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PREFACE 

 
The main topic of the present work is the chemical characterization of PM composition 

in order to monitoring air quality. 

Among the different pollutants that lead to a worsening of air quality, particulate matter 

(PM) is the most debated topic because it can influence the global climate and, above 

all, it has been linked to adverse health effect. Thus, in the last years, a growing number 

of studies have been carried out on this environmental matrix. 

The analysis of chemical composition of PM is a challenge for analytical chemistry due 

to the extreme complexity of aerosol matrix that contains thousands of chemical 

compounds. Despite this difficulty, the chemical characterization is mainly focused on 

some specific molecules called markers. They can give important information regarding 

sources and processes PM undergoes and such molecules can provide information that 

are important for institutions to decide strategies in order to reduce atmospheric 

pollution. 

The first part of the thesis is devoted to the development of analytical procedures for 

polar organic compounds determination in PM. The central part is a description of the 

results obtained in eight PM2.5 sampling campaigns in the framework of the Supersito 

project, set up by ARPA Emilia Romagna in collaboration with national and 

international institutions. The campaigns were performed in different seasons in the 

period 2011-2014 in two sites in Bologna province. The last part is devoted to the study 

of PM toxicity in terms of oxidative potential and some preliminary results are given. 

Chapter 1 provides some basic information about PM, its composition and some 

toxicological effects. 

Chapter 2 describes the analytical procedure used and some improvements made in 

terms of sensitivity and analytical performance. Moreover a comparison among 

different procedures was done. 

Chapter 3 presents the results obtained during eight sampling campaigns while Chapter 

4 is a more detailed study on the contribution of wood combustion, the main PM 

emission source. 

Finally, in Chapter 5 some preliminary results on PM toxicity assays are presented. 

This thesis is an overview on PM chemical analyses and information that can be 

deduced, in particular from the point of view of atmospheric pollutants sources. 
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It should be underline that, even if very useful information are provided from these kind 

of studies, a completely knowledge of atmospheric particulate matter is still far, thus is 

important to push research forward in this direction. 
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1. INTRODUCTION 

 
1.1 Overview on PM 
Particulate matter (PM) or atmospheric aerosol is one of the most studied and controlled 

pollutant in the last years, due to the increasing awareness of public opinion and 

institution on environmental problems. 

PM is a combination of solid and liquid particles dispersed in the atmosphere which can 

have a broad range of diameters, from few nanometres to hundreds of micrometres. 

Due to their irregular shapes, particles size is described using the equivalent 

aerodynamic diameter: it is define as the diameter of a sphere of unit density that has 

aerodynamic behaviour identical to that of the particle in question. 

Using this classification, atmospheric aerosol can be divided in three main classes: 

ultrafine particles (Dp < 100nm), fine particles (0.1 < Dp < 2.5µm) and coarse particles 

(Dp > 2.5µm). In this work PM2.5 was considered, thus particles with an aerodynamic 

diameter lower than 2.5 µm 

PM is a very complex matrix composed of a large number of different species both 

organic and inorganic. 

The sources of airborne particulate matter can be divided into two broad categories: 

primary and secondary. Primary sources include combustion sources (heavy and light 

duty vehicles, wood smoke, and industries), soil resuspension and biogenic activity. The 

particles emitted from these primary sources may undergo photochemical processing in 

the presence of various atmospheric oxidants (such as ozone and radical OH and NO3) 

to yield secondary particles. The physical and chemical characteristics of these 

secondarily formed particles are distinctly different compared to their primary 

precursors [Kawamura et al. 1996, Ho et al. 2006, Rompp et al. 2006, Yang et al. 

2008a,b].   

Composition, origin and abatement of atmospheric aerosol are topics of a large number 

of studies in order to extend the knowledge about this environmental matrix and to limit 

the problems linked to it. 

High concentrations of PM can cause both environmental and health problems. 

Regarding environment, PM is able to decrease visibility and to change the energetic 

budget of earth by reflecting or absorbing solar radiation. Aerosol could scatter solar 

radiation back to space and exert a negative (cooling) radiative forcing effect on climate 
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while black carbon aerosol exert a positive (warming) radiative forcing effect on climate 

[Chung et al. 2002, Monks et al. 2012] . 

Moreover, PM also act indirectly by modifying the radiative properties of clouds. 

Particles act as cloud condensation nuclei, increasing droplet number concentrations and 

decreasing the average droplet size in clouds [Haywood et al. 2000, Shilling et al. 

2007]. This process affects the ability of the clouds to scatter radiation. The 

precipitation efficiency from the clouds is also reduced, so that their lifetime is 

increased [Facchini et al. 1999]. Overall, the aerosol indirect effect is cooling; its 

magnitude is highly uncertain.  

Both epidemiological and clinical researches have demonstrated strong links between 

atmospheric aerosol and adverse health effects, including premature deaths and 

respiratory and cardiovascular diseases [Dockery et al. 1994, Schwartz 1994, Schwarze 

et al. 2006, Perrone et al. 2013]. 

In fact, PM can easily penetrate in the respiratory system and ultrafine particles can 

reach alveolus and, from here, the circulatory system. 

Epidemiological study results highlight that both physical (surface area, dimension) and 

chemical (absorbed substances) characteristics of inhaled particles are involved in toxic 

and carcinogenic effects concerning especially the respiratory tract [Harrison et al. 

2000]. 

The mechanisms through which PM elicits toxic effects are not clearly understood but 

some transition metals, polycyclic aromatic hydrocarbons (PAHs) and oxoPAHs seem 

to be the main responsible of health problems [Kelly 2003, Janssen et al. 2014].  

In light of these results, legal limit for PM10, PM2.5 and some chemical species in PM10 

fraction have been set by Directive 2008/50/CE (Table 1.1), the most recent directive 

regarding air pollution.  

To notice that these limits are higher than the guideline values suggested by World 

Health Organization (WHO) to reduce cardiopulmonary and lung cancer mortality (20 

and 10 µg/m3 annual average for PM10 and PM2.5 respectively and 50 and 25 µg/m3 

daily average for PM10 and PM2.5 respectively). 
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PM10 
Averaging 

period  
Note  From  Concentration  

Limit value One day 

not to be 

exceeded more 

than 35 times a 

calendar year 

2010 50 µg/m3 

Limit value Calendar year  2010 40 µg/m3 

     

PM2.5 
Averaging 

period  
Note  From  Concentration  

Limit value Calendar year  2015 25 µg/m3 

     

PAH and 

metals 

Averaging 

period  
Note  From  Concentration  

Lead  Calendar year 
in PM10 

fraction 
2010 0.5 ng/m3 

Arsenic  Calendar year 
in PM10 

fraction 
2013 6 ng/m3 

Cadmium  Calendar year 
in PM10 

fraction 
2013 5 ng/m3 

Nickel Calendar year 
in PM10 

fraction 
2013 20 ng/m3 

Benzo (a) 

pyrene 
Calendar year 

in PM10 

fraction 
2013 1 ng/m3 

 
Table 1.1. Directive 2008/50/CE legal limit for some pollutants. 

 

1.2 PM chemical composition 
Chemical composition of PM is influenced by several factors, in particular it depends 

on the emission source and the residence time in the atmosphere. 

The natural sources that have the greatest impact on PM include suspended terrestrial 

dust, sea salt spray, volcanoes, forest fires and natural gaseous emissions. 
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The major sources of anthropogenic, i.e., man-made, particles include transportation, 

stationary combustion, residential heating, biomass burning, and industrial and traffic-

related fugitive emissions (street dust). Urban PM from man-made sources is a complex 

mixture, since the majority of sources emit both primary particles and precursor gases 

for the formation of secondary particles. 

Figure 1.1. PM composition in remote and urban site [Li et al. 2012]. 
 

Air samples of particulate matter from urban areas from around the world typically 

show the same major components, although in considerably different proportions 

according to the sampling location [Vallius 2005, Alves 2008]. These major 

components are typically: 

 

 Sulphate - derived predominantly from sulphur dioxide oxidation in the 

atmosphere;  

 Nitrate - formed mainly from oxidation of nitrogen oxides (NO and NO2) to 

nitrate; NO2 oxidizes much more rapidly than SO2; 

 Ammonium - atmospheric ammonia forms ammonium salts in neutralization 

reactions with sulphuric and nitric acids; 

 Chloride - main sources are sea spray and de-icing salt during winter; also from 

ammonia neutralization of HCl gas from incineration and power stations; 

 Elemental carbon (EC) is a highly polymerized dark fraction that is generated by 

incomplete combustion of organic material from traffic, residential heating, 

industrial activities and energy production using heavy oil, coal or biofuels; 

 Organic carbon (OC) - can have both anthropogenic and biogenic origin and 

comprises thousands of different chemical species emitted as primary pollutants 

or produced by reactions in the atmosphere. In urban aerosol it usually account 

from 20 to 50% of PM mass; 

OC

EC

Sulphate

Nitrate

Ammonium

Other

OC

EC

Sulphate

Nitrate

Ammonium

Other
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 Crustal materials - soil dusts and wind-blown crustal material; are quite diverse 

in composition reflecting local geology and surface conditions; their 

concentration is dependent on climate as the processes which suspend them into 

the atmosphere tend to be favoured by dry surfaces and high winds; these 

particles reside mainly in the coarse particle fraction; 

 Biological materials - bacteria, spores, pollens, debris and plant fragments; 

generally coarse in size, considered as part of the organic carbon component in 

most studies rather than as a separate biological component. 

 

The greater fraction of airborne organic particulate matter is undoubtedly presents in the 

respirable particle size range [QUARG 1993]. 

There is a general consensus that the organic composition of atmospheric aerosol should 

be understood to correctly describe the chemical mechanisms and models concerning 

the multiphase atmospheric system and to evaluate its environmental and health effects. 

Despite the progress made in elucidating the source types, their relative importance and 

contribution to certain particulate components, the organic composition of aerosols and 

particle formation processes are still scarcely known. This is probably due to analytical 

difficulties, complexity of phenomena and huge number of compounds that are present 

[Zhang et al. 2005, Alves 2008]. 

Therefore, the study of polar organic fraction of PM is usually devoted to the 

investigation of specific molecular markers. They are molecules or molecule classes 

emitted only from certain sources so, the determination of these species provides 

indications on the origin and processes that PM undergoes in the atmosphere. 

 

1.3 The Supersito project 
Most of the work described in this thesis has been done in the framework of the 

Supersito project, a research project supported and financed by Emilia Romagna region 

and ARPA (Regional Agency for Prevention and Environment) during the 2011-2015 

period. The aim of the project is a detailed study of some chemicals, physical and 

toxicological parameters of atmosphere. The project rose from the necessity to 

improve knowledge about environmental and health aspects of fine and ultrafine 

particulate, in primary and secondary components, in atmosphere. 

Po Valley, the most industrialized and populated region of Italy, is recognized as one of 

the worst air quality zones in whole Europe (Figure 1.2), where high air pollution may 

cause serious risks for human health. There is evidence that low wind speed and stable 
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atmospheric stratification are meteorological factors leading to air pollution episodes 

[Larsen et al. 2012, Perrone et al. 2013]. Under this complicated meteorological 

conditions in Po Valley, it is worthy of interest to improve knowledge on chemical 

characteristics and sources of atmosphere particulate material and its effects on human 

health, in order to decide effective abatement strategies. 

