0.81 0.79 

June 2.6 0.6 4.4 
 

0.70 0.69  Vicenza 5.8 
 

1.3 4.6 0.74 0.73 
August 3.2 0.8 4.5 

 
0.72 0.70  Padova 6.8 

 
1.5 4.7 0.76 0.68 

October 4.4 1.3 3.5 
 

0.33 0.23  Venice 5.7 1.1 5.4 0.82 0.81 
December 11.4 2.9 5.1 

 
-0.06 0.01  RO 5.2 

 
1.7 3.7 0.58 0.57 

Annual 5.5 1.3 4.5 
 

   provinces 5.5 1.3 4.5   
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Figure 4.1. Boxplots of OC (a) and EC (b) conditional per Month and Provinces of Veneto. 
 



83 
 

Table 4.4. A correlation matrix between carbonaceous particulate matter and 
meteorological parameters. 
  

logOC 

 

logEC 

 

Temperature 

 

Solar 

radiation 

 

Wind 

velocity 

 

Relative 

humidity 

a. Annual       

logOC 1      

logEC 0.76 1     

Temperature -0.62 -0.66 1    

Solar radiation -0.58 -0.72 0.77 1   

Wind velocity -0.44 -0.52 0.20 0.41 1  

Relative humidity 0.32  0.47 -0.62 -0.70 -0.34 1 

       

b. Summer       

logOC 1      

logEC 0.49 1     

Temperature 0.43 -0.19 1    

Solar radiation -0.05 -0.54 0.63 1   

Wind velocity -0.52 -0.59 -0.03 0.35 1  

Relative humidity -0.20 0.26 -0.83 -0.69 -0.08 1 

       

c. Winter       

logOC 1      

logEC 0.41 1     

Temperature -0.60 -0.39 1    

Solar radiation -0.41 -0.48 0.34 1   

Wind velocity -0.28 -0.31 -0.03 0.38 1  

Relative humidity -0.03 0.16 0.02 -0.40 -0.50 1 

*values with bold mark showed statistically significant 
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Figure 4.2. Plot showing weekly OC and EC concentrations (mean with 95% 
confidence interval) at Veneto region 
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4.3.4. Factors affecting organic and elemental carbon levels  

A correlation analysis between some weather parameters with organic and elemental 

carbon data was performed following a robust procedure in order to identify the factors 

affecting carbonaceous compounds variations (Table 4.4). EC and OC had a statistically 

significant negative relationship with temperature and solar radiation. This result suggests 

an increased emission during the winter months and it is similar to the findings of Li et al. 

(2012). Organic and elemental carbon also showed a negative relationship with wind 

velocity. This is probably due to the clearing function of wind (Pindado et al., 2009). 

Similar results were also reported for PAHs measured across the Veneto region (Masiol et 

al., 2013). A weak positive correlation was observed both for OC and EC concentrations 

with relative humidity.  The absorption of pollutants may increase with the rises of 

humidity (Elbayoumi et al., 2013). For illustration purpose, data have been categorized 

into two groups to be consistent with the dates in which domestic heating is switched off 

(15 April) and on (15 October) according to the national legislation: warm period (from 

April to October 14) and cold period (from October 15 to March). The correlation of OC 

with temperature was positive in the warm period, negative in the cold one. A positive 

correlation between OC with temperature during the warm period may be due to the 

contribution of the secondary organic carbon (Grivas et al., 2004), whereas a negative 

correlation between OC and temperature may be related to the increased household heating 

during the cold period. An additional explanation for this negative correlation can also be 

found in the presence of lower pollutant dispersions with stable atmospheric condition 

during winter (Vardoulakis and Kassomenos, 2008). A negative correlation between wind 

velocity and organic and elemental carbon was observed in both the seasons.  

Finally, statistically significant weather factors controlling OC and EC were investigated 

by fitting linear models using a robust procedure based on weighted likelihood (Markatou 

et al., 1998). Robust techniques enable to overcome small deviations from normality and 

the presence of few outliers. A robust model selection procedure based on a weighted 

Akaike Information Criterion (Agostinelli, 2001) was also used, to choose the best model. 

This turned out to be the model including only temperature and wind. An additional 

confirmation was also provided by the robust t-test based on the full model in which 
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temperature, humidity, wind velocity and solar radiation were considered as 

meteorological variables. 

The selected model expression is the following: 

   


)()log()log(
6

1
321 i

i
i MonthIWindeTemperaturECOC …….. (1) 

 

A robust R2 of the selected model is 0.79. The p-value and level of significance of the 

model parameters and other related information is provided as Appendix 4 (Table A-4.1). 

This procedure identifies three outliers, namely PD 39, 40 and VE 39 (see, Appendix 4). 

After checking those observations, we found that comparatively higher relative humidity 

values were observed in these days and sampling sites (in PD, RH>91% and VE, 

RH>95%). This may be one of the reasons. 

4.3.5. Secondary organic Aerosol estimation 

The quantification of primary and secondary organic carbon is quite difficult since no 

direct analytical methods are available. Several indirect methods have been used to 

estimate the secondary organic carbon.  Among them, the EC tracer method is a widely 

accepted one:  EC is used as a tracer of Primary Organic Carbon (POC) (Turpin and 

Huntzicker, 1995; Cabada et al., 2004). SOC is calculated by the following equation: 

            SOCsec=OCtot-EC (OC/EC)pri 

Where SOCsec is the secondary OC and OCtot is the measured total OC. Primary organic 

carbon (POC) is calculated from the EC (OC/EC)pri. However, without conducting a 

complete profile of the organic carbon and emission source, it is difficult to define the 

contribution of the primary source.  Several authors have recommended to substitute the 

primary OC/EC by the minimum OC/EC ratio (Castro et al., 1999): 

             SOCsec=OCtot-EC (OC/EC)min 
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Based on this technique, the minimum OC/EC ratio of this study is 1.29, which is the mean 

of 5% lowest OC/EC ratio. The mean annual primary and secondary organic carbon 

concentrations are 1.7 µg m-3 and 3.8 µg m-3, respectively (Table 4.5). In the cold period 

comparatively higher secondary organic carbon values were found than in the warm one. 

For illustration purpose, all data have been divided into two periods; warm period (April to 

October 14) and cold period (October 15 to March). Cold period mean SOC concentration 

is 6.8 µg m-3, contributing for 76% of the cold period TOC (Total Organic Carbon), while 

the warm period SOC (1.4 µg m-3), contributes, on average, for 52% to the warm period 

TOC.  

To overcome the limitations of the EC/OC minimum ratio method (the EC tracer method 

does not account for the variability of primary sources and does not consider non-

combustion OC associated with EC, which is mainly of biogenic origin) a regression 

approach has been suggested (Turpin and Huntzicker, 1995):  

SOC=OC-POC=OC-[aEC+b] 

where a is the primary combustion ratio and b is the non-combustion primary OC. Based 

on this approach, the annual mean of the SOC is 3.8 µg m-3, contributing for 69% of the 

total organic carbon; the warm period SOC is 1.3 µg m-3, contributing 49% of the warm 

period OC and the cold period SOC is 6.4 µg m-3, contributing to 72% of the cold period 

OC (Table 4.5). It is interesting to observe that SOC is higher in the cold period than in the 

warm one, differently from the expected pattern of higher concentration in the warm period 

as a consequence of favourable meteorological conditions and the occurrence of 

photochemical reactions. However, the seasonal variation of SOC follows the same trend 

of total OC with higher concentrations during the household heating season, when higher 

emission of organic precursors occur. Moreover, a lower mixing layer height in winter 

favours SOC precursor stagnation and SOC formation (Dan et al., 2004; Duan et al., 2005). 
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Table 4.5. Primary and secondary organic carbon (Veneto region) estimated from both minimum OC/EC ratio and regression 
approach. 

 
Locations 

 
Period 

 
Minimum OC/EC ratio 

  
Regression Approach 
 

  POC SOC % SOC to TOC 
 

 Slop POC SOC % SOC to TOC 

This study Feb 2±1 7±4 78  1.01 3.1 6.0 66 
 Apr 1.3±0.4 0.9±0.6 43  1.49 1.3 0.9 42 
 Jun 1.3±0.6 1.3±0.8 49  3.54 0.9 1.7 66 
 Aug 2.3±0.7 1.0±0.5 30  3.60 2.2 1.1 33 
 Oct 1.7±0.5 3±3 61  0.08 2.8 1.6 36 
 Dec 3±2 9±4 77  0.47 4.7 6.8 59 
 Summer 1.27 1.39 52  1.45 1.4 1.3 49 
 Winter 2.16 6.76 76  0.85 2.5 6.4 72 
 Annual 1.69 3.79 69  0.82 1.7 3.8 69 
Birmingham 
(PM10)a 

Summer 
Winter 

1.4 
1.7 

0.6 
1.2 

70 
59 

     

Milan, Italyb   4.36 84      
Beijing urbanc Summer  5.30 48      
 Winter  23.10 59      
          

     a Harrison and Yin, 2008; b Lonati et al., 2007; c Dan et al. 2004 
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Figure 4.3. CBPF plots for EC, OC concentrations and OC/EC ratios in BL and VE 
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4.3.6. Conditional Probability Function (CPF) and Conditional Bivariate Probability 

Function (CBPF) 

Among the six measurement sites, BL and VE have been selected to investigate the 

potential local sources of carbonaceous PM. BL is an interesting case of study for a 

number of reasons: (i) it is located in an alpine valley surrounded by high mountains, 

mostly peaking at ~800-2000 m; (ii) the atmospheric circulation is strongly affected by the 

arrangement of mountains; (iii) the sampling site is located in a public park in the middle 

of the city; (iv) both hardwood (from local trees) and softwood (mostly from conifers) are 

widely burned for domestic heating in stoves, most of which are dated, i.e. built with old 

technologies and without any system for emission mitigation; (v) road traffic is moderate; 

(vi) the site is located ~500 m East from a railway station, where trains are all diesel-

powered; (vii) there are no large industries. On the contrary, VE has opposed 

characteristics: (i) it is located in a completely flat area; (ii) the wind regimes are affected 

by sea/land breezes in the warm seasons; (iii) the sampling site is located in the NE part of 

the city; (iv) methane is commonly used for domestic heating, but there has been a recent 

increase in the use of wood (i.e. logs, briquettes, chips and pellets) in modern stoves; (v) 

road traffic is intense with frequent congestion of the main roads in rush hours; (vi) a 

railway station is located ~2.6 km SSE (mostly electric-powered trains) and an 

international airport at ~6 km E; (vii) a large industrial area is hosted in the southern part 

of the city, including a main thermoelectrical power plant, oil refineries, incineration 

facilities, chemical and steel plants. City maps with highlighted sources are reported as 

Figure A-4.4.  

CPF plots for EC, OC concentrations and OC/EC ratios in BL and VE are provided in 

Figure A-4.5, whereas CBPF plots are shown in Figure 4.3. The plots for BL emphasize 

sectors, where the concentration is >75th percentile, equal to 1.5 and 6 µg m-3 for EC and 

OC, respectively. While CPF evidences that higher probabilities of high concentration may 

originate from all the directions, CBPF plots clearly show that the higher concentrations of 

EC and OC occur under wind calm conditions and for very low winds blowing from S 

(toward the historic city center). This wind regime corresponds to the prevailing wind 
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direction in colder months, especially in December and February (Figure A-4.6) and 

indicates that domestic heating is the main source of both OC and EC. This result is also 

confirmed by analyzing the plot for OC/EC ratio. Both emission studies (e.g., Hildemann 

et al., 1991; Watson et al., 2001; Schauer et al., 2001; 2002) and monitoring campaigns at 

urban and rural sites (e.g, Schwartz et al., 2008; Harrison and Yin, 2008; de la Campa et 

al., 2009; Pirovano et al., 2015) reported larger proportion of OC emitted by biomass 

burning and domestic heating with respect to mobile sources. In particular, OC/EC ratios 

ranging from 1 to 4 have been reported for diesel- and gasoline-powered vehicles (Schauer 

et al., 2002), while OC/EC varying from 17 to 40 for wood combustion (Schauer et al., 

2001). In BL, high probabilities of OC/EC >6.4 are evidenced toward the city centre, 

confirming the relative dominance of OC derived from biomass and wood burning. In the 

opposite way, despite mobile sources seem not to be the main sources of carbonaceous 

PM2.5, their role as strong EC sources cannot be disregarded: the CBPF clearly shows that 

lower probabilities of high OC/EC ratios are measured to NE, i.e. toward a main traffic 

road often congested during weekends (most malls, shops and stores are to NE) and to 

WNW, i.e. toward main roads and the railway (diesel-powered trains only) and bus station.  