Several research institutes have collaborated to the project in addition to the University 

of Ferrara: CNR-ISAC, University of Bologna (Department of Pathology and 

Department of Statistical Science), University of Ferrara (Department of Chemistry), 

University of Helsinki (Department of Physic), University of Eastern Finland 

(Department of Applied Physics), Finnish Meteorological Institute and Department of 

Epidemiology Lazio Regional Health Service. 

Figure 1.2. Annual average concentration of PM2.5 over Europe [Horálek et al. 2015]. 
 

The project, structured in seven work packages, is organized in two measures programs: 

the routine one that have a time resolution principally daily and the intensive one with 

high time resolution and an increase of chemical speciation respect to the routine one. 

The project main value is the close integration among environmental data and health 

and epidemiological information. Many epidemiological studies have already 

demonstrated the correlation between air particulate and higher morbidity and mortality. 

Therefore it is necessary to improve the knowledge about atmospheric aerosol to 

achieve a better governance of themes related to atmospheric and health protection. 
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The seven work packages are: 

 

LP1: sampling, chemical analysis and size distribution of PM; 

LP2: physical measurement and air quality models; 

LP3: atmospheric intensive measurement campaigns; 

LP4: predictive toxicology; 

LP5: indoor intensive measurement campaigns; 

LP6: long and short term epidemiological analysis; 

LP7: environmental data analysis. 

 

This work is mainly comprised in LP3. The strategy of LP3 is to concentrate complex 

measurements which need long analysis time in intensive observation periods (IOPs) 

during different intervals along the year in order to obtain the most comprehensive 

information under certain environmental conditions.  

The sampling sites chosen were two: the first in Bologna (MS), the main city of the 

region, and the second in San Pietro Capofiume (SPC), situated in a rural zone 30 km 

north-east of urban site. The different characteristics of the sites could give information 

about regional aerosol background and transport phenomena PM undergoes. 

Among the different activities in LP3, this thesis is focused on the quantification of 

polar organic micropollutants in PM2.5, such as sugars, low molecular weight (LMW) 

carboxylic acids and phenols, typical markers emitted from combustion sources. 

The obtained data have been integrated with data from other research groups: in 

particular PAHs, long chain alkanes, OC and EC were considered. 

Moreover, meteorological parameters have been related to chemical data to improve 

knowledge about emission sources and fate of organic components in atmospheric 

aerosol in a polluted area as the Po plain. 

 

1.4 Molecular markers 
Although an accurate apportionment of the carbonaceous aerosol would require detailed 

knowledge of characteristic source emission profiles and atmospheric processes, 

molecular tracers can provide qualitative and quantitative estimate of the different 

contributions to carbonaceous PM. In this work low molecular weight carboxylic acids 

were investigated to differentiate between primary emissions and secondary organic 

aerosol, sugars to discriminate between primary emissions from biomass burning and 
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from the ecosystem and polycyclic aromatic hydrocarbons (PAHs) to differentiate 

among different combustion emissions. 

Furthermore, to have a better view of atmospheric pollution in the region, phenols and 

n-alkanes were also considered. These two classes of compounds can provide helpful 

information about biomass burning and traffic or biogenic related emissions. 

 

1.4.1 Carboxylic acids 

Carboxylic acids are one of the most abundant classes in organic fraction of 

atmospheric aerosol. 

Various studies have been carried out on dicarboxylic acids, oxo-hydroxycarboxylic 

acids and low molecular weight aromatic acids. Usually, the concentration decreases 

increasing carbon chain length and ramifications of the chain. Unsaturated acids result 

less abundant than the corresponding saturated ones: the only exception is maleic acid. 

Aromatic acids have usually very low concentrations [Kawamura et al. 1996]. 

Dicarboxylic acids are an important part of water soluble organic carbon (WSOC) in 

particulate matter [Rogge at al. 1993, Jacobson et al. 2000, Kawamura et al. 2005]. 

Most part of these molecules is produced from photochemical reactions in the 

atmosphere and therefore they are considered as marker for secondary organic aerosol 

(SOA) [Lough et al. 2006, Alves 2008]. 

The precursors could be a wide range of molecules both anthropogenic and biogenic 

(Figure 1.3). 

Smog chamber experiments have shown that the main precursors are cyclic olefins, 

alkanes, fatty acids and high molecular weight dicarboxylic acids. Biogenic precursors 

could derive from plant wax [Oliveira et al. 2007, Bi et al. 2008, Huang et al. 2012,]. 

It is possible they can be originated from aqueous chemistry in fog and clouds [Blando 

et al. 2000].  

Malonic acid, for example, is produced by the oxidation of aromatic hydrocarbons but 

also from photo oxidation of succinic acid. 

Aromatic acids descend mainly from aromatic hydrocarbons while pinonic acid is 

produced from the oxidation of α-pinene, a terpene emitted from plants. It could be used 

as a marker for secondary processes of biogenic precursors [Glasius et al. 2000, Oliveira 

et al. 2007, Cheng et al. 2011]. 
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Figure 1.3. Possible photochemical production of some low molecular weight carboxylic acids 

[Kawamura et al. 1996]. 
 

The use of dicarboxylic acids as SOA indicators is made difficult by the presence of 

some primary sources, both anthropogenic and biogenic. 

Such polar species are emitted directly into the atmosphere by a multiplicity of sources 

including power plants, vehicular circulation, biomass burning and meat cooking 

operations [Ray et al. 2005, Rogge et al. 2006, Hsieh et al. 2008, Giannoni et al. 2012, 

Wang et al. 2011]. 

The biogenic activity of plants and microorganisms could release these species in the 

atmosphere or in the soil, even if some studies indicate that the amount of carboxylic 

acids from biological activities is very low in comparison to anthropogenic emissions 

[Kawamura et al. 1987]. 

Great attention is devoted to these molecules due to their possible role in climate 

change. Their low vapour pressure and high solubility in water affect the physico-

chemical characteristics of PM. They are considered the main responsible of cloud 

condensation nuclei phenomenon: the conversion of hydrophobic molecules such as 

hydrocarbons in hydrophilic ones, increases the possibility of water vapour 

condensation with the consequence formation of water droplets, the first step in cloud 

formation [Blando et al. 2000, Rompp et al. 2006, Shilling et al. 2007]. 
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1.4.2 Sugars 

Another important component of organic aerosol is the class of sugars. It can be divided 

in three main groups: primary sugars (mono and disaccharides), polyols or sugar 

alcohols and anhydrosugars [Simoneit et al. 2004, Medeiros et al. 2006]. 

Anhydrosugars, mainly levoglucosan with minor quantities of its isomers mannosan and 

galactosan, are primarily produced during biomass combustion as the pyrolytic 

decomposition products of cellulose and hemicellulose [Simoneit et al. 2002].  

A cellulose molecule is a long-chain, linear polymer made up of 7000–12,000 D-

glucose monomers and individual cellulose molecules organize to form bundles 

(elementary fibrils), which are associated into larger parallel fibre structures [Crawford 

1981]. 

In contrast, hemicelluloses are a mixture of polysaccharides derived mainly from 

glucose, mannose galactose, xylose, and arabinose. Hemicellulose molecules consist of 

only about 100–200 sugar monomers, are less structured than cellulose and their sugar 

composition varies widely among different tree species [Simoneit et al. 1999]. 

No traces of anhydrosugars have been found during the combustion of fossil fuels 

(except some types low rank brown coal) [Fabbri et al. 2009] or food cooking [Simoneit 

et al. 2007, Alves et al. 2008]. 

Therefore, they are key tracers for biomass burning to estimate the contribution of both 

open and residential biomass combustion to fine particle. 

To notice that yield of anhydrosugars during combustion processes is influenced by 

combustion conditions and moisture amount in the fuel. 

The moisture content of wood varies considerably and the optimal content, in terms of 

minimizing particulate emissions during wood combustion, is between 20 and 30% 

[Simoneit et al. 2000, 2002]. 

If the moisture content is too high, an appreciable amount of energy is necessary to 

vaporize the water, reducing the heating value of the wood as well as decreasing 

combustion efficiency, which in turn increases smoke formation. This is a phenomenon 

often observed with campfires and wildfires. On the other hand, wood with low 

moisture content burns faster eventually causing oxygen-limited conditions that lead to 

incomplete combustion with increased smoke particle formation [Core et al. 1982]. 

Also combustion temperature is an important parameter that influence anhydrosugars 

yield. In fact, the emission levels of levoglucosan and its isomers increase with 

increasing combustion temperature, reaching maxima around 250-300°C and 

diminishing at higher temperatures [Kuo et al. 2011]. 
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An important characteristic of these anhydrosugars is the strong stability in the 

atmosphere [Ma et al. 2009] even if some studies highlight that under certain conditions 

they can undergo oxidation [Hoffmann et al. 2010, Zhao et al. 2014]. 

Some diagnostic ratios of anhydrosugars have been proposed as useful tools for 

identifying combustion sources. For example, differences in the levoglucosan/ 

mannosan (L/M) and levoglucosan/mannosan+galactosan ratios in smokes from 

softwoods and hardwoods/grasses can help discriminate between inputs from these 

combustion sources to the atmosphere [Ward et al. 2006, Schmidl et al. 2008, 

Louchouarn et al. 2009, Alves et al. 2010]  . 

However, the broad ranges of the values of L/M and L/(M + G) ratios from different 

sources [Engling et al. 2009; Fabbri et al. 2009; Alves et al. 2010] show some overlaps 

which make the source apportionment difficult. 

Polyols and primary sugars are common in primary biological particles, including 

microorganisms, pollen, vegetative debris, bacteria and viruses, since sugars represent 

the major form of photosynthetically assimilated carbon in the biosphere [Simoneit et 

al. 2004, Medeiros et al. 2006]. 

Glucose, sucrose and mycose (trehalose), as the most common saccharides present in 

vascular plants and microorganisms, have been proposed as source-specific tracers for 

soil biota released into the atmosphere by farmland soil suspension and natural soil 

erosion [Rogge et al. 2007, Jia et al. 2010,  Tominaga et al. 2011, Fu et al. 2012, Tsai et 

al. 2013]. 

Sugar alcohols, including mannitol and eritrhytol, have been used as biomarkers to 

estimate atmospheric fungal spore abundance [Medeiros et al. 2006, Jia et al. 2010]. 

Small amount of polyols and mono and disaccharides could also derive from primary 

emissions of biomass burning [Simoneit et al. 2004]. 

Size partitioning of sugars showed that the emissions from primary bio aerosols and soil 

resuspension are generally most associated with coarse fraction, whereas those from 

biomass burning present higher concentrations in the fine mode range [Medeiros et al. 

2006, Yttri et al. 2007, Bauer et al. 2008, Ma et al. 2009, Jia et al. 2011, Wang et al. 

2011, Tominaga et al. 2011]. 

Although the comprehensive apportionment of biogenic emissions would require 

investigation of coarse and fine PM samples [Bauer et al. 2008, Tominaga et al. 2011], 

the concentration and seasonal variation of major saccharides in PM2.5 samples may 

give helpful information to track aerosols of biologically derived origin [Jia et al. 

2010,2011]. 
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The main purpose of this study is to investigate the abundances and temporal variations 

of primary sugars, sugar alcohols and anhydrosugars in atmospheric PM2.5, in order to 

isolate the sources of biological and anthropogenic origins, as a part of the general study 

for characterize primary emissions and secondary processes that contribute to the 

ambient PM2.5 levels in Emilia Romagna region. 

 

1.4.3 Phenols  

Lignin, an essential and major biopolymer of woody tissue together with cellulose, is 

derived primarily from three aromatic alcohols, namely p-coumaryl, coniferyl and 

sinapyl alcohol. 

Burning of lignin in wood yields the breakdown products of the biopolymers as 

phenols, aldehydes, ketones, acids and alcohols, generally with the retention of the 

original substituents on the phenyl ring [Simoneit 2002]. 

The proportions of these bio monomers vary considerably among the major plant 

classes. 

Vascular plants combustion yields specific lignin phenol signatures that are 

representative of different taxonomic and tissue sources. For example, angiosperm 

(hardwood) tissues are characterized by substantial amounts of syringyl structural units 

(S), while these units are nearly absent in lignin of gymnosperms (softwood). Similarly, 

cinnamyl structural units (C) are abundant in most herbaceous and soft tissues (i.e. 

leaves and needles) but almost absent from woods. Vanillyl structural units (V), 

however, are found in both angiosperms and gymnosperms [Simoneit 2002, Kuo et al. 

2011]. 

Most of these compounds have been identified in soot and smoke condensate from 

residential wood stoves and were proposed as tracers for this fugitive source [Mazzoleni 

et al. 2007, Schmidl et al. 2008, Kuo et al. 2011, Caseiro et al. 2012 ]. 

Thus, in environmental samples, syringyls to vanillyls (S/V) and cinnamyls to vanillyls 

(C/V) ratios have been used extensively to identify specific compositional signatures of 

vascular plant tissues [Kuo et al. 2011]. 

However, the above ratios are also susceptible to the effects of combustion conditions 

as indicate for anhydrosugars. 
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1.4.4 PAHs 

The polycyclic aromatic hydrocarbons (PAHs) represent an organic class more 

investigated than any other, because they are believed to be carcinogenic and/or 

mutagenic [Crimmins et al. 2006, Alves 2008]. 

The European Community and the U.S. Environmental Protection Agency have listed 

them as priority pollutants. Benzo[a]pyrene (BaP), is notable for being the first 

carcinogen chemical to be discovered. 

Fossil fuels combustion is the main anthropogenic activity responsible for the 

introduction of PAHs into the urban atmospheres. Stationary sources such as domestic 

heating, various industrial processes, incineration and energetic production systems are 

also responsible for the imprint of polyaromatics [Liu et al. 2006, Cincinelli et al. 2007]. 

The natural sources responsible for the release of PAHs comprise forest fires, 

microbiological processing of detritus (e.g. fossil fuel) and mechanisms of biosynthesis 

carried out by algae, plants and bacteria [Cincinelli et al. 2007, Wang et al. 2007]. 

Because of their low vapour pressure, some PAHs are present at ambient temperature in 

air, both as gas and associated with particles. The lightest PAHs, such as phenanthrene, 

are found almost exclusively in gas phase whereas the heaviest PAHs, such as BaP, are 

almost totally adsorbed onto particles [Ravindra et al. 2008]. 

PAHs are always emitted as a mixture, and the relative molecular concentration ratios 

are considered to be characteristic of a given emission source. Most diagnostic ratios 

involve pairs of PAHs with the same molar mass and similar physicochemical 

properties so they ought to undergo similar environmental fate processes [Mackay et al. 

2006, Tobiszewski et al. 2010]. 

A particular class of PAHs is nitro-PAHs which are recognize to be more dangerous for 

human health in comparison to unsubstituted PAHs, even if the atmospheric 

concentration of this class is usually 1-2 orders of magnitude less than unsubstituted 

PAHs [Bamford et al. 2003]. 

Nitro-PAHs are emitted from the same sources of PAHs but could also be produced 

from photochemical reactions in the atmosphere [Bamford et al. 2003, Perrini et al. 

2005]. 

 

1.4.5 Alkanes 

Aliphatic hydrocarbons, particularly normal alkanes, represent ubiquitous organics 

which are released into the atmosphere by many sources, rendering difficult the 

association between the levels of different compounds and their origin. 
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Usually, the homologous compound distributions of n-alkanes in atmospheric aerosols 

range from C12 to C40 [Alves 2008]. 

Anthropogenic sources of n-alkanes typically include the combustion of fossil fuels, 

wood and agricultural debris or leaves. Biogenic sources include particles shed from the 

epicuticular waxes of vascular plants and from direct suspension of pollen, 

microorganisms (e.g., bacteria, fungi and fungal spores), and insects [Yassaa et al. 

2001] 

The highest molecular weights with an odd carbon number represent typical alkanes 

from natural plant waxes [Xie et al. 2009]. 

CPI (carbon preference index) is defined as the ratio of odd carbon numbered n-alkanes 

to the amount of even carbon numbered ones [Kotianová et al. 2008]. 

This is a useful parameter to determine the biogenic or anthropogenic origin of alkanes 

in PM. In fact, combustion sources emitted random odd and even alkanes with a CPI ≈1, 

while plant emissions have CPI >1 [Pietrogrande et al. 2010a]. 

 

 

1.5 Oxidative potential to evaluate PM toxicity 
There is extensive epidemiological evidence associating ambient particulate pollution 

with adverse health effects in humans [Schwartz et al. 2002]. Nevertheless, fundamental 

uncertainty and disagreement persist regarding what physical and chemical properties of 

particles can impact health risks. 

From a toxicological perspective, much of the mass of PM consists of biologically inert 

material: sodium chloride, crustal dust, ammonium, sulphates, nitrates, etc., whilst, the 

content of relatively low masses of transition metals and organic species are likely to 

contribute significantly to the health effects [Mudway et al. 2009]. 

The mechanisms of PM related health effects are still incompletely understood, but a 

hypothesis under investigation is that many of the adverse health effects may derive 

from oxidative stress. 

Oxidative stress results when the generation of reactive oxygen species (ROS), or free 

radicals, exceeds the available antioxidant defences [Janssen et al. 2014]. It is a 

disturbance in the prooxidant-antioxidant balance in favour of the former, leading to 

potential damage. 

Free radicals are potentially very dangerous since they can react indiscriminately with 

neighbouring molecules. This process of “electron stealing” leads to oxidation, and 
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often inactivation of target molecules. If these reactions are numerous they can cause 

extensive cellular damage [Kelly 2003]. 

The general consensus does indicate that the mechanism of air pollution-induced health 

effects involves an inflammation related cascade and oxidation stress both in lung, 

vascular, and heart tissue [Ghio et al. 2001, Schafer et al. 2001, Hirano et al. 2003, 

Wold et al. 2006]. Inflammation is initially a protective mechanism which removes the 

injurious stimuli and produces reactive oxygen species (ROS) able to induce cell killing. 

In the early phase of inflammation, oxidant stress does not directly cause cell damage 

and can induce the transcription of stress defence genes including antioxidant genes. 

This preconditioning effect of ROS enhances the resistance against future inflammatory 

oxidant stress and promotes the initiation of tissue repair processes. The additional 

release of cell contents amplifies the inflammatory process and consequently can induce 

tissue injury [Jaeschke 2011]. 

In the oxidative stress paradigm, inhaled particles generate oxidative stress through two 

major pathways: 

 by direct introduction of ROS or other radicals in the respiratory system; 

 by the introduction of oxidizing species into the lung, including redox catalysts

absorbed onto the particle surface. 

Oxidative potential (OP) is defined as a measure of the capacity of PM to oxidise target 

molecules. It has been proposed as a metric that is better related to biological responses 

to PM exposures and thus could be more informative than mass alone [Borm et al. 

2007]. 

To provide the rapid read out of the oxidative potential of PM, acellular assays are 

employed due to their low price and practicality, when compared to cellular assays. 

The only analytical method that provides direct quantification of radical species in the 

samples is electron spin resonance (ESR). However, ESR is an expensive and 

complicated instrument which has low sensitivity due to low steady state concentration 

and short radical’s lifetimes [Hedayat et al. 2014]. 

Other assays examining the capacity of particle suspensions to oxidise antioxidants 

from models of human respiratory tract lining fluids (RTLFs). The RTLFs, represent the 

first physical interface encountered by inhaled materials and has been shown to contain 

high concentrations of the antioxidants ascorbate (vitamin C), urate and reduced 

glutathione (GSH) [Zielinski et al. 1999, Ayres et al. 2008]. A simplified RTLFs model 

uses only ascorbate [Mudway et al. 2011, Janssen et al. 2014, Hedayat et al. 2014]. 
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Another common method for the determination of OP of particulate matter measures the 

oxidation of dithiothreitol (DTT), a strong reducing agent [Cho et al. 2005, Charrier et 

al. 2012, Yang et al. 2014, Janssen et al. 2014]. 

Some studies on oxidative potential of atmospheric aerosol make use of fluorescent 

(2’,7’- dichlorofluorescin diacetate,  profluorescent nitroxide probes, 

dihydrorhodamine) or chemiluminescent (acridinium ester) reagents which emit after 

chemical reactions with ROS [Hedayat et al. 2014, Yang et al. 2014].   
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2. ANALYSIS OF POLAR ORGANIC 

FRACTION OF PM2.5 

 
A large part of the work has been devoted to the development of the proper procedure 

suitable for chemical analysis of polar organic fraction of PM2.5. 

A variety of methods have been used to typify the organic composition of atmospheric 

aerosols, but separative techniques are the most utilized. In particular, gas 

chromatography coupled with mass spectrometry has been extensively used because it 

provides high separation resolution, identification capability, and sensitivity compatible 

with PM monitoring [Alves 2008]. 

Starting from literature methods, new procedures have been developed in order to 

achieve the best possible sensitivity and to minimize the procedure time for samples 

preparation.  

 

 

2.1 Sampling 
The samples were collected in two sites with different characteristics in Emilia 

Romagna region. 

The urban background site MS is located in the city of Bologna which is the most 

populous city in the region (~400,000 inhabitants) characterized by significant 

agricultural and industrial activities and the presence of main arterial roads. The field 

station of San Pietro Capofiume (SPC) is a rural background site located about 30 km 

northeast from the city of Bologna and it is not directly influenced by human activities 

(Figure 2.1). 

Eight sampling intensive campaigns were performed from 2011 to 2014 to represent 

different meteorological scenarios throughout the year: 

 from 18th November to 6th December 2011 (W11); 

 from 14th June to 11th July 2012 (Su12); 

 from 23rd October to 10th November 2012 (A12); 

 from 30th January to 17th February 2013 (W13); 

 from 7th May to 27 May 2013 (Sp13); 

 from 27th September to 25th October 2013 (A13); 

 from 28th January to 27th February 2014 (W14); 
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 from 13th May to 11th June 2014 (Su14). 

Figure 2.1. Sampling sites location. 
 