CPF plots for VE indicate high probability of both EC and OC >75th percentile (i.e., 1.3 

and 9.7 µg m-3, respectively) for winds blowing from WSW and NW, while CBPF plots 

(Figure 4.3) show high probabilities mainly for winds blowing from WSW, i.e. toward the 

main urban area of Mestre, which also hosts some main roads affected by heavy traffic and 

an orbital road (Figure A-4.4). Wind rose showing the monthly wind speed and direction 

frequencies at Venice are provided in Figure A-4.7. Some insights seem to point out that 

vehicular traffic is the main source of carbonaceous PM2.5 in VE:  

 The results are consistent with NO2 data collected during 2000-2013 in the same 

site (Masiol et al., 2014). NO2 is largely emitted by road traffic in urban 

environments and a recent increase in NO2 levels in Europe has been related to the 

growing proportion of diesel-powered vehicles, which are known to have higher 

primary (direct) emissions of NO2 (Carslaw et al., 2007); 

 CBPF clearly shows that probabilities of high OC/EC ratios (>6.3) are measured 

mainly toward W and also spreading over the 1st and 2nd quadrant, i.e. toward the 
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suburbs and semirural areas surrounding the city, where the use of alternative fuels 

to methane for domestic heating is increasing. 

Finally it could be concluded that both biomass & wood burning and vehicular traffic are 

probably the main local sources of carbonaceous particulate matter in Veneto region. 

 

 
 
 

 
Figure 4.4. Results of the back-trajectory cluster analysis for RO station. 
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Table 4.6 . Results of the cluster analysis on the back-trajectories. Data are reported as average±standard deviation. 
  VI   PD 
Back-trajectory clusters OC EC TC   OC EC TC 
  (μg m‒3) (μg m‒3) (μg m‒3)   (μg m‒3) (μg m‒3) (μg m‒3) 
(Cluster 1) Local 5±4    1.2±0.9  6±4   7±6      2±1 8±7 
(Cluster 2) Northern 5±6 1.3±0.8 6±6 9±6 2±1 10±7 
(Cluster 3) Eastern 4±4 1±0.4 5±4 6±5 1.3±1 7±5 
(Cluster 4) Mediterranean 4±3      1±0.4 5±3 5±4 1.1±0.4 6±4 
(Cluster 5) Western Europe 8±6 1.7±1 10±7 2±0.2 1±0.4 3±0.4 
                
  VE   RO 
Back-trajectory clusters OC EC TC   OC EC TC 
  (μg m‒3) (μg m‒3) (μg m‒3)   (μg m‒3) (μg m‒3) (μg m‒3) 
(Cluster 1) Local 8±5 1.4±0.9 10±5   7±5      2±2 10±5 

(Cluster 2) Adriatic 4±3 
      

1.0±0.3 4±3 5±4      1.4±1 6±5 
(Cluster 3) Eastern 4±3 1.0±0.4 5±4 5±4    1.3±1 6±5 
(Cluster 4) Mediterranean 4±4 1.0±0.2 4±4 4±3       1±0.4 6±3 
(Cluster 5) North(VE)/ 
Western Europe(RO) 7±5 

     
1.0±0.5 8±6   3±1 

          
     1.±0.6 4±2 
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4.3.7.  Potential effects of long-range transports 

In this study, four back-trajectories were simulated for each day and site in the flat areas of 

the region (VI, VE, PD, RO) as the topography of the territory may have effects on the 

reconstructions of back-trajectories for BL and TV, which are in and close to the Alps, 

respectively. The optimum number of clusters was then established by analyzing the 

change in the total spatial variance: all sites exhibited five main clusters with similar 

origins. Clusters (Figure 4.4) were then identified according to their provenance as: (1) 

Western Europe, (2) Mediterranean, (3) local, (4) Northern Europe and (5) Eastern Europe. 

The daily OC, EC and TC concentrations have been subsequently assigned to each of the 

clustered trajectories. Statistics for chemical composition data in each cluster are presented 

in Table 4.6.  

Generally, OC, EC and TC show similar results at all the sites, with concentrations slightly 

higher for clusters 1, 4 and 5 and the inter-cluster comparison shows only small 

differences. In particular, the site RO can be roughly selected as the most reliable one for 

analysing the long-range transports, as it is located far away from the mountain chains and 

the city has fewer local industrial emissions and traffic. In RO, the highest levels of OC are 

associated with air masses blowing from Northern (6.7 μg m‒3) and Eastern (5.7 μg m‒3) 

Europe, while results for the remaining origins are quite constant (4-5 μg m‒3). In 

summary, results indicate that trans-boundary transports have only a limited influence on 

the levels of OC and EC in the Veneto region. 

4.4 CONCLUSIONS 

In this work, for the first time, EC and OC concentrations were investigated in PM2.5 in the 

Veneto region for an extended period of time. The mean organic carbon concentration was 

5.48 µg m-3, contributing for almost 22% of the total PM2.5 and 79% of the total carbon, 

while EC average value was 1.31 µg m-3, contributing for 5% of the total PM2.5 and 21% to 

the total carbon. The monthly OC concentration gradually increased from April to 

December. The EC did not vary in accordance with OC, but the highest values were 

recorded in the colder months, as well. The OC/EC ratios ranged from 0.71 to 15.38 with a 

mean value of 4.54, which is higher than the values observed in most of the other 
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European cities. In this study, a positive statistically significant relationship (r=0.76) 

between elemental and organic carbon was observed without any categorization of the 

data. However, the correlation is comparatively better in the warmer months than in the 

colder ones. In this study, a weak correlation coefficient between elemental and organic 

carbon during colder months suggests that the EC and OC may not be emitted from a 

single dominant primary source. Statistically significant micro-meteorological factors 

controlling organic and elemental carbon were investigated by fitting linear models using a 

robust procedure based on weighted likelihood. Temperature and wind velocity turned out 

to be significantly related to the carbon fractions with a multiple R2 value of 0.79. The 

secondary organic carbon contributed for 69% of the total organic carbon during the study 

period as confirmed by both the approaches of OC/EC minimum ratio and regression. It is 

interesting to observe that SOC is higher in the cold period than the warm one (in contrast 

with the expected pattern of higher concentration in summer), as a consequence of lower 

temperature and stable atmospheric conditions favouring accumulation of pollutants and 

hastening the condensation or nucleation of volatile organic compounds. The local 

contribution to OC and EC was investigated by both CPF and CBPF plots indicate that 

both domestic heating from biomass burning and natural gas as well as road transport 

emissions are the main local sources of carbonaceous particulate matter. The potential 

effects of long-range transports on the OC and EC levels were analysed by clustering the 

back-trajectories in the sites located in the flat areas of the region. Results revealed no 

significant differences in the levels of both OC and EC, when air masses had passed across 

different European regions, indicating that trans-boundary transports have a limited effect 

on the carbonaceous PM variations in the Veneto region. 
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5. Polycyclic Aromatic Hydrocarbons (PAHs) 

5.1. Aims 

This chapter mainly deals with i) seasonal and spatial trends of atmospheric PAHs in the 

Veneto Region (ii) the effects of micro- meteorological factors on particulate PAHs and 

(iii) Sources of PAHs 

5.2. Results and Discussions 

5.2.1. Overview of PAHs 

Among the 16 PAHs listed in the carcinogenic category by USEPA, eight particulate 

PAHs [benz(a)anthracene (BaA), chrysene (Chy), benzo(b)fluoranthene (BbF), 

benzo(k)fluoranthene (BkF), benzo(a)pyrene (BaP), indeno(123-cd)Pyrene (IP), 

dibenzo(ah)anthracene (DahA), and benzo(ghi)perylene (BghiP)] were identified and the 

annual mean level of analyzed congeners (∑8PAHs) was 12±14 ng m-3 and fluctuated from 

0.2 ng m-3 to 70.4 ng m-3 (Table 5.1). Total concentrations of all carcinogenic congeners 

(∑8PAHs) were calculated and BaF contribution was the highest (17.6%), followed by BaP 

(16.8%), IP (16.8%), BghiP (16%), Chry (14.3%), BaA (8.4%) and DBahA (1.7%), 

respectively. The observed BaP concentration in Veneto has been compared with other 

studies around the world because BaP is the most important carcinogenic PAH and often it 

is used to represent the concentration of total PAH (Fertmann et al., 2002; Brown and 

Brown, 2012). The annual mean value of BaP is 2±3 ng m-3, fluctuating from 0.01 to 14.02 

ng m-3. The mean BaP concentration is higher during winter season 4±4 ng m-3) as 

compared to summer (0.5±1.0 ng m-3). This annual mean BaP value is comparatively 

higher than those reported in Spain (Zaragoza), UK (London, West Greece (Kozani), 

Germany (Gothenburg, Dettenhausen) and lower than that observed in Poland (Gdańsk) 

and China (Nanjing) (Table 5.2). The observed BaP value is similar to the concentration 

measured in Croatia (Zagreb), Czech (Prague) and East of France (Table 5.2). In this study, 

the highest values of BaP especially in winter may be due to the biomass burning for 

household heating and cooking (Belis et al., 2011; Masiol et al., 2013). The annual mean 

BaP value is two-times higher than the recommended value of BaP (1 ng m3) set by EU 

directives (2004/107/EC directives) (EC, 2004). 
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Table 5.1. Summary statistics for PM2.5 (µg m-3) and ∑8PAHs (ng m-3) levels 
 BL 

(ng m-3) 
 

TV 
(ng m-3) 

 

VI 
(ng m-3) 

 

PD 
(ng m-3) 

 

VE 
(ng m-3) 

 

RO 
(ng m-3) 

 

Annual 
(ng m-3) 

(Mean±SD) 

PM2.5        

Mean±SD 18±12 20±13 28±18 29±19 25±17 27±19 24±17 

Median 14.6 14.7 20.9 20.6 18.2 19.5 18.4 

Min 3.0 3.1 5.9 7.8 4.9 4.7 3.0 

Max 52.6 56.9 82.7 77.2 73.5 75.1 82.7 

PAHs        

BaA 1.7 1.2 0.8 1.1 0.8 0.6 1.0±1.4 

Chry 2.8 2.1 1.3 1.8 1.3 1.2 1.7±2.3 

BbF 3.4 2.4 1.6 1.9 1.8 1.3 2.1±2.3 

BkF 1.7 1.1 0.7 0.9 0.8 0.6 1.0±1.1 

BaP 3.4 2.2 1.4 1.9 1.7 1.1 2.0±2.5 

IP 3.7 2.4 1.5 1.7 1.7 1.2 2.0±1.5 

DBahA 0.3 0.3 0.1 0.1 0.2 0.1 0.2±0.2 

BghiP 3.3 2.1 1.5 1.7 1.6 1.2 1.9±1.1 

Mean±SD 20±19 13.3±15 9±10 11±13 10±11 7.0± 12±14 

Median 16.0 8.2 4.2 4.9 4.9 3.7 5.2 

Min-Max 0.4-66.2 0.3-49.1 0.2-41.5 0.4-70.4 0.3-41.5 0.2-37.6 0.2-70.4 
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Table 5. 2. Comparison of BaP concentration (ng m-3) with previous studies 
Country City Monitoring site Particle size Mean BaP (ng m-3) References 