PM2.5 samples were collected on quartz fibre filters (Whatman, 47 mm diameter) by low 

volume automatic outdoor samplers (Skypost PM, TCRTECORA Instruments, Corsico, 

Milan, Italy) at an airflow rate of 38.3 L min-1 for 24 h (~55 m3 day-1). In Spring 2013, 

Autumn 2013 and Summer 2014, higher air volumes (~283 m3 day-1) were sampled on 

quartz fibre filters (Munktell, 100 mm diameter) using an Hi-Vol sampler (Echo Hi-

Vol, TECORA Instruments, Corsico, Milan, Italy) operating at a flow rate of 11.7 m3 h-1 

for 24 h. This choice was motivated by the need of assuring PM amounts compatible 

with the analytical sensitivity, since the target analytes are expected at low 

concentration levels in the investigated region [Bigi et al. 2011, Pietrogrande et al. 

2013a, Perrone et al. 2013]. 

After sampling, the procedure outlined in European Standard EN 12341 [CEN 1998] 

was applied for equilibration and weighing. The filters were stored in a freezer at -20 °C 

before analysis. 

Meteorological data were collected at the meteorological stations of San Pietro 

Capofiume and Bologna by Hydro-Meteo- Climate Service of ARPA-ER. Mixing layer 

height at both sites was estimated using the pre-processor CALMET by ARPA Emilia- 

Romagna [Deserti et al. 2001]. 

 

 

 

MS – Urban background site 
SP – Rural background site 
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2.2 Standards and analytes 
Individual standard stock solutions were prepared for each analyte by weighting pure 

standards (Fluka, Sigma Aldrich, Acros, Carbosynth) at concentrations varying from 0.5 

to 2 μg μL−1 using HPLC grade methanol as solvent. 

These solutions were diluted serially with methanol to prepare composite standard 

solutions to determine retention times and to compute calibration curves. Calibration 

curves were computed for each campaign. 

As said previously, three polar organic compound classes were analysed in this work: 

low molecular weight carboxylic acids, sugars and phenols. 

Seven linear dicarboxylic acids with 3-9 carbon atoms as well as maleic and phthalic 

acids were analysed in all the campaigns. In addition, five hydroxycarboxylic acids, 

namely glycolic, malic, 3- and 4-hydroxy benzoic and mandelic acids, and four 

oxocarboxylic acids, pinonic, 2-ketoglutaric, pyruvic and glyoxylic acids, were 

investigated in this study. 

Moreover, seventeen sugars were considered in this work: three anhydrosugars, 

levoglucosan, mannosan and galactosan, four polyols, namely erythritol, xylitol, ribitol 

and mannitol, four monosaccharides – arabinose, mannose, glucose and galactose – and 

six disaccharides – maltose, mycose, lactose, lactulose, sucrose and melibiose. 

Finally, thirteen phenols were analysed, vanillin, vanillic acid, acetovanillone, syringol, 

syringaldehyde, syringic acid, acetosyringone, cathecol, pyrogallol, guaiacol, eugenol, 

p-coumaric acid and ferulic acid. 

Literature data shown that these compounds are the most relevant markers identified in 

PM samples [Jacobson et al. 2000, Simoneit et al. 2004, Wang et al. 2004, Medeiros et 

al. 2006, Oliveira et al. 2007, Alves 2008, Ma et al. 2009, Balducci et al. 2010, 

Kumagai et al. 2010, Goncalves et al. 2011, Kuo et al. 2011, Fu et al. 2012, 

Pietrogrande et al. 2013a]. 

Structures of the analytes are shown in Appendix A. 
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2.3 GC/MS analysis of polar organic compounds 
In the present work the analytical procedure was developed previously by Pietrogrande 

[Pietrogrande et al. 2010b, 2011, 2013b]. 

 

2.3.1 Extraction 

Most of the analytical procedures for determining polar organic compounds in PM 

samples are based on solvent extraction using different solvents, including water, 

organic solvents, or their mixtures. In this case, PM samples were extracted for 15 min 

in an ultrasonic bath with 15 mL of methanol:dichloromethane, 9:1 solvents mixture. 

The mixture used combines extraction efficiency and short solvent evaporation time 

[Pietrogrande et al. 2013b]. Solvent evaporation is very important to avoid problems 

during next procedure steps. Moreover short time evaporation is desirable to prevent the 

loss of analytes.  

The extracts were then filtered using a syringe PTFE filter (25 mm, 0.45 µm, Supelco, 

Bellefonte, PA) to remove insoluble particles and the filtrates were evaporated to 

dryness in a centrifugal vacuum concentrator (miVac Duo Concentrator, Genevac Ltd, 

Ipswich, UK) at 40°C.  

The samples were reconstituted with 500 µL of the extraction solvents mixture, 

transferred in close tubes and centrifuged at 14000 rpm for 15 minutes. This procedure 

allows the removal of solid particles formed during solvent evaporation which can 

create problems throughout GC analysis. 

The liquid was then transferred to 2 mL glass vials and dried under gently nitrogen 

flow. 

 

2.3.2 Derivatization 

Due to their high polarity, hydrophilicity and low volatility, the considered analytes 

have to be converted into volatilizable and stable derivatives to allow GC analysis. 

In fact, the analysed molecules contain in their structure carboxylic and hydroxyl groups 

which can easily form hydrogen bonds. 

The most common reactions used to modify compounds containing acidic hydrogens 

are alkylation, acylation, and silylation [Wang et al. 2002, Jaoui et al. 2004, Bi et al. 

2008, Koutchev et al. 2008, Schummer et al. 2009, Becker et al. 2013]. 

Among the different reactions, silylation with N, O-bis-

(trimethylsilyl)trifluoroacetamide (BSTFA) was preferred because it provides lower 

detection limits and higher reproducibility [Pietrogrande et al. 2010b]. 
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The silylation reaction converts the hydroxyl groups into their corresponding 

trimethylsilyl (TMS) derivatives via a substitution reaction, which yields one main 

product for each compound and with high conversion efficiency (Figure 2.2) 

[Schummerer et al. 2009]. 

The BSTFA reaction is moisture sensitive, hence is very important to completely dry 

the solvent that is composed for 90% of methanol which could react instead of the 

compounds of interest. Moreover, the reaction requires mild conditions to complete the 

derivatization in order to achieve GC/MS detection at very low concentrations. 

 
Figure 2.2. Derivatization reaction. 

 

Mass spectra of acids and sugars derivatized with BSTFA usually display characteristic 

mass fragments at m/z=73, corresponding to [Si(CH3)3]+, and m/z=75, attributable to 

[OH=Si(CH3)2]+, which derives from the substitution of a hydroxyl hydrogen with a 

trimethylsilyl group. When the molecule of interest contains two or more hydroxyl 

hydrogens, other two common fragments appear in the mass spectra: m/z=147 and 

m/z=149 corresponding to [(CH3)2Si=Si(CH3)2]+ and to its hydrogenated homologous 

respectively [Pietrogrande et al. 2005, Schummerer et al. 2009]. 

Regarding sugars, in addition to the aforementioned fragments, other three abundant 

ions are obtained from the fragmentation of pyranose structures at m/z=191, 294 and 

217. 

They correspond to  [(CH3)SiO-CH-OSi(CH3)]+, [(CH3)SiO-(CH)2-OSi(CH3)].+ and 

[(CH3)SiO-(CH)3-OSi(CH3)]+, respectively [Petersson 1974].   

Typical ions for phenols fragmentation correspond usually to M-15. Characteristic 

fragments used for qualification and quantification of analytes are reported in Appendix 

A. 

The derivatization reaction was performed at 75°C for 70 minutes: 40 µL of BSTFA 

containing 1% of trimethylchlorosilane (TMCS) and 15 µL of pyridine were added to 5 

µL of Internal Standard (the deuterated C12H26) and 40 µL of isooctane. 
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Then, 2 μL of the derivatized solutions were analysed by GC/MS. 

 

2.3.3 GC/MS analysis 

The GC/MS system was a Scientific Focus-GC (Thermo-Fisher Scientific, Milan, Italy) 

coupled to PolarisQ Ion Trap Mass Spectrometer (Thermo-Fisher Scientific, Milan, 

Italy). The column used was a DB-5MS column (L = 30 m, I.D. = 0.25 mm, df = 0.25 

mm film thickness; J&W Scientific, Rancho Cordova, CA, USA). High purity helium 

was the carrier gas with a flow rate of 1.5 ml min-1. Temperature program conditions 

were optimized for analysis of a wide range of target polar organic compounds. 

The temperature program used is reported in Table 2.1: 

 

 Slope (°C/min) Temperature (°C) Time (min) 

Initial conditions  70 0.00 

Ramp 1 2.5 125 7.00 

Ramp 2 2 145 5.00 

Ramp 3 2.5 170 0.00 

Ramp 4 7.0 300 1.00 
 

Table 2.1. GC temperature program used for polar organic fraction analysis. 

 

Due to the low concentration of the analysed compounds, all samples were injected in 

splitless mode (splitless time: 60 s); the injector temperature was 250 °C. 

The mass spectrometer operated in Electron Ionization mode (positive ion, 70 eV). Ion 

source and transfer-line temperatures were 250°C and 280°C, respectively. The mass 

spectra were acquired in full scan mode from 50 to 650 m/z in 0.58 s. For identification 

and quantification of the target analytes, the extracted ions chromatograms (EICs) were 

recovered from the entire data set for each chromatographic run by selecting either the 

base peak ion or the most abundant characteristic fragments. 

Quality assurance and quality control were assessed by precision, accuracy and 

sensitivity for polar organic tracers. The procedure provides low detection limits (1.3-

4.9 ng m-3 using low volume air sampler) and good reproducibility (RSD% < 7%) 

suitable for applicability in environmental monitoring. Good procedure recoveries 

ranging from 78 to 104% were evaluated on PM samples spiked with surrogate 

standards [Pietrogrande et al. 2013b]. 
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2.4 Complementary analytical data 
To have a better understanding about PM2.5 emission sources, other markers in the 

apolar organic fraction were considered: n-alkanes homologs to assess the contribution 

of biogenic signatures of epicuticular plant waxes and PAHs to differentiate among 

different combustion emissions. 

Furthermore, OC and EC were determined as generic indicators of air quality and 

source apportionment since they are related to several sources in urban and rural 

environments. 

 

2.4.1 Analytical procedure for apolar organic fraction 

The analysis of n-alkanes homologs and polycyclic aromatic hydrocarbons were carried 

out in the ARPA laboratory in Ravenna, as a part of the Supersito project activities. 

PM samples were extracted in an ultrasonic bath for 20 minutes with 15 mL of 

dichloromethane. Before extraction, 5-α-androstane (C19H32, 200 mL of a standard 

solution at 10 ng mL-1) were spiked into all samples for recovery determination. 

Interfering compounds were removed by solid/liquid chromatography using a glass 

column (0.6 x 10 cm) packed with 3 g of deactivated silica gel and eluting with 25 mL 

of n-hexane, following the procedure of the EPA 3630C method. The elution solvent 

was evaporated until dryness under a gentle stream of nitrogen, and then the residue was 

dissolved in 200 mL of isooctane. 

The instrument used was a Thermo Scientific DFS High Resolution GC/MS system. 

The gas chromatograph was equipped with a TR-5MS capillary column ((L = 60 m, I.D. 

= 0.25 mm, df = 0.25 mm film thickness). The mass spectrometer was a high resolution 

magnetic sector. 

The initial oven temperature was set at 100 °C for 1 min, raised to 300 °C at a rate of 10 

°C min–1 and then held for 50 min. Isotope labelled (deuterated) PAH standards were 

used for quantification. 

 

2.4.2 Analytical procedure for carbonaceous aerosol 

Carbonaceous aerosol fractions were quantified in the ARPA laboratory in Ferrara using 

the thermal-optical transmission method, as a common procedure widely used for the 

determination of OC and EC [Lonati et al. 2007, CEN 2011]. 

The instrument used was a thermo-optical-transmission analyser by Sunset Laboratory 

Inc. 



 

26 
 

The punched filters (1.5 cm2) were submitted to volatilization using the EUSAAR2 

thermal protocol [Cavalli et al., 2010; Chiappini et al., 2014]. According to this 

protocol, the carbonaceous material (OC) is initially thermally desorbed in an inert 

atmosphere (99.999% pure He) at relatively low temperature in four steps (200 °C for 

120 s; 300 °C for 150 s; 450 °C for 180 s; 650 °C for 180 s). Then desorption is 

performed to evolve the EC component at higher temperature in four steps (500 °C for 

120 s; 550 °C for 120 s; 700 °C for 70 s; 850 °C for 80 s) in an oxidizing atmosphere 

(2% oxygen/98% helium final mixture in the sample oven).  

 

 

2.5 GC/MSMS development  
The original procedure was further developed to improve specificity and sensitivity by 

using MSMS detection. Such a method decreases LODs and improves signal to noise 

ratio due to the effective exclusion of interfering matrix compounds [Garrido Frenich et 

al. 2008, Walser et al. 2008, Medina et al. 2009, Botitsi et al. 2011, Lv et al. 2013]. 

Tandem-in-space MS approach with triple quadrupole, tandem quadrupole/time of 

flight (QqTOF) or sector MSMS instruments is used in the most analytical applications 

to environmental samples, since it provides excellent quantification and unambiguous 

identification of the detected analytes [Garrido Frenich et al. 2008, Medina et al. 2009]. 

On the other hand, these kinds of instruments are very expensive. 

Tandem-in-time technique with ion trap detector (ITD-MS/MS) system has been shown 

to be a valuable, user-friendly and cost-effective alternative, in particular using 

instruments with internal source that allows switching between full-scan and MSMS 

detection modes during the same chromatographic run [Szmigielski et al. 2007, Walser 

et al. 2007, Botsisi et al. 2011]. 

In light of the normally low concentration levels of polar organic tracers in aerosol and 

the complexity of the environmental matrix, the potential of GC/MSMS using ion trap 

for the sensitive and reliable determination of 28 compounds was investigated. 

These compounds belong to two categories: low molecular weight carboxylic acids and 

phenols.  

GC and MS parameters were the same as described in paragraph 2.3.3. Farther, in the 

multiple reaction monitoring mode, the isolation window was set at 1.5 m/z. Precursor 

ions were stored with a Paul stability parameter (qz) of 0.30 and fragmented by 

collision-induced dissociation (CID) using a resonant excitation mode. 
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2.5.1 Optimization of IT-MS/MS parameters 

The operative key parameters were investigated in order to select proper precursor and 

product ions and to optimize collision energies for the best responses.  

One precursor ion was selected for each compound from EI full-scan spectra at 70 eV 

and an emission current of 40 mA. The choice was based on selectivity rather than on 

signal intensity. 

For each analyte, the precursor ion was subjected to further fragmentation under 

different collision energies to give different fragments in product scan mode. Product 

ions were selected from such fragment ions on the criteria of peak sensitivity and the 

likelihood of potential interference from other compounds. 

At least two product ions with high responses were chosen for each target analyte: 

product ions with highest abundance were used for quantification while those with 

lowesty abundance for qualification. 

Once selected qualification and quantification ions, collision CID energy was optimized 

in order to obtain the highest abundance of product ions and minimizes interference 

during the analysis. 

A series of CID energies were tested for each analyte in the range of 0.5-2.5 V and the 

response was measured (Figure 2.3).  

 

 
 

 

 

 

 

 

 

 

 
Figure 2.3. Optimization of the CID energy for (A) syringic acid; (B) 3-hydroxybenzoic acid [Visentin et 

al. 2014]. 

 

As a general pattern, the parent ion gradually fragmented, and peak intensity of the 

product ions obtained increased with the voltage. However, when the voltage was too 

high, the product ion intensities sharply reduced. The optimal CID voltages were in the 

range of 0.75-1.5 V for all the considered compounds. 
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2.5.2 Method validation 

Using these IT-MS/MS optimized operating conditions, the method was validated by 

determining the linearity and LODs on standard solutions of the target compounds. 

The calibration curves were developed using working solutions composed of mixed 28 

target standards. 

The obtained limits of detection were in the range 0.2-0.7 ngm-3 using a low volume air 

sampler. This sensibility is comparable with that provided by more advanced systems 

that require high capital and operating costs, such as high-resolution mass spectrometers 

or direct thermal desorption method followed by GC and TOF MS [Dong et al. 2011, 

Orasche et al. 2011, Ruiz-Jimenez et al. 2012, Zangrando et al. 2013,] . 

The detection limits achieved with MSMS procedure were compared with those 

obtained for the same standard solutions using the GC/MS method with EIC procedure. 

The results clearly show that the hyphenation with MSMS method effectively improves 

method sensitivity by a factor of six. 

 

2.5.3 Method for real-life samples 

The developed method was then applied to real PM2.5 samples. As an example is 

reported a sample collected with low volume sampler (~55 m3 day-1) in winter 2011 at 

the urban site of Bologna. 

The total ion current (TIC) chromatogram was acquired. As shown in Figure 2.4, the 

complex TIC signal contains several visible peaks due to original and derivatized 

components of the real sample that may interfere the GC/MS analysis. 

The lower enlarged details show the EICs for vanillin, 3- and 4-hydroxybenzoic acids 

and syringic acid. The EIC strongly enhances selectivity but various interferences and 

high noise still remain. 

The MSMS method (upper enlarged detail) further improves detection performance due 

to the effective exclusion of interfering matrix compounds. 

The results obtained reveal that the implementation with MSMS detection permits the 

quantification of most part of the target tracers at concentration levels below the 

detection limits of the EIC detection (Table 2.2). 

No sugars were analysed in MSMS mode because of their similar mass spectra that did 

not allow the choice of a characteristic parent ions for each analyte. Moreover various 

sugars were isomers with very close retention times and multiple peaks which resulted 

in complex chromatogram.  
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Figure 2.4. GC/MS chromatogram (TIC signal) of the real PM2.5 sample collected in winter. Enlarged 

details: signals for four selected compounds using SIM detection (bottom) and MS/MS detection (top). 

m/z 165, 137: Vanillin, m/z 193, 223, 225: 3-and 4-OH-benzoic acids, m/z 223, 253: syringic acid 

[Visentin et al. 2014].  

 

For these reasons we choose to focus our attention on LMW carboxylic acids and 

phenols.  

These two groups of compounds together with anhydrosugars, those are usually present 

in concentration levels that do not need MSMS detection, are the most useful markers to 

study anthropogenic contribution to PM, the main purpose of Supersito project.  

The possibility of combining full-spectrum mode and MSMS detection in a single 

chromatographic acquisition run is a very useful tool to give information on 

contribution of primary emission sources and secondary processes on air quality of the 

investigated sites. 
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Table 2.2. Concentrations of the polar markers in a real PM2.5 samples [Visentin et al. 2014]. 

 

 EIC (ng/m3) MS/MS (ng/m3) 

Acids   

Glycolic acid 12,4  

Malonic acid n.d. 2.1 

Glyoxylic acid n.d. n.d. 

Maleic acid 27.6  

Succinic acid 32.8  

Glutaric acid 2.6  

Malic acid n.d. n.d. 

Pyruvic acid n.d. <LOD 

Adipic acid <LOD 0,6 

Pinonic acid n.d. n.d. 

3-OH benzoic acid <LOD 0,7 

Pimelic acid n.d. n.d. 

2-ketoglutaric acid n.d. 1,2 

4-OH benzoic acid <LOD 1,1 

Phthalic acid 5,0  

Suberic acid n.d. n.d. 

Azelaic acid n.d. 3,9 

Phenols   

Cathecol <LOD <LOD 

Syringol n.d. <LOD 

Vanillin n.d. 0,6 

Pyrogallol n.d. <LOD 

Acetosyringone n.d. n.d. 

Syringaldehyde <LOD 1,3 

Acetovanillone <LOD <LOD 

Vanillic acid n.d. <LOD 

Syringic acid n.d. 0,7 

p-coumaric acid n.d. <LOD 

Ferulic acid n.d. n.d. 
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2.6 Derivatization procedure improvement  

The original procedure developed and optimized by Pietrogrande [Pietrogrande et al. 

2011] for the simultaneous analysis of sugars and LMW carboxylic acids has been 

further developed. 

This research is actually in progress: preliminary results are reported in the following. 

First, the method was extended to methoxyphenols, thus, part of the research activity 

was devoted to the study of optimal derivatization conditions that maximize the 

response for all the compounds of interest. Moreover, the method has been improved in 

order to reduce reaction time, amount of derivatizating agent used and reaction 

temperature.  

 

2.6.1 Sonication 

“Classical” derivatization procedure was conducted in a water bath for 70 minutes at 

75°C. The energy used for the reaction was therefore provided by heating. Another 

common method to supply energy to chemical reaction is sonication that allows 

reactions to occur at lower temperature. This is in line with the 6th principle of Green 

Chemistry called design for energy efficiency: energy requirements of chemical 

processes should be recognized for their environmental and economic impacts and 

should be minimized. If possible, synthetic methods should be conducted at ambient 

temperature and pressure [Anastas et al. 1998]. 

Ultrasound are sound waves that can be transmitted through any substance, solid, liquid 

or gas, possessing elastic properties. Sound waves movement produces compression and 

expansion cycles on medium molecules and, in the case of a liquid, expansion cycles 

produce negative pressures pulling the molecules away from one another. If this 

negative pressure exceeds the tensile strength, then a cavity can forms. A bubble 

irradiated with ultrasound continually absorbs energy from alternating compression and 

expansion cycles of the sound wave. Over many cycles the cavities will grow slowly. 

The growing cavity can eventually reach a critical size where it will most efficiently 

absorb energy from the ultrasound. Without this energy input the cavity can no longer 

sustain itself [Suslick 1989]. 

The implosion of cavities establishes an unusual environment for chemical reactions. 

The gases and vapours inside the cavity are compressed, generating intense heat that 

raises the temperature of the liquid immediately surrounding the cavity and creates a 

local hot spot with pressure up to 2000 atm and temperature of about 5000 K [Suslick 

1989, Luque de Castro et al. 2011]. Even though the temperature of this region is 
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extraordinarily high, the size of the bubbles is very small relative to the total liquid 

volume, so the heat they produce is rapidly dissipated with no appreciable change in the 

environmental conditions [Suslick 1989, Luque de Castro et al. 2011, Delgado-

Povedano et al. 2013]. 