 
 

Italy Veneto Residential area PM2.5 2.0 [annual]  
    3.68 [winter]  
    0.53 [summer]  
 Venice Urban and rural PM2.5 1.2 Masiol et al., 2012b 
 Florence Urban Traffic PM2.5 0.49 Martellini et al., 2012 
Spain Valencia Urban PM2.5 0.27 Viana eta l., 2008b 
 Gipuzkoa Urban PM2.5 0.15 Villar-Vidal et al., 2014 
 Zaragoza Rural PM10 0.09 Callen et al., 2003 
Greece Kozani Urban PM2.5 0.09 Evagelopoulos et al. (2010) 
Sweden Stockholm Urban-traffic PM2.5 1-2 [range] Bostrom et al., 2002 
Finland Kurkimäki,  Residential PM10 1.3 Hellen et al. 2008 
UK London Urban-Traffic PM10 0.77 Brown et al., 2012 
UK West Midlands Urban PM2.5 0.15 Harrison and Yin, 2010 
Germany Gothenburg Urban background PM2.5 0.39 Bari et al., 2010 
 Dettenhausen Rural PM10 1.6 Bari et al., 2010 
Netherlands Amsterdam Urban background PM2.5 0.33 Saarnio et al., 2008 
France East of France (Alsace, Franche-Comté and 

Lorraine) 
Urban PM10 2.1 Delhomme and Millet (2012) 

Poland Gdańsk Urban background PM2.5 9.67 [winter] Rogula-Kozłowska et al., 2014 
  Urban background PM2.5 0.14 [summer]  
 Diabla Góra Rural background PM2.5 2.43 [winter]  
  Rural background PM2.5 0.05 [summer]  
Croatia Zagreb  PM2.5 3.18 [winter] Šišović et al., 2005 
Czech Prague Urban background PM2.5 3.03 [Nov-Jan] Saarnio et al., 2008 
USA Atlanta[Oct-Dec] Urban PM2.5 0.27 Li et al., 2009 
Malaysia Kuala Lumpur Semi-urban PM2.5 0.30 Khan M.F., 2015 
China Nanjing Urban PM2.5 3.56 He et a., 2014 
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5.2.2. Seasonal trends and spatial variations of PAHs 

Monthly concentrations of ∑8PAHs for all measurement sites are given in Figure 5.1. 

Generally, the higher concentrations were found during colder months, whereas 

comparatively lower concentrations were observed during warmer months. The highest 

∑8PAHs level was observed in December (33.9 µg m-3) followed by February (17.2 µg m-

3), April (9.2 µg m-3), October (7.3 µg m-3), June (0.8 µg m-3) and August (0.7 µg m-3). 

These reported variations in different months are statistically significant as confirmed by 

Kruskal-Wallis one-way analysis of variance (p-value, 0.000). The average value 

(mean±standard deviation) of ∑8PAHs during winter was 21±14 ng m-3, whereas during 

summer the mean concentration was 4 ±7 ng m-3; more than five-times lower than the 

winter season mean concentration. The ∑8PAHs difference between the levels of two 

seasons showed statistically significant variation in Wilcoxon-Mann-Whitney t-test (p 

value=0.000). The seasonal trend of PAHs coincided with observed PM2.5, with higher 

values in the cold period and lower values in warm period. This is due to the pollutant 

accumulation in the atmosphere due to stable atmosphere and lower mixing layer and also 

to atmospheric photochemistry. PAHs concentrations may be influenced by photo-

chemical oxidation driven by solar radiation and several atmospheric oxidants such as 

ozone and radicals (hydroxyl, NO, NO2) (Arey and Alkinson, 2003; Esteve et al., 2006; 

Ringuet et al., 2012, Masiol et al., 2013) especially during summer. Volatile PAHs 

absorption on particle due to lower atmospheric temperature may also be another reason 

for increasing concentration in winter (Ravindra et al., 2006; Galarneau, 2008). 

Between two seasons, only cold period data were used to observe the spatial variations of 

PAHs in Veneto region because from the monthly distribution of the data (Figure 5.1), it is 

obvious that the concentrations of PAHs levels are minimum and quite similar in all the 

measurement stations during summer months, probably because of the influence of 

oxidation and volatilization processes (Masiol et al., 2013). As the normality assumption 

(p>0.05) was not met by Shapiro-Wilk test, a non-parametric Kruskal-Wallis one way 

analysis of variance was performed to test the significance of variations among 

measurement sites. Finally, a pair-wise comparison was observed using Wilcoxon rank 

sum test with Bonferroni correction and the result shows that PAHs levels of BL are 
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significantly different from the values of VE, RO and VI (Table A-5.1). An inter-site 

relationship (Table A-5.1) was evaluated using Spearman’s rank correlation technique and 

a significant positive relationship (p<0.01) was found in all the sites suggesting the 

occurrence of simultaneous changes of values over the study areas (Masiol et al., 2013).  
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Figure 5.1. Seasonal values of the sum of the analyzed congeners (∑8PAHs) in the Veneto region 
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Figure 5.2. Scatterplots of ∑8PAHs versus atmospheric pollutants and micrometeorological parameters in Veneto region. 
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5.2.3. Meteorological factors affecting PAHs levels 

The results of the correlation analysis of the ∑8PAHs with meteorological parameters and 

other atmospheric pollutants are reported in Table 5.3. The relationship was computed 

using a Spearman’s correlation analysis as the normality assumption was not met. 

Atmospheric temperature showed statistically significant negative (p<0.05) correlation 

with ∑8PAHs (r = -0.89). This suggests that temperature increase favours the evaporation 

of particulate PAHs from particle to gas phase, whereas condensation of gas phase PAHs 

onto particles increases at a lower atmospheric temperature. This observation is similar to 

the findings of other researchers (Kitazawa et al., 2006, Tham et al., 2008, Masiol et al., 

2013, He et al., 2014). Solar radiation which also follows the same diurnal pattern of 

atmospheric temperature showed a negative correlation with PAHs (r = -0.76). 

Photochemical transformation of particulate PAHs (photo-degradation) under intense 

sunlight might be the reason for negative correlation between particulate PAHs and solar 

radiation (Chetwittayachan et al., 2002). A significant negative correlation was observed 

between wind speed and PAHs concentrations (r = -0.264). The observed significant 

positive relationship between humidity and PAHs (r = 0.51) suggests the depositional 

effect of gas phase PAHs on the particulate PAHs (Mastral et al., 2003; Ravindra et al., 

2008; Agudelo-Castaneda and Teixeira, 2014). The correlation between PAHs and rainfall 

is not statistically significant and does not follow any special pattern.  

On the contrary, significant positive correlations which were observed with most of the air 

pollutants (PM2.5, TC, NO, NO2, NOx and SO2) suggest that these pollutants are strongly 

linked to each other and share same emission sources and transformation pattern. A 

negative relationship of Ozone with PAHs suggests that photo-degradation of the 

particulate PAH is occurred during the reaction with O3. This result is identical to the one 

obtained by Park et al. (2002) and Tsapakis and Stephanou (2005). The regression analysis 

has been done to find whether the relationships among ∑8PAHs with measured air 

pollutants and micro-meteorological parameters are linear or not. The PAHs levels exhibit 

linear relation with NO, NO2, NOx, OC, EC, and PM2.5 whereas it shows exponential 

behavior with ozone, temperature and solar radiation (Figure 5.2).  
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Table 5.3. Spearman’s correlations of ∑8PAHs with meteorological parameters and air pollutants at Veneto region. Significant 
correlations at p<0.05 are marked. 
 Veneto region BL TV VI PD VE RO 

 

Pm2.5 0.43 0.37 0.57 0.52 0.55 0.48 0.44 

TC 0.56 0.55 0.72 0.57 0.59 0.60 0.52 

NO 0.77 0.87 0.88 0.87 0.88 0.67 0.84 

NO2 0.67 0.84 0.88 0.74 0.81 0.60 0.76 

NOx 0.74 0.86 0.89 0.81 0.87 0.64 0.81 

SO2 0.07 0.12 0.57 - 0.58 -0.28 0.46 

O3 -0.78 -0.76 -0.87 -0.85 -0.83 -0.83 -0.81 

Temperature -0.89 -0.88 -0.89 -0.94 -0.93 -0.92 -0.91 

Radiation -0.76 -0.73 -0.80 -0.76 -0.77 -0.79 - 

Humidity 0.51 0.62 0.37 0.67 0.63 0.52 0.66 

Wind -0.24 -0.56 -0.22 -0.36 -0.18 -0.20 - 

Precipitation 0.15 0.02 0.07 0.28 0.20 0.06 0.16 
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Table 5.4. BaPTEQ and BaPMEQ for all the congeners 
 
 BL  TV  VI  PD  VE  RO  Annual  

 
 TEQ MEQ TEQ MEQ TEQ MEQ TEQ MEQ TEQ MEQ TEQ MEQ TEQ MEQ 

BaA 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.10 0.08 

Chry 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.02 0.3 

BbF 0.3 0.9 0.2 0.6 0.2 0.4 0.2 0.5 0.2 0.4 0.1 0.3 0.20 0.51 

BkF 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.10 0.11 

BaP 3.4 3.4 2.2 2.2 1.4 1.4 1.9 1.9 1.7 1.7 1.1 1.1 1.95 1.95 

DBaA 0.3 0.1 0.2 0.1 0.1 0.0 0.1 0.0 0.2 0.0 0.1 0.0 0.16 0.05 

BghiP 0.0 0.6 0.0 0.4 0.0 0.3 0.0 0.3 0.0 0.3 0.0 0.2 0.02 0.36 

IP 0.3 1.0 0.2 0.6 0.1 0.4 0.2 0.5 0.1 0.5 0.1 0.3 0.17 0.54 

Total 5+5 6+6 3+4 4+5 2+2 3+3 3+3 4+4 3+3 3+4 2+2 2+2 3+3 4+4 
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5.2.4. Health Risks Assessment  

BaP has been recognized as the most important carcinogenic PAH and used as an indicator 

to potential carcinogenicity to human. However, the only BaP indicator is not sufficient 

enough to assess the risk of PAH as it is a reactive substance. Moreover, every congener 

has its own toxicity. In order to estimate the carcinogenic risk of total PAH to human, 

Toxic Equivalency Factor (TEF) method has been widely applied.  

BaP-toxic equivalent (BaPTEQ) has been calculated from the following formula: 

BaPTEQ = ∑ (PAHi × TEFi) ……………….. (5.1) 

Here, PAHi is the concentration of an individual PAH and TEFi is the corresponding toxic 

equivalence factor.  TEFs were used from Nisbet and LaGoy (1992) (Appendix, Table A-

5.2). Similarly, Mutagenic Equivalency Factor (MEF) has been assessed from the above 

equation just with replacement of TEF with MEF following the values proposed by Durant 

et al. (1996).  

The calculated BaP equivalent values (both BaPTEQ and BaPMEQ) are given in Table 5.4. 