Various studies used ultrasound to accelerate chemical reactions and in particular 

derivatization [Luque de Castro et al. 2011, Delgado-Povedano et al. 2013]. 

Considering silylation reactions, triterpenes derivatization time decreases from two 

hours using heating to five minutes using ultrasound [Sánchez Ávila et al. 2007], while 

for sterols and some alcohols from two hours to ten minutes [Orozco-Solano et al. 

2011].  

Therefore sonication seems to be a better alternative than heating, thus the attention was 

focused on some parameters affecting derivatization yield, mainly solvent polarity, 

reaction time, reaction temperature and BSTFA volume. 

 
Figure 2.5. Scheme of ultrasound-assisted chemical reactions of analytical interest involving liquid 

samples [Delgado-Povedano et al. 2013]. 

 

2.6.2 Preliminary experiments 

Before performing the optimization study, some preliminary tests were performed on a 

standard solution containing various compounds representative of the three classes of 

polar organic species considered in this study, to evaluate the experimental conditions 

that mostly influence derivatization reaction i.e., solvent polarity, reaction time, reaction 

temperature and BSTFA amount. 



 

33 
 

As arbitrary starting point, the reactions were performed using the same reagent 

amounts of previously developed procedure (40 µL BSTFA, 40 µL solvent, 15 µL 

pyridine and 5 µL internal standard), room temperature and ten minutes as sonication 

time. The ultrasonic bath used was an Elmasonic 100H (Elma Schmidbauer GmbH, 

Singen, Germany) with an ultrasonic frequency of 37 KHz and an effective power of 

150 W. 

Regarding solvent polarity, five different solvents were considered: acetonitrile (PI 

=5.8), acetone (PI =5.1), ethyl acetate (PI =4.4), dichloromethane (PI =3.1) and 

isooctane (PI =0.1). PI is the solvent polarity index introduced by Snyder. 

Important information obtained from such preliminary experiments is that reaction 

temperature does not seem to condition reaction yield. Experiments conducted at 6.5, 

25, 45 and 60°C gave very similar results, thus all subsequent experiments were 

performed at room temperature. Working at room temperature has permitted the use of a 

major number of different solvents: solvents as acetone, and dichloromethane could not 

be used in the previous derivatization procedure because of their boiling point that is 

lower than the reaction temperature. In fact derivatization was performed at 75°C while 

acetone boiling point is 56°C and dichloromethane boiling point is around 40°C. 

 

2.6.3 Optimization 

To systematically investigate the derivatization parameters that mostly affect the 

analytical response the response surface methodology was used.  

A response surface is a graph of a system response plotted as a function of one or more 

system factors. Response surface offers a convenient means of visualizing how various 

factors affect the considered system [Massart et al. 1988]. 

To have a good description of the data, a mathematical model is need. 

In many systems, the effect of one factor will depend upon the value of another factor. 

This phenomenon is called factor interaction. 

Among the various models that can be used to represent a system response where factor 

interactions exist, full second-order polynomial model is the most used. Such equations 

are exceptionally versatile for use as empirical models in many systems over a limited 

domain of the factors [Box et al. 1951]. 

 

2.6.4 Design of experiment (DOE) 

To explore the response surface, a series of designed experiments have to be performed. 

Supposing that the considered factors can assume discrete values in a certain interval, 
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central composite design can be used. Central composite designs (CCD) are very useful 

for obtaining data that can be used to fit a full second order polynomial model [Box et 

al. 1960]. They are a combination of a star design with 2k+1 factor combinations and a 

two-level k-factor factorial design with 2k factor combinations to give a total of 2k + 2k 

+ 1 factor combinations (Figure 2.6). While factorial points distance from the centre is 

±1, the star points are at coordinates ±α, which value depends on the desired properties 

of experimental design. The centre point of CCD is usually replicated to estimate 

experimental uncertainty [Massart et al. 1988]. 

The experimental parameters that most greatly affected analytical response were 

optimized: sonication time, solvent polarity and BSTFA amount. Thus a three-factor 

CCD was used. 

 
Figure 2.6. A two-factor central composite design. 

  

The experiments were carried out on a composite standard solution containing forty five 

species belonging to the three polar organic compounds classes considered in the work 

and usually determined in PM2.5 in the Bologna area. In addition to LMW carboxylic 

acids, sugars and phenols, also two fatty alcohols, 1-hexadecanol and 2-octadecanol 

were present in the composite solution. They are mainly emitted from plants and, in 

minor amounts from microorganism [Mudge 2005]. Fatty alcohols were also found in 

vegetal biomass burning emissions [Simoneit 2002, Fu et al. 2008]. 

Each independent variable was investigated in the range +1 and -1, inside the exploited 

domain defined by the limits chosen on the basis of the experimental constraints 

(BSTFA volume not larger and reaction time not longer than previous derivatization 

procedure) as well as data from preliminary experiments (the coded values of 
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independent variables are given in Table 2.3). The limits were 5-70 minutes for 

sonication time, 5-40 µL for BSTFA volume and acetonitrile (PI =5.8) and isooctane (PI 

=0.1) as solvent polarity. 

A three-factors, five-level Central Composite Design with a quadratic model was 

employed (Figure 2.7). It generates a total 24 different combinations (including ten 

replicates of the centre point) that were experimentally measured in duplicate in random 

order.  

 
Table 2.3. Data of the central composite design: coded values of the independent variables investigated 

with 15 full-factorial design and optimized values estimated for each variable. 

 

Solvent polarities that did not correspond to a pure solvent were obtained by mixing in 

exact proportions different solvents. 

Due to the great difference in solvent polarities, a common internal standard soluble in 

the same manner in all the solvents was impossible to use. Thus the absolute value of 

peaks area was considered in this phase of the study. 
 

 
Figure 2.7. A five-level three factor central composite design. 

 

 

 

 

 

Independent variables Coded units Coded variable levels 

BSTFA volume -1, -0.59, 0, +0.59, +1 5, 12, 22.5, 33, 40 µL 

Sonication time -1, -0.59, 0, +0.59, +1 5, 18, 38, 57, 70 minutes 

Solvent polarity -1, -0.59, 0, +0.59, +1 0.10, 1.18, 2.90, 4.62, 5.80 
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2.6.5 Response surface methodology 

To describe the response surface, the experimental data were fitted by a second 

polynomial equation containing quadratic terms explaining the non-linear nature of the 

response, according to the general equation: 

 

 

Y: studied response; 

X1: BSTFA volume; 

X2: sonication time; 

X3: solvent polarity; 

b0: response mean value; 

b1 – b3: parameters of the isolated variables; 

b4 – b6: parameters of interaction; 

b7 – b9: quadratic terms of the studied variables. 

 

2.6.6 Multivariate optimization on target compounds 

Five different models have been investigated by selecting acids (A), sugars (S), phenols 

(P) and fatty alcohols (FA) separately or including all the compound classes. 

The results were fitted by equation 1 and a statistical evaluation of the estimate of the 

parameters was made by using the Student’s t-test: parameters with significance levels 

(p) lower than 5% were considered relevant (bold values in Table 2.4). The R2 and 

calculated F values - in comparison with fixed F parameters - were used to verify the 

significance or not of the model. Finally, the goodness-of-fit statistics are described by 

the root mean squared error (rmse) in order to estimate standard error [Massart et al. 

1997]. 

Although the coefficients of determination are low (R2% 0.6), the p values - i.e., 

statistically significant fit with p <0.1 for the three models - and the low rmse values 

implied that the equations found can adequately predict the experimental results. 

To better visualize the effect that each parameter displays on the derivatization yield, 

the fitted models were plotted separately as a function of a single variable between its 

low and high boundary levels, holding all other factors at a fixed level (center levels) 

(Figure 2.8). The direction of the line slope gives the direction of the effect of each 

parameter and the slope is proportional to this effect: in fact, the higher the slope, the 

greater the influence. In order to compare response values of the different classes, 

responses are expressed as relative values compared to maximum response. 
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Table 2.4. Coefficients and statistical parameters of second-order polynomial equations calculated 

on experimental results from CCD models. 

 

For each class of compounds, BSTFA volume (X1) displays similar effect on the 

response, except for acids. For acids, a quasi-linear, negative effect is seen suggesting 

that acid derivatization is favoured by decreasing this parameter; on the other hand, a 

parabolic pattern was found for the other compounds classes where the highest response 

occurred close to the centre level. This last pattern prevails when the four classes of 

compounds are investigated simultaneously (Figure 2.8A) 

Regarding the effect of sonication time (X2), it is apparent that increasing the time bring 

about a slight increase in derivative yield, so that the maximum response is obtained at 

100% value for all the classes except acid. Maximum yield for acids is reached at 

minimum sonication time. Despite this exception, the general trend has indicated in 70 

minutes the optimum sonication time (Figure 2.8B). 

Considering the last parameter, solvent polarity (X3), a parabolic patters is observed for 

near all classes of compounds but maximum and minimum values were registered at 

different X3 values The only exception are sugars which show a liner increase of yield 

increasing solvent polarity. Acids and fatty alcohols display similar effect of solvent 

polarity with maximum response registered at the low-end of he considered range. On 

 ∑ Acids ∑ Phenols ∑ Sugars ∑ Fatty alcohols ∑ Total 

Intercept 74.04 95.73 -5.99 2.51 170.32 

BSTFA -0.16 2.20 2.71 0.09 4.63 

Time -0.07 0.16 0.12 0.06 0.18 

Polarity -8.48 -15.62 2.12 -0.60 -23.54 

BSTFA*Time -0.02 -0.03 -0.01 -0.002 -0.07 

BSTFA*Polarity 0.089 0.12 0.05 0.006 0.26 

Time*Polarity 0.09 0.10 -0.01 0.0009 0.17 

BSTFA*BSTFA 0.006 -0.02 -0.04 -0.0009 -0.05 

Time*Time 0.002 0.007 0.005 -0.0002 0.01 

Polarity*Polarity 0.47 1.84 0.02 0.06 2.55 

R2 
0.82 0.66 0.62 0.58 0.61 

p 0.002 0.04 0.08 0.12 0.09 

F 0.69 2.81 2.33 2.04 2.28 

rmse 2.31 7.8 7.24 0.36 15.7 
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the contrary, phenols reached the maximum yield when X3 is maximum. The trend 

shown by phenols and sugars is predominant, thus considering the total response given 

by the four classes, the optimal value for X3 is 5.8, that is the maximum exploited value 

polarity corresponding to acetonitrile (Figure 2.8C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.8. Reaction response plotted as a function of a single variable, set between its lower and upper 

boundaries (other parameters constant at their center levels). Five fitted models (Eq. (1)) are reported: 

acids (red line), sugars (blue line), phenols (grren line), fatty alcohols (purple line) and their combination 

(black line). A) Effect of the BSTFA volume (X1); B) effect of sonication time (X2); C) effect of solvent 

polarity (X3). 