Regional BaPTEQ values fluctuated from 0.02 to 18.2 ng m-3 with an annual value 

(mean±standard deviation) of 3±3 ng m-3, similar to the value found in Dettenhausen, 

Germany (2.7 ng m-3: Bari et al., 2010). The highest contribution to the total carcinogenic 

potential of the PAH mixture has come from BaP (72%), followed by BbF (8%), IP 

(6±6%), DBahA (6%), BaA (4%), BkF (4%), Chry (1%) and BghiP (1%). This calculated 

BaPTEQ is higher than the reported value in Florence (Italy, 0.79 ng m-3: Martellini et al., 

2012), Athens (Greece: Marino et al., 2000), Mexico City (Mexico, 2.17, but lower than 

those reported in Zabrze (Poland, 7.94 ng m-3: Ćwiklak et al., 2009), 2008), Shanghai 

(China, 5.95 ng m-3: Cheng et al., 2007). 

The regional average BaPMEQ value (mean ± standard deviation) was 4±4 ng m-3, ranging 

from 0.03 to 23.20 ng m-3 (Table 5.4). The most contributing congener to BaPMEQ was BaP 

(54%), followed by IP (15%), BbF (14%) and BghiP (10%).  
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Both BaP related carcinogenicity (BaPTEQ) and mutagenecity (BaPMEQ) values are higher 

in Veneto region as compared to most of the urban environment in Europe. Finally, the life 

time lung cancer risk (LCR) from inhalation was estimated using the following equation. 

LCR=BaPTEQ × URBaP ………………… (5.2) 

The unit risk (URBaP) is defined as the number of people at risk of lung cancer with BaP 1 

ng m-3 over lifetime of 70 years and the suggested unit risk (UR) is 8.7 × 10-5 (ng m-3) 

(WHO, 1987; 2000). The calculated LCR values are 2.4×10-4, 4.4×10-4 and 7.0×10-5 for 

annual, winter and summer, respectively. The annual and winter time health risk values 

exceeded the health-based guideline of 10-5 (Boström et al., 2002) and acceptable risk level 

of European Union (10-6 to 10-4 per year: EC, 2001). 

5.2.5. Comparison of particulate phase ∑8PAHs (P) with total PAH (G+P) 

As the gas-phase concentration of PAHs was not measured in this study, an attempt was 

given to predict gas-phase PAHs (P) concentrations, calculated following the similar 

approach of Xie et al. (2013) based on the theory developed by Pankow (1994a,b). 

However, mean concentration of total PAH (G+P) is 11.57 ng m-3 which is little bit higher 

than the particle phase (P) data sets (11.53 ng m-3). Similarly, both carcinogenic equivalent 

concentrations (BaPTEQ) and mutagenic equivalent concentrations (BaPMEQ) exhibited little 

difference between P-phase (3±3and 4 ±4ng m-3, respectively) and G+P data sets (3 ± 3 ng 

m-3 and 4 ±4 ng m-3, respectively). The calculated LCR value for G+P data set was 2.3 

×10-4. From the above results (mean concentration, BaPTEQ, BaPMEQ and LCR), it could be 

concluded that the difference is very little between P data and G+P data set in Veneto 

region. 
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5.2.6. Source apportionment 

5.2.6.1. Diagnostic ratio 

Diagnostic ratio method compares of pairs of PAHs and considered as introductory method 

to identify sources effectively. However, ratios should be used cautiously because ratio can 

be altered due to reactivity and degradation of some PAH congeners in the atmosphere 

(Robinson et al., 2006a, 2006b; Tsapakis and Stephanou, 2003). Six diagnostic ratios 

[IP/(IP+BghiP), BaP/(BaP+Chry), BbF/BkF, BaP/BghiP, IP/BghiP and BaA/(BaA+Chry)] 

were used to identify potential sources (Table 5.5). As the ratio [IP/(IP+BghiP)] is a good 

indicator of diesel (0.35-70), wood (0.62) and coal burning (0.56); the ratio of 

[IP/(IP+BghiP)] (0.51) found in this research indicates a strong contribution both from 

biomass burning and vehicular emission from diesel engine. The [BaP/(BaP+Chry)] ratio 

was found to be a good source indicator of vehicular emissions, the ratios 0.5 and 0.75 for 

diesel and gasoline emission, respectively. The ratio in this study was 0.5, suggests 

vehicular emissions from diesel engines. The ratio of [BbF/BkF] obtained in this study 

(2.15) is comparative to the value (>0.5) reported by Park et al. (2002), suggests 

prevalence of emissions from diesel. For indicator [BaP/BghiP], a ratio of 0.5-0.6 indicates 

traffic emission while ratios ranged from 0.92-6.0 suggest coal combustion. According to 

Caricchia et al. (1999), ratio of [IP/BghiP] provides information about vehicular emissions. 

A ratio of <0.4 is indicative of gasoline while a ratio equal to 1 is indicative of diesel 

emission. The IP/BghiP ratio is 1.05 closest to the ratios appropriate for diesel emission. 

The [BaP/BaP+Chry] ratio in this study is 0.37, similar to the values reported by Soclio et 

al. (2002), suggests combustion is the dominant source of PAHs in this region. From the 

diagnostic ratio, it is apparent that biomass burning and vehicular emissions from diesel 

engines are the main sources of PAHs emissions. 
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Table 5.5 Diagnostic ratio 

aGrimmer et al. (1983), bRavindra et al. (2006), cKavouras et al. (2001), dKhalili et al. (1995), eGuo et al. (2003), fPandey 
et al. (1999), gPark et al. (2002), hCaricchia et al. (1999), iSoclo et al. (2002) 
 
 
 
 
 
 
 
 
 
 
 
 
 

 BL TV VI PD VE RO Veneto Reference source emission 
 
 

IP/(IP+BghiP)a,b,c 0.53 0.53 0.49 0.49 0.52 0.51 0.51 0.56 (coal ) 
 0.60 (wood burning) 
 0.35-0.70 (Diesel emission) 

BaP/(BaP+Chry)d,e 0.55 0.52 0.52 0.52 0.56 0.48 0.53 0.5 (Diesel) 
 

BbF/BkFf,g 2.00 2.13 2.23 2.17 2.19 2.26 2.15 >0.5 (Diesel) 
 

BaP/(BghiP)f,g 1.02 1.03 0.94 1.11 1.05 0.95 1.03 0.5-0.6 (Traffic emission) 
0.9-6.6 (coal combustion) 
 

IP/BghiPh 1.12 1.12 0.96 0.97 1.06 1.03 1.05 <0.4 (gasoline) 
~ 1 (Diesel) 
 

BaA/(BaA+Chry)i 0.38 0.37 0.37 0.38 0.38 0.35 0.37 >0.35 (combustion) 
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a. 

 
b. 

 
           
             Figure 5.3. CPF (a) and CBPF (b) plots PAHs, OC and PM2.5 for PD
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5.2.6.2. Local sources 

The CPF (Conditional Probability Function) and CBPF (Conditional Bivariate Probability 

Function) have been calculated according to the procedure described by Uria-Tellaetxe and 

Carslaw (2014). The measurement site Padova (PD, flat area) has been selected to explain 

the local sources of PAHs and PM2.5. The CPF plots and CBPF plots for PAHs, OC and 

PM2.5 have been given in Figure 5.3. The conventional CPF plots highlight sources where 

the concentration is >75th percentile PAHs, OC and PM2.5 concentration, equal to the 

concentration of, 16.6 ng m-3 PAHs; 10.3 ug m-3 OC and 42.2 µg m-3 PM2.5.  

In PD, CPF plots indicate the probability of sources of both PAHs and PM2.5 from all the 

direction except east, corresponding to the direction of wind in winter months especially 

December (Figure A-5.1). CBPF plots show that the maximum concentrations of PAHs 

and PM2.5 occur under very low wind speed conditions from NW directions, suggests, 

domestic heating from biomass burning is the main local sources. In addition, there is 

possibility of coming PAHs and PM2.5 from NE direction, corresponding to the direction 

where most of the urban areas of Padova are located, suggests vehicular traffic also play 

significant role. 

Therefore it could be concluded that both domestic heating from biomass burning and 

natural gas as well as road transport emissions are the main local sources of PAHs in 

Veneto region same as carbonaceous particulate matter. 
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5.3. CONCLUSION 

The concentrations of PAHs at Veneto ranged between 0.2 to 70.4 ng m-3 with a mean 

value of 11.5 ng m-3. The average BaP concentration was 2.0 ng m-3, contributing 17.4% to 

the total PAHs which is two times higher than the recommended value set by the European 

Union Air Quality Directives. Concerning temporal trends of PAH, the highest 

concentration was recorded during the colder months as compared to the warmer months 

may be due to the biomass burning for household heating and cooking. Moreover, Volatile 

PAHs absorption on particle due to lower atmospheric temperature and atmospheric 

stability may also be another reason for increasing concentration in cold period. Among 

the six measurement cities, the highest concentration of PAHs was observed at Belluno 

whereas the lowest concentration was detected at Rovigo. In this study an inverse 

correlation was observed between PAHs with temperature, solar radiation, wind speed and 

ozone. 

BaP is the contributor of 75% of the BaPTEQ and LCR value suggests that carcinogenic risk 

associated to PAHs is higher than health-based guideline of 10-5 and acceptable risk level 

of European Commission (10-6 to 10-4 per year). Almost all the sampling days in cold 

period, PM2.5 and BaP levels exceeded the limit set by EC. From the diagnostic ratio, it is 

apparent that biomass burning and vehicular emissions from diesel engines are the main 

sources of PAHs emissions. 
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6.1. Aims 

This chapter deals with spatial and temporal variability of trace element in urban 

particulate matter and also to investigate the possible sources of trace element in PM2.5. 

6.2. Seasonal and spatial variations 

The mean concentrations of 18 measured trace elements have been given in Table 6.1 

whereas monthly concentrations of trace elements for all measurement sites have been 

given in Figure 6.1.  Among 18 elements the most abundant elements are Fe, Ca, Al, S, K, 

Mg and Zn. Most of the elements showed the highest concentration in VI as compared to 

others. The mean concentration of Fe, which is mainly originated from non-exhaust traffic 

elements and crustal is 185 ng m-3, fluctuated from 13.7-10175 ng m-3 and found higher 

concentrations in winter months. The highest mean concentration of Fe was observed in 

PD while the lowest mean concentration was found in BL and TV. The highest 

concentrations of Ca and Al were observed in warmer months. The mean annual 

concentration of Ca and Al are 961 and 590 ng m-3, respectively and varied from 545.2-

5625 and 250-2328 ng m-3, respectively. Ca and Al both showed the highest concentration 

in BL and the lowest mean concentration was observed in VE and TV, respectively.  

The annual mean concentration of S is 730 ng m-3, ranged from 73.3-2327 ng m-3. The 

highest mean concentration was observed in February and the highest concentration was 

found in RO. Potassium (K), a tracer of biomass burning (Puxbaum et al., 2007; Saarnio et 

al., 2010) showed the highest concentration in winter months. The mean annual 

concentration of K is 410 ng m-3 and fluctuated from 120-1246 ng m-3 and the highest 

mean concentration was observed in VI. Both Mg and Ti showed higher concentration in 

summer months. The mean concentration of Mg is 415 ng m-3 whereas the mean 

concentration of Ti is 5.6 ng m-3, mostly found in mineral dust. The concentration of Mn 

ranged from 0.83-293 ng m-3 with a mean value of 8.3 ng m-3 whereas the annual mean 

value of Zn is 40.3 ng m-3 and ranged from 4.9-313 ng m-3. The highest concentrations of 

Mn and Zn are observed in winter months and supposed to be originated from vehicular 

emissions and road dust suspension. The concentration of Mn showed significantly higher 

concentration in VI than other measurement station. Barium (Ba) also showed the highest 
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mean annual concentration in winter months, having a mean concentration of 12.3 ng m-3 

and ranged from 4.7-283 ng m-3. The concentration of arsenic (As) varied from 0-7.5 ng m-

3 with an annual mean value of 0.79 ng m-3. Arsenic is mainly originated from coal burning 

showed the highest concentration in winter months. The mean concentration of Cd is 0.19, 

fluctuated from 0.05 to 15.9 ng m-3. The nickel (Ni) concentration ranged from 1.4-1007.8 

ng m-3 with an annual mean value of 11.2 ng m-3. The mean concentration of vanadium (V) 

is 0.88 ng m-3 and varied from 0.07-9.5 ng m-3. The highest mean concentration of Ni was 

observed in April whereas the V showed the highest mean concentration in August and 

both the metals are good tracers of oil combustion. The highest concentration of Ni was 

observed in VI whereas the highest concentration was found in PD. The concentration of 

antimony (Sb) varied from 0.22-9.1 ng m-3, with an annual mean value of 1.5 ng m-3.  The 

mean concentration of Cu is 4.2 ng m-3 and varied from 0.9-70 ng m-3. Both Sb and Cu 

showed higher concentrations in winter months. 