 

The combination of two effects for the total test mixture can be investigated by 

reporting the response in a 3-dimentional plot (3D) as a function of two factors at one 

time (the other factor at centre level). The interaction between BSTFA amount and 

solvent polarity can be understood by observing Figure 2.9A. It shows that optimum 

conditions are located in the area described by maximum solvent polarity and BSTFA 

volume around the centre value of the explored interval. The plot of solvent polarity 

versus sonication time clearly shows two maxima at the intervals extremity but the 

maximum response is reached for the highest ends of both the intervals. 
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Figure 2.9. 3-D surface plots showing the interacting effects of two derivatization parameters (other 

parameters constant at their center level) on derivatization yield. A) Interferacting effects of BSTFA 

volume and solvent polarity (X1 and X3); B) Interacting effects of sonication time and solvent polarity (X2 

and X3). 

 

An important remark about these experiments is that sugars derivatization seems to be 

strongly influenced by solvent. In fact, as shown in Figure 2.10, peaks number for 

sugars derivatives in the chromatogram change with solvent polarity. As general trend, 

increasing solvent polarity leads to a decreasing in peaks number.  
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Figure 2.10. Galactosan, mannosan, levoglucosan, xylitol, ribitol, galactose, glucose and mannitol signals 

in A) acetonitrile and B) isooctane. 

 

2.6.7 Evaluation of analytical performance 

The new developed procedure was finally applied to some PM2.5 real samples. 

One of the main purpose of the work was to decrease derivatization time. Unfortunately, 

results from experimental design showed that the maximum response was obtained at 

70 minutes sonication time with no advantages in comparison to the previous procedure. 

Wishing to fulfil the aim of this study, the reaction was performed in the optimized 

conditions reducing the reaction time to 40 minutes of sonication i.e., 22.5 µL of 

BSTFA and acetonitrile as solvent. The reliability for quantitative determination was 

investigated using some real world PM2.5 samples and the performances were compared 

with that of the original method.  

The obtained results show that the two methods are comparable in terms of sensibility 

as shown in Figure 2.11. 

Moreover, the stability of BSTFA derivatives was studied by injecting samples 24 hours 

after derivatization. Stability in time of derivatives is a fundamental requirement in an 

analytical chemistry laboratory where a large number of samples are analysed in a day 

using an autosampler. In fact, samples are usually prepared in the morning and loaded 

on autosampler to automate as much as possible the analyses. Thus, several hours could 

pass between derivatization and injection and no modification in samples during this 

time is desirable. 

 

B 
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Figure 2.11. Response of acids, sugars and phenols in three real sample of PM2.5 to “classic” 

derivatization in water bath using isooctane and to new method using sonication and acetonitrile as 

solvent. 

 

As reported in Figure 2.12, derivatives in acetonitrile seem to be slightly more stable 

than those in isooctane, especially regarding sugars. 

In conclusion, the modified procedure provided comparable results in terms of response 

together with several improvements. Smaller amount of BSTFA used, lower reaction 

temperature and greater stability of derivatives confirm that the developed procedure 

could be an effective and cheaper alternative to the classical derivatization procedures 

which make use of long heating times for the reaction to occur.  

The obtained results can be considered promising also in light of the used sonication 

device. In fact, the Elmasonic 100H is an ultrasonic cleaning unit with fixed parameters 

that cannot be adjusted by the operator. This is a limit of the developed procedure since 

ultrasound action is influencing by several factors as the applied ultrasound frequency 

and intensity, two parameters that can be regulated in ultrasound devices studied to 

perform chemical reactions [Sánchez Ávila et al. 2007, Luque de Castro et al. 2011, 

Orozco-Solano et al. 2011]. Thus, future further improvements are possible in order to 

obtain a real decrease in sample preparation time. 
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Figure 2.12. Response of acids, sugars and phenols in phenols in two real sample of PM2.5 immediately 

after derivatization and after 24 hours from derivatization for A) derivatization in acetonitrile and B) 

derivatization in isooctane. 

 

 
2.7 Intercomparison study of sugars analysis in PM 
Finally, the analytical methods for measuring sugars in PM samples are under 

investigation by performing an intercomparison study involving ten laboratories. 

Sugars, and in particularly anhydrosugars, are often linked to biomass burning 

emissions in the atmosphere. Several studies in recent years have demonstrated that 

emissions from biomass combustion in domestic appliances are significant contributors 

of the total PM2.5 and PM10 emitted especially in the Po valley [Belis et al. 2011, 

Bernardoni et al. 2011, Larsen et al. 2012, Perrone et al. 2012, 2013, Piazzalunga et al. 

2013]. Thus, increasing efforts have been put into sugars quantification during the last 
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decade using different analytical methods. Gas chromatography-mass spectrometry 

(GC/MS), high-performance liquid chromatography coupled with mass spectrometry 

(HPLC/MS) and high-performance anion-exchange chromatography (HPAEC) are the 

most commonly used methods for sugars determination in ambient aerosol [Yttri et al. 

2015]. 

The study was organized at national level in the WG2 working group of IAS (Italian 

Aerosol Society) with the purpose of evaluating the comparability of the different 

methods used in Italian laboratories and to compare the obtained results to ensure the 

use in extensive campaigns of control/monitoring of air pollution. 

The work presents preliminary results for three anhydrosugars, galactosan, mannosan 

and levoglucosan. 

The laboratories participated in the intercomparison exercise use methods with different 

characteristics: six of them used HPAEC, two used GC/MS, one liquid 

chromatography-mass spectrometry (UHPLC-HQOMS) and one nuclear magnetic 

resonance (1HNMR) without preliminary separation. All HPAEC systems were coupled 

with a pulsed amperometric detector except one that used a mass spectrometer as 

detector. A short description of analytical methods is given in Table 2.5. 

To validate the analytical procedures, three synthetic quartz filter samples were 

prepared at known concentrations of the considered sugars using an aerosol generator. 

Moreover, the study was extended to twenty six real samples of PM2.5 sampled in Milan 

and Trento between winter and spring. The two sites represent two urban backgrounds 

in different geographical contexts in order to consider particles with different 

composition and with a large range of analytes concentration. Some punches of the 

filters were submitted to the participating laboratories. 

All ten laboratories reported levels for levoglucosan, whereas seven reported also data 

for mannosan and galactosan. 

The results are presented in terms of the percentage error (PE) that was calculated for 

each of the participating laboratories for each of the filter samples according to the 

following equation: 

 

 

 

where measured is the value of the analyte reported by the actual laboratory and 

theoretical is the median value of the analytes based on the values reported by all 
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participating laboratories. The arithmetic mean PE for each laboratory, accounting for 

all filters, was then subsequently calculated. 

 

 

 
 

 

Table 2.5. Overview of the analytical methods used by the participating laboratories. 

 

From the obtained calculated data, the mean PE for levoglucosan ranged from -63 to 

47%, for mannosan from -14 to 18% and for galactosan from -23 to 76%. Regarding 

levoglucosan, the mean PE was within ±25% for seven of the ten laboratories, whilst 

mannosan shows the smaller PE with all laboratories below 20%. Finally, galactosan 

shows a narrow PE range among laboratories within ±25% excluding one laboratory 

that exhibited a PE of about 80% (data in Figure 2.13). 

The data reported in Figure 2.13 do not show significant differences among the different 

methods used. Hence, the results obtained by most analytical methods currently used to 

quantify monosaccharide anhydrides in ambient aerosol filter samples provide 

comparable results as assert also by Yttri [Yttri et al. 2015]. 

The only remark that can be done, excluding the three laboratories with higher PE 

values, is that HPAEC-PAD and LC methods exhibit a slightly lower PE in comparison 

to other methods and that GC based procedures tend to underestimate anhydrosugars. 

This last observation could be explained considering that derivatization is need prior to 

GC analyses and a loss of analytes may occur. 

 

 

 

 

Lab no. Instrument Solvent Derivatization 

1 HPAEC-PAD Water No 

2 HPAEC-PAD Water No 
3 HPAEC-PAD Water No 
4 HPAEC-PAD Water No 
5 HPAEC-PAD Water No 
6 HPAEC-MSQ Water No 
7 GC-QMS Acetonitrile Yes 

8 GC-ITMS Methanol/Dichloromethane Yes 

9 UHPLC-HQOMS Water No 
10 1HNMR Water No 
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Figure 2.13: Calculated mean percentage error for each of the ten laboratories reporting levels of the three 

anhydrosugars. 
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3. AIR QUALITY OF EMILIA ROMAGNA 

REGION: THE SUPERSITO PROJECT 

 
The results obtained in the framework of the Supersito project are reported in Appendix 

B, in four published papers [Pietrogrande et al. 2014a,b, 2015, 2016] and summarized in 

the following. 

 

3.1 Meteorological conditions 
During the monitoring campaigns, large differences concerning meteorological 

conditions occurred. Fall/winter periods were characterized by atmospheric stability 

with shallow Planetary Boundary Layer (PBL) depths (Hmix mean values ~300 m), 

rather low temperatures (3-12°C), low solar irradiance (mean values ~75 W m-2) and 

weak amount of wet depositions. Exceptions are winter 2014 with maximum deposition 

at Main Site (~140 mm during the sampling period) and very dry winter 2011 with 

almost no precipitations (maximum 5 mm at San Pietro Capofiume during the three 

weeks campaign). 

On the contrary, spring/summer periods are characterized by high PBL depths (Hmix 

mean values >900 m), high temperatures (16-28 °C), large solar irradiance (mean values 

~270 W m-2), weak amount of wet depositions (maximum precipitations ~65 mm during 

May 2013).  

  
Table 3.1. Average values and standard deviations of meteorological parameters. 

 

 

 Main Site San Pietro 

 
Temperature 

(°C) 

Solar irradiance 

(W/m2) 

PBL height 

(m) 

Precipitations 

(mm) 

Temperature 

(°C) 

Solar irradiance 

(W/m2) 

PBL height 

(m) 

Precipitations 

(mm) 

W11 6.5 ± 1.8 61 ± 23 229 ± 81 1.0 3.9 ± 1.8 65 ± 30 169 ± 43 5.2 

Su12 27.5 ± 2.6 295 ± 27 974 ± 132 3.8 25.7 ± 2.6 324 ± 32 854 ± 109 12.4 

A12 12.0 ± 2.6 71 ± 35 376 ± 107 65.0 10.6 ± 2.7 86 ± 44 263 ± 77 74.8 

W13 3.9 ± 1.6 78 ± 33 398 ± 83 49.4 2.6 ± 1.0 89 ± 47 296 ± 103 40.4 

Sp13 17.6 ± 2.3 228 ± 64 954 ± 204 64.6 16.5 ± 2.4 240 ± 79 786 ± 160 53.0 

A13 15.7 ± 2.5 97 ± 52 468 ± 188 131.6 15.0 ± 2.5 105 ± 62 402 ± 133 118.6 

W14 8.3 ± 2.1 72 ± 44 411 ± 140 141.6 7.3 ± 1.8 80 ± 52 302 ± 86 117.0 

Su14 21.0 ± 3.3 258 ± 57 974 ± 171 24.4 19.4 ± 2.8 286 ± 55 876 ± 160 49.0 
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Among the investigated periods, the atmospheric conditions of October 2013 were 

intermediate between cold and warm seasons with temperatures higher than 15°C and 

PBL deeper than 400 m. 