6.3. Weekly concentration variations of trace elements 

A comparison of the levels of trace metals in particulate matter between weekdays and 

weekend for all the stations has been provided in Figure 6.2 and Figure 6.3 whereas a 

comparison over Vento region is given in Figure A-6.1. Generally weekdays showed 

higher total ∑18 trace element concentrations as compared to weekend. However this 

differences between weekdays and weekend for ∑18 trace element were not statistically 

significant as confirmed by Mann-Whitney U test (p value = 0.71). All the measurement 

sites follow the same pattern and showed the highest ∑18 trace element concentration on 

Wednesday, whereas the lowest one was observed on Thursday. Individually, the elements 

such as Fe, Mn, Ba, Sb showed statistically significant higher concentrations during 

weekday than weekend. The concentration differences between weekday-weekend may be 

due to the number concentration variations of PM particles, which showed strong 

correlations with vehicular traffics particularly with diesel combustion (Hussein et al., 

2004). 
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Table 6.1. Summary statistics of trace element levels in PM2.5 (µg m-3)  
 BL TV VI PD VE RO Annual 

 

Ranges 

Fe 57±20 74±65 552±1609 155±84 135±63 138±62 185±676 14-10175 

Ca 904±505 638±562 1500±946 959±614 608±306 1158±1497 961±883 545-5625 

Al 438±316 376±261 1519±451 427±326 294±152 488±438 590±539 250-2328 

S 457±266 544±477 870±564 751±429 742±507 1015±573 730±513 73-2327 

K 403±255 343±234 548±225 423±311 339±293 4042±292 410±277 120-1246 

Mg 314±43 331±177 728±129 406±193 309±00 400±277 415±219 308-1676 

Ti 5±3 2±2 9±3 4±3 6±3 7±3 6±4 2-18 

Mn 2±1 2±2 25±45 7±5 7±6 7±5 8±20 1-293 

Zn 16±12 29±46 56±41 56±54 39±31 46±30 40±40 5-313 

Ba 11±10 10±36 18±25 12±14 10±9 13±9 12±20 5-283 

As 0.4±0.3 0.4±0.3 1±0.7 0.5±0.3 1.6±1.5 0.9±0.4 0.8±0.8 0-8 

Cd 0.1±0.0 0.1±0.0 0.1±0.1 0.2±0.3 0.6±2.1 0.1±0.3 0.2±0.9 0.1-16 

Ni 2±3 2±2 51±159 7±6 3±2 2±1 11±1 1-1008 

Pb 3±1.6 3.4±3.1 8±9 9±6 6±5 7±5 6±6 0.5-41 

Sb 0.8±0.7 0.5±0.4 2±1.4 2.4±1.5 2.3±1.8 1.4±1.2 1.5±1.4 0.2-9 

V 0.3±0.6 0.2±0.4 1±1.6 1.2±1.5 1.6±2.3 1±1.6 1.0±1.5 0.1-10 

Co 0.1±0.0 0.1±0.0 0.5±1.8 0.1±0.1 0.1±0.0 0.1±0.0 0.1±0.8 0.1-12 

Cu 2.40±1.50 1.1±0.7 8±12 8±5 3±2 2.7±2 4±6 0.9-70 

Mean 2616±821 2356±1206 5896±2487 3228±1326 2505±907 3690±2277 3382  

Median 2411 2130 5324 3180 2408 3021 2824  

Min-

Max 

1350-

5430 

1326-9199 2890-

17205 

1445-6252 1372-

5850 

1482-10207 1326-

17205 
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Figure 6.1. Monthly variations of trace element concentrations over the Veneto region 
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Table 6.2. Comparison of the trace elements concentrations with other countries. 

 Italy Italy Bangladesh Spain Turkey Portugal UK China 
Korea Greece 

 
 

 This study Venezia (Via 
Lissa) Gonoa Dhaka Barcelona Zonguldak Lisbon Castlemorton Zhengzhou 

Incheon Thessaloniki  

PM  2009 2011 
PM2.5 

2006 2001 2004-05 
PM2.5 

2001 1999 2010 
PM2.5 

2009-10 
PM2.5 

2011-12 
PM2.5 

Fonte  (Squizzato, 
2011) 

Bove et al., 
2014 

(Salam et al., 
2008) 

Moreno et 
al., 2007 

Tecer et al., 
2012) 

(Almeida et 
al., 2005) 

(Allen et al., 
2001) 

Geng et al., 
2013 

Choi et al., 
2013 

Tolis et al., 
2015 

Fe 185±676 294 120±55 433  130 120 78 1248.8±1026 710.7 0.86±0.6 

Ca 961±883 951 88±55   197±312 230  753.1±596 287.6 1.92±1.5 

Al 590±539 503 40±49   94±258 77  579.6±509 177.5 0.74±0.97 

S 730±513 1232 1266±753         

K 410±277 563 95±55   208±169 120  750.8±440  0.42±0.38 

Mg 415±219 347 39±21   66   305±267 154.3 0.38±0.38 

Ti 5.6±3.6 16.1 7±4  26.3 12±15 8.5   17.9 0.003±0.002 

Mn 8.3±20.1 7.9 4±3  9.6 8±6 2.3 1.7 112.5±49.2 35.8 0.09±0.06 

Zn 40.3±40.3 45 16±12 381 55.5 58±44 18 11 444.1±295 248.7 0.20±0.57 

Ba 12.3±20 12.3   9.3   1.0 36.9±23   

As 0.79±0.8 1.9  6.28 1.1  0.31  21.2±8 100.1  

Cd 0.19±0.9 3.6  13.2 0.6   0.14 12±13 2.1  

Ni 11.2±0.8 3.8 7±4  5.2 3.0±1.2 2.6 1.3 3.3±2 18.8 0.03±0.04 

Pb 6.0±5.7 15.4 5±3 204 40.3 11.9±7.4 8.6 7.9 124±48 57.6 0.05±0.03 

Sb 1.5±1.4 3.6   4.3  1.5     

V 0.88±1.5 4.6 15±11  9.5  6.7  3.7±2 73.9 0.011±0.01 

Co 0.13±0.8 7.2     0.087 0.06 0.8±0.6 0.8  

Cu 4.2±6.2 12.7 6±5 95 31.7 61±20 5.4 1.1 24.1±10.3 83.5 0.17±0.38 
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Figure. 6.2 Comparison of the concentrations of trace elements between weekdays and weekend. 
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Figure 6.3. The concentrations of total metal (∑18 metal) between weekdays and weekend in all the station 
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6.4. Comparison with other Italian and international studies 

The concentration of trace elements determined in this study was compared with other 

countries. From the concentrations values of the elements in Veneto region, it is apparent 

that the concentrations of some elements such as Ca, Al, Ni, K and Mg are much higher 

than other studies except Zhengzhou, China. Although Fe concentration is comparatively 

higher in Portugal (Lisbon), UK (Castlemorton) and Greece (Thessaloniki) but lower than 

Bangladesh (Dhaka) and China. The concentration of Fe, As, Zn and Pb are much higher 

in our study than in Dhaka, Bangladesh. However, Cd, V, As and Cu showed 

comparatively lower concentrations than other studies (Table 6.2). The results of this study 

are quite similar with the research conducted by Sqizzato (2011) probably because of their 

geographical proximity, although a significant difference is found for several elements 

such as cobalt, sulfur and titanium. 

6.5. Enrichment Factor (EF) 

The concept “enrichment factor” was first introduced by Rahn 1971 (Lee et al., 1994) and 

is used to identify the sources of elements present in atmospheric aerosols and it assesses 

the influences of crustal sources on trace element composition in PM. EF has been 

calculated using the following equation. 

ܨܧ =
	ቀܻܺቁ ݈ݏݎ݁ܽ

ቀܻܺቁ ݐݏݑݎܿ
 

 

   (Eq 6.1) 

       

(X/Y) aerosol = is the ratio between the concentrations of target/measured element and 

reference element in aerosol; 

(X/Y) crust= is the ratio between the concentrations of target/measured elements and 

reference elements in Earth’s crust 

 

Usually Al, Fe, Si and Ti have been given priorities as reference materials because of 

lacking of predominant anthropogenic sources. In this study Fe is selected as reference 

material (Alves et al., 2015) because Al and Si are supposed to be main components in the 



123 
 

fly ash of the thermal power plants (Petaloti et al., 2006). The composition of crustal 

elements and then the concentrations of each element in the earth's crust used in the 

equation were chosen to calculate EF on the basis different scientific articles (Taylor, 

1964; Cox, 1989; Wedepohl, 1995). The mean concentration of the elements present in the 

earth crust used (Table 6.3) may actually differ from the actual composition of the soil of 

the study area, which depends on the geochemical properties and its potential 

contamination from anthropogenic sources. In addition, the reference element chosen (Fe) 

may also be issued from other sources as well as from the crust. For this reason, an average 

value is used in the Table 6.3 which, however, could not always be significant for some 

elements of crustal origin.  

An elements is considered to be crustal origin if EF<1, while the element is supposed to be 

non-crustal origin for EF value greater than 5 (Gao et al., 2002). The most enriched 

(EF>100) elements are S, Zn, As, Cd, Pb, and Sb, suggested that these elements are mainly 

coming to the atmosphere from the emissions of various anthropogenic activities. Low EF 

values are found for (<5) Fe, Al, Ti, Mn, Mg, V and Co, supposed to be originated from 

soil or road dust resuspension. 
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Table 6.3. Average concentration of the elements in the earth's crust and calculation of the 
enrichment factor 
 

Element Concentration 

(Reference 

element) 

Estimated Earth Crust 

Site 

  BL TV VI PD VE RO Veneto 

Fe 57060b 
1.0 1.0 1.0 1.0 1.0 1.0 1 

Ca 48600b 
18.7 10.2 3.2 7.3 5.3 9.9 6.1 

Al 82000c 
5.4 3.6 1.9 1.9 1.5 2.5 2.2 

S 408b 
1127.9 1032.9 220.4 678.5 771.1 1029.9 552 

K 15000c 
27.1 17.7 3.8 10.4 9.6 11.2 8.4 

Mg 29000c 10.9 8.9 2.6 5.2 4.5 5.7 4.4 

Ti 5700a 
0.8 0.3 0.2 0.2 0.5 0.5 0.30 

Mn 950a 
2.1 1.8 2.7 2.6 3.1 2.9 2.7 

Zn 79b 
206.4 280.7 73.8 261.9 207.3 240.6 157.4 

Ba 425a 25.8 18.6 4.3 10.7 10.4 12.4 9.0 

As 1.8a 218.0 168.0 55.1 106.6 370.0 213.9 136.2 

Cd 0.15c 
402.5 258.4 75.8 541.0 1697.0 331.3 398 

Ni 90c 
32.4 17.4 58.5 28.6 12.2 8.4 38.5 

Pb 12.5b 
241.5 212.1 66.8 252.6 215.5 220.3 148.3 

Sb 0.2c 
4176.3 2054.5 754.7 4333.9 4942.4 2960.7 2298.4 

V 149b 
2.0 1.0 0.7 3.1 4.4 2.8 1.83 

Co 30c 
1.7 1.3 1.7 1.0 0.7 0.7 1.32 

Cu 55a 
43.9 15.4 15.5 51.8 21.5 20.3 23.3 

aTaylor, 1964; bCox, 1989; cWedepohl, 1995 
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6.6. Correlations among trace elements 

To find the relationships among trace elements, only VI and PD were selected. As data 

were not normally distributed, a non-parametric test “Spearman” correlation was 

performed to find significant relationship among trace elements. Strong correlation was 

observed among crustal elements especially Ca, Al and Ti, revealed that these elements are 

coming from soil dust. On the contrary, elements related to vehicular traffic such as Fe, 

Mn, Zn, Pb, Sb, Cu and V showed strong correlations in both sites (Table 6.4). However, 

strong correlations among Mn, Fe, Pb and Zn, sometimes may be also considered as tracers 

of emissions of steel industries, such as that present in the territory. The dust emitted from 

a steel mill are primarily derived from the processes of melting and refining steel and are 

characterized by a much higher content of some metals (especially iron, manganese, 

chromium, nickel and zinc) than the dust emitted from traffic and heating. Moreover, 

arsenic (As) also showed strong relationship with S and Mn. The strong correlation of Cu 

with Mn, Cd, Ni, Sb and V suggested that these elements are known as traffic markers 

(Sernbeck et al., 2002; Iigima et al., 2009; Duan et al., 2012) and primarily originated from 

traffic-oriented sources such as exhaust brake wear, tires, fossil fuel combustion, road line 

paintings and the galvanized security barriers (Gao et al., 2014).  

Relationship among trace element and meteorological factors such as wind, temperature, 

solar radiation, humidity and precipitation were also determined (Table 6.5) and it revealed 

that these relationships follow the same pattern like OC-EC and PAHs. Most of the 

elements showed negative relationship with temperature and wind velocity may be due to 

the presence of lower pollutant dispersions with stable atmospheric condition during winter 

(Vardoulakis and Kassomenos, 2008).  
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Table 6.4. Relationships among elements of all the measurement sites. Only significant values are given (p <0.05) 
 
VI  Fe Ca Al S K Ti Mn Zn Ba As Cd Ni Pb Sb V Cu 

 
 Fe                 
 Ca                 
 Al  0.52               
 S 0.49                
 K 0.45   0.59             
 Ti 0.54  0.27 0.53 0.47            
 Mn 0.90   0.40 0.46 0.47           
 Zn 0.48  -0.40 0.45 0.56 0.28 0.51          
 Ba 0.33  -0.27 0.54 0.33 0.50 0.28 0.53         
 As 0.77  -0.31 0.71 0.54 0.44 0.76 0.62 0.42        
 Cd 0.27   0.29 0.38  0.31 0.51  0.38       
 Ni 0.71   0.28 0.36 0.30 0.69   0.41       
 Pb 0.68  -0.46 0.63 0.60 0.36 0.69 0.81 0.51 0.85 0.42 0.36     
 Sb 0.38 -0.30 -0.71 0.33 0.32 0.00 0.46 0.75 0.44 0.56 0.49  0.78    
 V 0.69   0.70 0.49 0.69 0.57 0.30 0.35 0.69 0.29 0.44 0.47    
 Cu 0.86 -0.04 -0.34 0.49 0.44 0.41 0.87 0.58 0.38 0.85 0.31 0.62 0.77 0.57 0.56  
                  
PD Fe Fe Ca Al S K Ti Mn Zn Ba As Cd Ni Pb Sb V Cu 

 
 Ca                 
 Al  0.84               
 S 0.41                
 K 0.65   0.45             
 Ti  0.60 0.59 0.36             
 Mn 0.83    0.62            
 Zn 0.37    0.31  0.49          
 As 0.60 -0.50 -0.46    0.67 0.38         
 Cd 0.61    0.67  0.59 0.29  0.35       
 Ni 0.50 0.38 0.34  0.56 0.44 0.47 0.29   0.32      
 Pb 0.78  -0.30 0.41 0.58  0.89 0.49  0.70 0.58 0.34     
 Sb 0.75   0.44 0.66  0.71 0.38  0.49 0.64 0.33 0.76    
 V  0.33  0.27  0.42           
 Cu 0.85  -0.28  0.52  0.80   0.71 0.52 0.42 0.75 0.65   
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Table 6.5. Correlation between meteorological factors and trace elements 
 
Parameters Fe Ca Al S K Mg Ti Mn Zn Ba As Cd Ni Pb Sb V Co Cu 

 

Wind -0.36 -0.15 0.03 0.-16 -0.26 -0.07 0.03 -0.36 -0.35 -0.06 -0.17 -0.36 -0.38 -0.53 -0.49 -0.28 -0.36 -0.64 
 
 

Temperature -12 0.14 0.17 -0.01 -0.52 0.09 0.16 -0.24 -0.24 -0.14 -0.13 -0.29 0.03 -0.47 -0.44 0.45 0.05 -0.14 
 
 

Radiation -22 0.25 0.25 00 -0.37 0.11 0.24 -0.21 -0.21 -0.13 -0.11 -0.23 -0.05 -0.49 -0.41 0.16 -0.13 -0.26 
 
 

humidity 0.11 -0.08 -0.08 -0.09 0.23 -0.04 -0.05 0.28 -0.14 0.10 0.29 0.18 0.10 0.36 0.31 -0.16 0.04 0.22 
 
 

rainfall -0.22 0.03 0.05 -0.32 -0.06 -0.03 -0.12 -0.14 0.28 -0.15 -0.08 -0.13 0.02 -0.19 -0.14 -0.15 -0.06 -0.14 
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6.7. Health risk assessment 

Health risk due to trace element exposure was calculated using USEPA human health 

evaluation methods (USEPA, 2001). Elements entered into human body through three 

exposure pathways a) ingestion, b) dermal contact, and c) inhalation (Ferreira-Baptista 

and Miguel, 2005; Kurt-Karakus, 2012).  The Potential exposure doses through 

inhalation are calculated from the following equations 

a) Daily potential exposure dose through inhalation, LADDinh 

 
       (Eq 6.2) 

 
 

Details of the parameter used in the equations (Eq 6.2) have been given in table 6.6. 

Finally, the cancer risk (CR) of the exposure of elements is estimated and this value is 

acceptable for the value lower than 1.0×10-6 to 1.0 ×10-4.  

Health risk characterization has been calculated from the equations described below: 

  

ܴܥ = ܦܦܣܮ ×   (Eq 6.3)ܨܵܥ

 

Here, LADD = average daily exposure dose of trace elements through ingestion, 

dermal contact and inhalation pathways (mg/kg/day) 

RfD = reference dose; CSF= cancer slope factor (mg/kg/day)-1. 

 

All the above calculations have been done in this study by following USEPA method 

and published documents (Čupr et al., 2013; Lee et al., 2006; US EPA, 2011; Wcisło et 

al., 2002; Liu et al., 2015). The average daily exposure doses of trace elements through 

inhalation pathways are provided in Table 6.7. The daily exposure doses showed 

variation and followed the orders Ca>Al> S> K> Mg> Fe>Zn> Ba> Ni> As> Mn> Pb> 

Ti> Cd> Sb> V> Co> Cu. The exposure doses of trace elements through inhalation 

pathways were much higher for children as compared to adults. It is not possible to 

calculate HI values for all the measured trace elements as the USEPA has not estimated 

RfD values for all the elements. The recommended values for RfD used in this study 

has been given in Table 6.8 whereas the calculated CR values were given in Table 6.9.  
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Table 6.6. Recommended values of the parameters used to calculated the daily 
exposure dose of trace elements in PM2.5 
  
Parameter Definition Value References 

 
C Average concentration 

of HMs in APM 
(mg/kg) 

 Hu et al. (2012) 

EF Exposure frequency 
(days/year) 

180 USEPA(2004) 

ED Exposure duration 
(year) 

24 (adults), 6 (children) USEPA(2004) 
 

CF Conversion factor 10-6 (kg/mg) USEPA(2004) 
 

BW Body weight (kg) 70 (adults), 15 (children) USEPA(2004) 
 

AT Averaging time (days) Non-carcinogens, 
AT=ED*365 days/year 

USEPA(2004) 

  Carcinogens, AT=70*365 
days/year 

Du et al. (2013) 

InhR Inhalation rate (m3/day) 7.63 (adults), 20 (children) USEPA (2009) 
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Table 6.7. Calculated daily exposure doses of trace elements through inhalation 
pathways 
 
 Adult Children 

 
 

 LADDinh LADDinh 

 
Fe 

6.3×10-7 1.7×10-9 
Ca 

3.3×10-7 8.9×10-9 
Al 

2.0×10-7 5.5×10-9 
S 

2.5×10-7 6.8×10-9 
K 

1.4×10-7 3.8×10-9 
Mg 

1.4×10-7 3.9×10-9 
Ti 1.9×10-9 5.2×10-11 
Mn 2.8×10-9 7.7×10-11 
Zn 

1.4×10-8 3.7×10-10 
Ba 

4.2×10-9 1.1×10-10 
As 

2.7×10-10 7.4×10-12 
Cd 

6.5×10-11 1.8×10-12 
Ni 

3.8×10-9 1.0×10-10 
Pb 

2.0×10-9 5.6×10-11 
Sb 

5.0×10-10 1.4×10-11 
V 

3.0×10-10 8.2×10-12 
Co 

4.3×10-11 1.2×10-12 
Cu 

1.4×10-9 3.9×10-11 
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Table 6.8. Recommended values in equations of the health risk characterization of 
elements in atmospheric particulate matter 
 
 Zn Pb Cd Ni Mn Cr Cu 

 
RfD-ADDinh 3.01×10-1 3.52×10-3 1.00×10-3 5.04×10-3 1.84×10-3 6.00×10-5 1.20×10-2 

 

RfD-CSFinh   6.30×100 8.40×10-1  4.20×101  

 

 
 
Table 6.9. Characterization of risk of trace elements in PM2.5. 
 
 Mn Zn Cd Ni Pb Cu 

 
Adult       
CR   1.29×10-10 1.0×10-9   
 
Children 

      

CR   1.13×10-11 1.50×10-12   
 
 

The cancer risk of Cd and Ni has been estimated from the average daily exposure doses 

through inhalation pathway and the values of cancer risk for both the trace elements are 

below the acceptable limit of European Union (10-6 to 10-4 per year: EC, 2001), 

indicated that these two elements are not responsible for carcinogenic risk.  

6.8. Conclusion 

The mean concentration of ∑18 trace element was 3382 ng m-3 and it ranged from 1326-

17205 ng m-3. Among 18 elements the most abundant elements are Fe, Ca, Al, S, K, 

Mg and Zn. Most of the elements showed the highest concentration in VI as compared 

to others. Concerning temporal trends, the elements like Fe, K, Zn, Ba, Pb, Sb and Cu 

showed the highest mean concentrations during winter months whereas, the highest 

concentration was recorded for Ca, Al, Mg, Ti, Mn, Cd, V and Co during the summer 

months. Several elements such as S, Ti, Zn, As and Ni showed almost similar 

concentrations throughout the year. The highest values during winter month may be 

due to the biomass burning for household heating and cooking as well as the 

atmospheric stability and lower mixing layers resulting in pollutant accumulation at 

ground level. On the contrary, vehicular traffic may be responsible for the higher 

concentration of several elements especially V, Cd and Ni. Relationship among trace 
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element and meteorological factors such as wind, temperature, solar radiation, humidity 

and precipitation revealed that these relationships follow the same pattern like OC-EC 

and PAHs. Most of the metals showed negative relationship with temperature and wind 

velocity may be due to the presence of lower pollutant dispersions with stable 

atmospheric condition during winter. Enrichment factor was determined and it revealed 

that S, Zn, As, Cd, Pb and Sb are the most enriched elements and originated from the 

emissions of various anthropogenic activities whereas Fe, Al, Ti, Mn, Mg, V and Co 

are the low enriched  elements, supposed to be originated from soil or road dust 

suspension. Health risk associated with trace element exposure was calculated using 

USEPA human health evaluation methods and it is apparent that the exposure doses of 

trace elements through inhalation pathways were much higher for children than adults.  
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CHAPTER 7 

POSSIBLE SOURCES 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



134 
 

7.1. Factor Analysis (FA) 

 
To find possible sources of PM2.5, a statistical procedure named factor analysis was 

performed to identify number of factors and species profile of each source. Main 

principle of the FA is to reduce the number of variables keeping original information. 

Before FA analysis, missing values was substituted with LOD/2 and then both Kaiser-

Myer-Olkin (KMO) for sampling adequacy and Bartlett’s test for homogeneity of 

variance were performed to test the suitability of the data for FA test. Generally, a 

KMO value over 0.6 and a level of significance for Bartlett’s test below 0.5 reveal there 

is a reasonable amount of correlation in the data, thus suitable for FA analysis. Factor 

analysis was conducted separately for all the measurement sites. In this study, KMO 

was 0.76 and p value for Bartlett’s test was lower than 0.05 (p=0.000), indicating data 

are correlated enough for FA analysis. Factors were identified using varimax rotation 

method based on eigen-value, scree plot, variability in the number of factors and 

sensibility of each variable to factor loading. Variables were considered as a sources 

when factor loading were>0.65 and moderately loading (0.50-0.65). Before factor 

analysis, Principle Component Analysis (PCA) was performed and we observed that all 

the PAHs congeners are highly correlated and fall into same group and therefore we 

have used sum of PAHs congeners (∑8PAHs) instead of all PAHs congeners separately. 

To perform FA analysis, OC, EC, PAHs, trace elements and ions data (which was 

analysed by another team member of our group) were used to get a complete scenario 

of the origin of the pollutants. Potential sources of atmospheric PM2.5 were identical 

separately for all six measurement sites as they have distinct geomorphological 

characteristic. Variables with loading in factor analysis of all the measurement sites 

have been given in Table 7.1-7.6. 
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Table 7.1.  Shows the variable with loading in factor analysis in BL. Variables with 
loading factors >0.65 are red colored and variables with loading factors 0.5-0.65 are 
blue colored 
 
Element Factor  1 Factor 2 Factor 3 

OC 0.85 0.18 0.26 
EC 0.73 -0.04 0.25 
PAH 0.81 -0.27 0.17 
NO3

- 0.87 0.24 0.09 
PO4

-2 -0.66 0.17 -0.48 
SO4

-2 0.10 0.92 0.04 
Na+ 0.64 0.31 0.20 
NH4

+ 0.58 0.66 0.13 
K+ 0.89 0.08 0.24 
Ca+2 0.06 0.69 -0.13 
Fe -0.36 0.37 -0.35 
Ca -0.13 -0.39 -0.67 
Al -0.13 -0.06 -0.95 
S 0.15 0.90 0.08 
K 0.86 0.02 -0.26 
Ti -0.50 0.13 -0.42 
Mn -0.16 0.52 -0.59 
Zn 0.41 0.21 0.13 
Ba 0.02 0.09 0.13 
As 0.40 -0.14 0.44 
Ni -0.16 -0.01 -0.60 
Pb 0.73 0.50 -0.02 
Sb 0.59 0.47 0.01 
V -0.39 0.56 -0.03 
Cu -0.25 0.29 0.31 
    
%Variance 34 17 9 
Cumulative variance 34 51 60 
Source Biomass burning and 

Road traffic Secondary Sulphates Crustal 
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Table 7.2.  Shows the variable with loading in factor analysis in TV. Variables with 
loading factors >0.65 are red colored and variables with loading factors 0.5-0.65 are 
blue colored. 
 

Element Factor  1 Factor 2 

OC 0.94 0.25 
EC 0.77 -0.22 
PAH 0.85 -0.28 
NO3

- 0.70 0.32 
PO4

-2 -0.29 -0.14 
SO4

-2 0.07 0.88 
Na+ -0.14 -0.20 
NH4

+ 0.46 0.72 
K+ 

0.97 0.05 
Ca+2 

0.66 0.41 
Fe 0.56 0.49 
Ca -0.22 0.37 
Al -0.37 0.47 
S 0.21 0.87 
K 0.68 0.37 
Mn 0.45 0.48 
Zn 0.33 0.16 
As -0.30 0.34 
Ni -0.07 0.27 
Pb 0.80 0.47 
Sb 0.66 0.23 
V -0.29 0.45 
   
%Variance 36 15 
Cumulative variance 36 51 
Source Biomass burning and Road 

traffic Secondary Sulphates 
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Table 7.3.  Shows the variable with loading in factor analysis in VI. Variables with 
loading factors >0.65 are red colored and variables with loading factors 0.5-0.65 are 
blue colored. 
 

Element Factor  1 Factor 2 

OC 0.97 -0.00 
EC 0.70 -0.03 
PAH 0.72 -0.08 
Cl 0.88 0.07 
NO3

- 0.62 -0.25 
PO4

-2 -0.74 0.27 
SO4

-2 0.52 0.33 
Na+ 0.50 -0.15 
NH4

+ 0.69 -0.13 
K+ 0.96 -0.02 
Ca+2 0.55 0.04 
Fe -0.10 0.92 
Ca 0.02 0.17 
Al -0.57 0.41 
S 0.63 0.28 
K 0.67 0.31 
Mg -0.08 0.17 
Ti 0.31 0.42 
Mn 0.11 0.93 
Zn 0.74 0.06 
Ba 0.15 -0.01 
As 0.81 0.36 
Ni -0.15 0.91 
Pb 0.91 0.10 
Sb 0.89 -0.02 
V -0.04 0.95 
Cu 0.32 0.88 
   
%Variance 38 19 
Cumulative variance 38 37 
Source Biomass burning and Road 

dust Heavy oil 
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Table 7.4.  Shows the variable with loading in factor analysis in PD. Variables with 
loading factors >0.65 are red colored and variables with loading factors 0.5-0.65 are 
blue colored. 
 
Element Factor  1 Factor 2 Factor 3 

OC 0.88 0.21 0.29 
EC 0.67 0.05 0.03 
PAH 0.84 0.16 -0.15 
Cl 0.90 0.11 0.11 
NO3

- 0.49 0.62 0.37 
PO4

-2 -0.36 0.36 -0.57 
SO4

-2 0.24 -0.03 0.86 
Na+ -0.16 0.45 -0.59 
NH4

+ 0.47 0.47 0.63 
K+ 0.92 0.17 0.13 
Ca+2 0.58 -0.23 0.16 
Fe 0.83 -0.02 0.27 
Ca -0.21 -0.87 0.12 
Al -0.20 -0.84 0.06 
S 0.25 -0.05 0.82 
K 0.86 -0.32 0.16 
Ti 0.16 -0.67 0.26 
Mn 0.90 0.14 0.09 
Zn 0.39 0.11 -0.08 
Ba 0.31 0.03 0.30 
As 0.47 0.57 0.35 
Cd 0.46 -0.02 0.15 
Ni 0.28 -0.29 0.19 
Pb 0.86 0.26 0.25 
Sb 0.81 0.09 0.37 
V -0.32 -0.12 0.51 
Cu 0.80 0.16 0.15 
    
%Variance 42 14 8 
Cumulative variance 42 56 64 
Source Biomass burning and 

Road traffic Crustal Secondary sulphate 
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Table 7.5.  Shows the variable with loading in factor analysis in VE. Variables with 
loading factors >0.65 are red colored and variables with loading factors 0.5-0.65 are 
blue colored. 
 

Element Factor  1 Factor 2 Factor 3 

OC 0.91 0.29 0.07 
EC 0.85 -0.06 0.01 
PAH 0.88 -0.10 0.24 
Cl 0.89 -0.06 -0.06 
NO3

- 0.52 0.53 0.15 
PO4

-2 -0.65 -0.21 -0.49 
SO4

-2 -0.02 0.87 -0.15 
Na+ 0.70 0.27 0.34 
NH4

+ 0.35 0.80 0.04 
K+ 0.93 0.13 0.14 
Ca+2 

0.67 0.10 -0.20 
Fe 0.84 0.14 -0.25 
S 0.14 0.90 -0.17 
K 0.91 0.16 0.03 
Ti 0.27 0.43 -0.48 
Mn 0.87 0.13 -0.07 
Zn 0.84 0.26 0.09 
Ba 0.41 0.44 0.28 
As 0.12 0.21 -0.19 
Cd -0.01 0.51 0.20 
Ni 0.11 0.09 -0.72 
Pb 0.74 0.41 -0.07 
Sb 0.71 0.37 0.04 
V -0.35 0.30 -0.69 
Cu 0.73 0.14 -0.46 
    
%Variance 47 13 8 
Cumulative 
variance 

47 60 68 

 Biomass burning and 
Road traffic Secondary sulphate 

Heavy oil 

 

 

 

 

 

 



140 
 

Table 7.6.  Shows the variable with loading in factor analysis in RO. Variables with 
loading factors >0.65 are red colored and variables with loading factors 0.5-0.65 are 
blue colored. 
 

Element Factor  1 Factor 2 

OC 0.87 0.22 
EC 0.68 -0.05 
PAH 0.79 -0.21 
Cl 0.73 0.01 
NO3

- 
0.79 0.15 

PO4
-2 -0.23 -0.09 

SO4
-2 0.37 0.57 

Na+ 
0.22 -0.22 

NH4
+ 

0.77 0.32 
K+ 

0.93 0.04 
Ca+2 

0.30 0.14 
Fe 0.75 0.28 
Ca -0.07 -0.85 
Al -0.09 -0.87 
S 0.42 0.53 
K 0.81 -0.49 
Ti 0.02 -0.40 
Mn 0.95 0.04 
Zn 0.88 0.01 
Ba -0.07 0.26 
As 0.29 0.09 
Ni -0.02 -0.13 
Pb 0.89 0.07 
Sb 0.73 0.17 
V -0.36 0.46 
Cu 0.67 0.35 
%Variance 39 12 
Cumulative variance 39 51 
Source Biomass burning and Road 

traffic and secondary nitrate 
Crustal and secondary 
sulphate 
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The first factor for all the sites includes OC, EC, PAHs, K+ and also Pb. K+ is the 

biomarker of biomass burning whereas OC concentration comes from household 

heating and cooking especially in winter. Moreover, EC is originated from gasoline and 

diesel powered vehicles followed by Pb (Cheng et al., 2010). Therefore this factor is 

designated as biomass burning and vehicular traffic.  

The second factor of BL, TV, VE and RO and third factor of PD comprised of sulphate 

and sulphur which are predominant sources of secondary sulphate (Bove et al., 2014; 

Masiol et al., 2012). The 3rd factor of BL and second factor of PD and RO consists of 

primarily Ca, Al and and secondarily Ni and links to typical crustal origin (Rampazzo 

et al., 2008). 

The second factor for VI and third factor for VE are comprised of nickel and vanadium 

and these elements are present in crude oil (Lewan, 1984) and biomarker for fossil fuel 

or heavy oil combustion processes (Moreno et al., 2010) such as petroleum refineries 

(Bosco et al., 2005), coke production (Moreno et al., 2007), heavy fuel oil broilers 

(Sippula et al., 2009) and shipping emissions (Becagli et l., 2012).  
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CHAPTER 8 

CONCLUSION 
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PM2.5 samples (n=360) were collected from April 2012 to February 2013 at six 

provinces in the Veneto region, to determine the chemical composition, the factors 

affecting organic and inorganic particulate matter variations and to find the sources of 

PM2.5. Sixty samples per province were analysed in every alternate month (April, June, 

August, October, December and February): 10 samples per station in 10 consecutive 

days of the months selected.  

PM2.5 concentration fluctuated from 3.0 µg m-3 to 82.6 µg m-3 with a value 

(mean±standard deviation) of 24±17 µg m-3. Concentrations were predominantly higher 

in the colder months than in the warmer ones. The OC concentration ranged from 0.98 

µg m-3 to 22.34 µg m-3, while the mean value was 5.48 µg m-3, contributing 79% of the 

total carbon. EC concentrations fluctuated from 0.19 to 11.90 µg m-3 with an annual 

mean value of 1.31 µg m-3 (19% of the total carbon). The monthly OC concentration 

gradually increased from April to December. The EC did not vary in accordance with 

OC. However the highest values for both parameters were recorded in the cold period. 

Although there were concentration differences in OC among the provinces, these were 

not statistically significant as tested by the Kruskal–Wallis one-way analysis of 

variance. The OC/EC ratios ranged between 0.71 to 15.38 with a mean value of 4.54, 

which is higher than the values observed in most of the other European cities. 

Statistically significant correlations between OC and EC were found in all the 

monitored months except in October and December. Statistically significant 

meteorological factors controlling OC and EC were investigated by fitting linear 

models and using a robust procedure based on weighted likelihood. Temperature and 

wind velocity turned out to be statistically significant, with a multiple R2 value of 0.79. 

The secondary organic carbon (SOC) was calculated from the EC tracer method. The 

SOC contributed for 69% of the total OC during the study period and this was 

confirmed by both the approaches OC/EC minimum ratio and regression. CPF 

(conditional probability function) and CBPF (conditional bivariate probability function) 

plots indicate that both biomass & wood burning and vehicular traffic are probably the 

main local sources for carbonaceous particulate matter emissions in two selected cities. 

Finally, a cluster analysis on the back-trajectories of air masses from different regions 

of Europe revealed no significant contributions in the levels of OC and EC. A limited 

influence of trans-boundary transports on the levels of carbonaceous PM2.5 in the 

Veneto was therefore inferred. 
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Considering PAHs, the total concentration of 8 particulate PAHs ranged from 0.2 to 

70.4 ng m-3 with a mean value of 11.5 ng m-3. The mean BaP concentration was 2.0 ng 

m-3, contributing 17.4% to the total PAHs which is two-times higher than limit set by 

the European Union. PAHs concentration across the region follow same pattern with 

maxima during colder months and minima in warm period. In this study, PAHs showed 

an inverse relationship with temperature, solar radiation, wind speed and ozone. The 

results of this study suggest that biomass burning for household heating and cooking 

followed by volatile PAHs absorption on particle due to lower atmospheric temperature 

and atmospheric stability are the main reasons for increasing PAHs concentration in 

winter. Health risk was evaluated by lifetime lung cancer risk (LCR), showed potential 

carcinogenic risk from the airborne BaPTEQ which is six fold higher in cold period as 

compared to the warm season. Gas-phase PAHs (P) concentrations were calculated and 

it could be concluded that there is tiny difference between  P (particulate) data and G+P 

(gas+particulate) data set in Veneto region. Finally, local source emission was studied 

by conditional biovariate probability function and results revealed that local emissions 

especially domestic heating and road transport emissions were responsible for higher 

PAHs and PM2.5 mass.  

For elements, the mean concentration of ∑18 trace element was 3382 ng m-3 and it 

ranged from 1326-17205 ng m-3. Among 18 elements the most abundant elements are 

Fe, Ca, Al, S, K, Mg and Zn. Most of the elements showed the highest concentration in 

VI as compared to others. Several elements such as Fe, K, Zn, Ba, Pb, Sb and Cu 

showed highest mean concentrations during winter months whereas, the highest 

concentration was recorded for Ca, Al, Mg, Ti, Mn, Cd, V and Co during the summer 

months. Several elements such as S, Ti, Zn, As and Ni showed almost similar 

concentrations throughout the year. The highest values during winter month may be 

due to the biomass burning for household heating and cooking as well as the 

atmospheric stability and lower mixing layers resulting in pollutant accumulation at 

ground level. It is obvious from the correlation among trace elements and 

meteorological factors such as wind, temperature, solar radiation, humidity and 

precipitation that these relationships follow the same pattern like OC-EC and PAHs.  

 

Enrichment factor was determined and it revealed that elements such as S, Zn, As, Cd, 

Pb and Sb are the most enriched elements and originated from the emissions of various 
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anthropogenic activities. Health risk, evaluated as the lifetime lung cancer risk (LR), 

and showed the cancer risks of Cd and Ni have been estimated from the average daily 

exposure doses through inhalation pathway and the values of cancer risk for both the 

elements are below the acceptable limit of European Union. The main factors for the 

increased organic compound concentrations and trace elements are biomass burning for 

household heating and cooking, followed by vehicular traffic, oil combustion and 

crustal. 

Finally, PM2.5 concentrations varied from 3.0 µg m-3 to 83 µg m-3 with a mean value of 

24±17 µg m-3. Total carbon and inorganic ions (trace elements and ion) together 

contributed for almost 79% to the total PM2.5 whereas organic compounds (TC and 

PAHs) contributed for 28% to the total PM2.5. Therefore, OC, EC and trace elements 

are significant contributors to the total PM2.5. Finally, the findings of this research work 

may be used as baseline data for the Italian Government as well as European 

community. Moreover, it also suggests to take necessary actions at both local and 

regional level to control fine particulate matter as PM2.5 concentrations in four cities 

exceeded the annual mean concentration limit set by the 2008/50/EC directive: annual 

mean value 25 µg m-3 which will be met by 2015. 
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             Figure A-3.1.Wind-rose of Belluno 
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            Figure A-3.2. Wind-rose of Treviso 
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           Figure A-3.3. Wind-rose of Vicenza 
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            Figure A-3.4. Wind-rose of Padova 
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            Figure A-3.5. Wind-rose of Venice 
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           Figure A-3.6. Wind-rose of Rogivo 
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Appendix – 4 
 

Table A-4.1. The p-value and level of significance of the parameters of model 
 Estimate Std. Error t-value P-value Level of 

significance 

Intercept 0.388 0.051 7.588 0000 *** 

logEC 0.323 0.051 6.326 0000 *** 

Month_Feb 0.556 0.045 12.199 0000 *** 

Month_Jun -0.003 0.061 -0.051 0.959  

Month_Aug 0.048 0.067 0.714 0.008  

Month_Oct 0.080 0.030 0.629 0000 ** 

Month_Dec 0.588 0.055 10.548 0000 *** 

Temp 0.007 0.004 1.875 0.06 1 . 

Wind -0.109 0.014 -7.575 3.73 × 10-13 *** *** 

Here, *** is the 0.1 % level of significance and ** is the 1% level of significance 
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Figure A-4.1. Weights of the root  
 
Here, model identified three outliers 
219:  Measurement station Padova 39 (Octber 20, 2012): Relative Humidity (91.4%):  
220: Measurement station Padova 40 (October 21, 2012) Relative Humidity (91.6%) 
279: Measurement station Venice 39 (October 20,) Relative Humidity (95.5%) 
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Figure A-4.2. Fitted values vs Residuals 

 
 Figure A-4.3. Fitted values vs Weighted residuals 
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Figure A-4.4. City maps with highlighted sources 
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Figure A-4.5. CPF plots for EC, OC concentrations and OC/EC ratios in BL and VE 
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 (a) 

 

(b)  
Figure A-4.6. Wind rose showing (a) annual and (b) monthly wind speed and direction 
frequencies at Belluno. 
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Figure A-4.7. Wind rose showing the monthly wind speed and direction frequencies at Venice. 
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Appendix – 5 

 
Table A-5.1. Spearman’s rank correlations (bottom-left) and Kruskal-Wallis analysis of variance 
(top-right) calculated for the PAHs levels among sites.  
 
  

Provinces 
 

 BL TV VI PD VE RO 
 

BL - 0.22 0.000 0.08 0.01 0.000 
 

TV 0.90  0.79 1.0 1.0 0.09 
 

VI 0.84 0.95  1.0 1.0 1.0 
 

PD 0.82 0.92 0.97  1.0 0.21 
 

VE 0.82 0.92 0.95 0.95  1.0 
 

RO 0.79 0.85 0.89 0.91 0.84  
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Table A-5.2. Carcinogenic and Mutagenic values used for the congeners 
 
Congeners TEFsa MEFsb 

 

BaA (ng m-3) 0.1 0.082 
 

Chry (ng m-3) 0.01 0.017 
 

BbF (ng m-3) 0.1 0.25 
 

BkF (ng m-3) 0.1 0.11 
 

BaP (ng m-3) 1 1 
 

IP (ng m-3) 0.1 0.31 
 

DBahA (ng m-3) 1 0.29 
 

BghiP (ng m-3) 0.01 0.19 
 

a Nisbet and LaGoy (1992); b Durant et al. (1996) 
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Annual 

 
Figure A-5.1. Wind rose showing the wind speed and direction frequencies at Padova. 
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Appendix 6 
 
 

 
Figure A-6.1. The concentration of metal (∑18 between week and weekend over Veneto 
region. 
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Abstract: 
In Italiano: Questo lavoro è il primo condotto in Veneto, Italia, con la collaborazione di 
ARPAV, che riguarda importanti inquinanti organici (OC / EC e IPA) e inorganici (elementi in 
tracce), che sono stati caratterizzati per un periodo di tempo relativamente lungo, al fine di 
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l'accumulo di inquinanti. I parametri meteorologici, soprattutto la velocità del vento e la 
temperatura, hanno una significativa influenza sull’accumulo di sostanze inquinanti provenienti 
da fonti locali. Infine, le possibili fonti di particolato sono state caratterizzate usando una 
procedura basata su Conditional Bivariate Probability Function, Diagnostic ratios and Factor 
Analysis. I risultati  indicano che la combustione di biomassa per il riscaldamento domestico e 
la cottura, seguiti da traffico veicolare, combustione di petrolio e la risospensione di elementi  
crostali sono le principali fonti di particolato nella regione Veneto. 
 
In English: This work is the first one conducted in the Veneto region, Italy, with the 
collaboration of ARPAV and includes important organic (OC/EC and PAHs) and inorganic 
(trace elements) pollutants, which were characterized for a relatively long period of time in 
order to quantify the source contributions of PM2.5 at regional scale. Samples (n=360) were 
collected from six major cities located in 6 Provinces during April 2012 - February 2013. 
Results show that OC, EC, PAHs and trace elements exhibited higher concentrations during 
winter months in all measurement sites, suggesting that a stable atmosphere and a lower mixing 
layer play an important role for the accumulation of pollutants. Meteorological parameters, 
especially wind velocity and temperature, significantly influence pollutant accumulation from 
local sources. Finally, the possible sources of particulate matter have been characterized using 
procedures like Conditional Bivariate Probability Function, Diagnostic ratios and Factor 
Analysis and results indicate that biomass burning for household heating and cooking, followed 
by vehicular traffic, oil combustion and resuspension of crustal elements are the main sources 
of particulate matter in the Veneto region. 
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