It should be noted that temperatures and PBL height values are higher at Main Site in all 

the campaigns while solar irradiance is always higher at the rural site. This behaviour is 

probably due to the different anthropization level between the two sites. 

 
 

3.2 PM concentration 
The PM2.5 concentration in the investigated periods shows a clearly seasonal trend with 

higher amount of particles in the cold seasons. 

A peculiarity of the obtained data is the close similarity between the PM levels of the 

urban and rural sites, reflecting the regional nature of the emission sources and their 

similar impact across the air shed. 

PM2.5 levels were close 10 µg m-3 in spring-summer and around 30 µg m-3 during 

autumn-winter. Winter 2011 exhibits the highest concentration of particles with an 

average value twice respect to the other cold period and daily maxima close to 100 µg 

m-3.  

 Main Site San Pietro 

 PM2.5 (µg/m3) PM2.5 (µg/m3) 

W11 59.2 ± 1.4 46.3 ± 17.8 

Su12 15.1 ± 4.3 17.8 ± 4.3 

A12 31.1 ± 17.3 26.7 ± 16.6 

W13 33.1 ± 14.0 35.2 ± 19.5 

Sp13 8.5 ± 2.4 8.0 ± 4.8 

A13 21.6 ± 10.2 16.5 ± 10.3 

W14 19.3 ± 11.7 16.3 ± 8.0 

Su14 10.0 ± 3.6 10.5 ± 4.3 

 
Table 3.2. Average values and standard deviations of PM2.5 concentrations. 

 

This is consistent with the meteorological data registered during the sampling 

campaigns which display the lowest PBL among all the sampling periods (229 m MS 

and 169 m SPC) and almost no precipitations (1 mm Main Site and 5.2 mm San Pietro 

Capofiume). Such atmospheric conditions favoured the accumulation of pollutants in 
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the first hundred meters of the atmosphere and condensation of semi-volatile species, 

causing high PM episodes as shown in Figure 3.1. In addition, the low solar irradiance 

(~60 W m-2) limited atmospheric photochemical processing of the accumulated organic 

precursors [Balducci et al. 2010, Belis et al. 2011, Pietrogrande et al. 2013a, Paglione et 

al. 2014]. 

These high PM values found in winter are coherent with other data registered in the Po 

Valley, because of the enhanced anthropogenic emissions, mainly road traffic exhausts 

and domestic heating, combined with stagnant atmospheric conditions characterized by 

low vertical mixing and cold temperatures [Bigi et al. 2011, Larsen et al. 2012, Perrone 

et al. 2012]. 
 

 

Figure 3.1. Concentrations of PM2.5 related to PBL heights. 

 

 

3.3 Polar organic fraction 
 
3.3.1 Low molecular weight carboxylic acids 

Most of the considered acids were determined in all the campaigns [Pietrogrande et al. 

2014a]. 

It must be underlined that oxalic acid is not detectable with the used analytical 

procedure, and malonic acid may be somewhat underestimated because of the volatility 

of silyl derivatives. 

The total sum of acid concentrations (total carboxylic acid concentration, TCA) was 

computed from the values of each analysed acid. The measured carboxylic acids (CAs) 
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show similar concentrations in the two sampling sites in all the campaigns (Table 3.3). 

They also follow the seasonal trend as for PM: higher concentrations were found during 

cold seasons when PBL height is minimum with concentrations ~5 times higher in 

fall/winter (mean value ~200 ng m-3, maximum value 308 ng m-3 at San Pietro in winter 

2011) in comparison with spring/summer (mean value ~40 ng m-3, minimum value 14 

ng m-3 at San Pietro in spring 2013).   

The results obtained in fall 2013 were more similar to those obtained in spring/summer 

(average temperature in fall 2013 were higher than 15°C). 

In June 2012, acid concentrations were ≤ LOD since low-volume air sampler (55 m3 in 

a day) was used. 

These results were comparable with those reported in atmospheric aerosols collected 

from different cities in the world (Milan, Algiers) but significantly lower than those 

from other megacities (Tokio, Hong Kong) [Kawamura et al. 2005, Ho et al., 2006, 

2011, Ladji et al. 2009, Perrone et al. 2012]. 

 
 Main Site San Pietro 

 oxCAs (ng/m3) Other CAs (ng/m3) %oxCAs oxCAs (ng/m3) Other CAs (ng/m3) %oxCAs 

W11 84.5 ± 41.4 177.6 ± 72.9 31.7 ± 6.0 70.2 ± 31.7 238.1 ± 205.5 25.8 ± 8.4 

Su12 n.d. n.d. n.d. n.d. n.d. n.d. 

A12 74.8 ± 50.4 92.6 ± 60.0 44.0 ± 4.7 61.1 ± 47.8 53.7 ± 43.2 53.1 ± 5.3 

W13 83.4 ± 43.1 165.9 ± 84.5 34.4 ± 9.9 87.7 ± 55.7 160.1 ± 90.1 34.2 ± 9.3 

Sp13 11.6 ± 8.6 5.8 ± 3.5 66.0 ± 9.7 8.5 ± 4.1 5.4 ± 2.1 59.4 ± 14.8 

A13 18.3 ± 8.8 31.7 ± 18.9 38.7 ± 10.1 23.0 ± 12.1 32.5 ± 23.1 45.1 ± 8.8 

W14 41.5 ± 41.5 76.5 ± 57.4 36.8 ± 9.2 41.2 ± 14.4 62.4 ± 21.6 39.9 ± 5.7 

Su14 58.9 ± 58.9 34.1 ± 43.0 60.9 ± 14.3 62.2 ± 57.2 36.6 ± 27.1 59.9 ± 15.1 

 
Table 3.3. Average values and standard deviations of acids concentrations and relative contribution of 

oxoacids to total CA concentration. 

 

A detailed investigation of CAs distribution profile may provide information on the 

origin and fate of organics in the atmosphere. In general, chain length distributions of 

dicarboxylic acids show a decrease of the concentration of the individual species with 

the increase in carbon chain length, as reported in most cities [Kawamura et al. 2005, 

Ho et al. 2006, Hyder et al. 2012]. 
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Accordingly, the highest concentrations were observed for C3-C4 dicarboxylic acids 

with the most abundant succinic, malic, maleic and malonic as average mean for all the 

campaigns.  

To give insight into the origin of CAs, the correlation among carboxylic acids was 

studied since strong correlation coefficients among these compounds may suggest a 

similar source or involvement in the same photo oxidation processes. 

Most of the values obtained during warm periods are nicely correlated (R2 >0.7), 

suggesting that the concentrations of these species are mainly controlled by the same 

atmospheric processes in this period. Otherwise, only a limited number of acid pairs 

measured in colder periods show significant correlations, which strongly suggested the 

combined contribution of primary emissions and secondary reactions. 

As a general trend, in the seven considered campaigns, among the acids detected, 

succinic acid was the most correlated with the others, especially with malic, azelaic and 

3- and 4-hydroxybenzoic acids (R2 ~0.8). Only during warm period succinic acid is also 

strongly correlated with glutaric and adipic acid (R2 ~0.9) and glycolic acid (R2 ~0.8). 

These results are consistent with the finding that succinic acid is originated from 

different sources, like the direct emissions from fuel burning and the oxidation of 

precursors emitted from both anthropogenic and biogenic sources. 

The limited correlation between succinic (C4) and malonic (C3) acids observed in all 

the campaigns (R2 =0.3-0.6) suggests that malonic acid is only in part produced from 

oxidation atmospheric processes, with succinic as a precursor. Even if the correlation 

coefficient between the two acids is low, it shows greater values in warm periods and at 

San Pietro. This is coherent with the higher solar irradiance in spring/summer, 

particularly at the rural site. 

Significant amounts of azelaic acid (~9 ng m-3) were found during fall/winter. This acid 

is believed to be produced from photo oxidation of unsaturated carboxylic acids, such as 

oleic and linoleic acids having unsaturation at carbon 9 position (OH oxidation should 

be involved in the production of C9 diacid) [Ho et al. 2006, 2011, Hyder et al. 2012]. 

The presence of this acid is consistent with the emission of biogenic unsaturated fatty 

acids from the vegetation activity, although it is limited in the cold seasons. In warmer 

period the concentrations of azelaic acid were often below detection limit even if 

vegetation activities should be favoured. This is probably due to the dilution effect 

given by a high planetary boundary layer. 

Phthalic acid has been proposed as a surrogate for the contribution of SOA to an 

environmental sample, since it mainly derives from the oxidation of naphthalene and 
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other polycyclic aromatic hydrocarbons or phthalates. In minor quantities, it may also 

have origin from primary sources like biomass burning or vehicle exhaust [Oliveira et 

al. 2007, Ho et al. 2011]. 

Also adipic acid (C6) has been suggested as a product of atmospheric oxidation of 

anthropogenic hydrocarbons, in particular cyclohexene derivatives [Ho et al. 2006, 

Zhang et al. 2010, Hyder et al. 2012]. 

For these reasons the phthalic/C9 and C6/C9 ratios have been proposed as indicators of 

the impact of anthropogenic and biogenic precursors to SOA production [Ho et al. 2006, 

Zhang et al. 2010]. 

The ratios are usually larger in winter than in warm periods suggesting a higher 

contribution of biogenic secondary aerosol in summer/spring. 

Among the oxo and hydroxyl carboxylic acids, malic acid was found the dominant 

marker followed by 2-ketoglutaric and glycolic. 

During all the campaigns, the concentrations of malic and succinic acids as well as 

glutaric and 2-ketoglutaric acids showed similar temporal trend, indicating their 

involvement in common photochemical reactions. In fact, because of the similarity 

between their molecular structures, malic acid and 2-ketoglutaric acid were thought to 

be produced by the oxidation reaction of succinic and glutaric acid in the atmosphere 

[Kawamura et al. 2005].  

Glycolic acid, the smallest LMWCA determined in this study, shows a great correlation 

with C3-C5 acids in warm periods, correlation that decreases but not disappears during 

winter. Since glyoxylic acid has been recognize as SOA tracer [Ho et al. 2006, Bikkina 

et al. 2015], this suggests that oxidation of longer chain acids and production of SOA 

are important phenomena all year long.  

As useful markers to discriminate between primary and secondary origin of the 

investigated carboxylic acids, the separated contribution of hydroxyl/oxo carboxylic 

acids was computed as absolute (oxCAs) and relative (%oxCAs) to TCAs values. 

Although the absolute data are ~2.6 times higher in fall/winter (mean value ~68 ng m-3) 

in comparison with spring/summer (mean value ~23 ng m-3), the relative values are 

higher in the warm seasons (%oxCAs ~62%)  than in colder months (%oxCAs ~38%), 

with similar values at both sites. 

This clear seasonal trend is consistent with enhanced photochemical oxidation in 

spring/summer with increasing solar radiation, as supported by the significant positive 

correlation (R2 =0.72) between %oxCAs and solar irradiance. 
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These findings highlight that the strong correlations among acids in warmer period is 

due to the same atmospheric oxidation they undergo. Such a trend suggests that the 

higher temperature and the larger solar irradiance facilitate the conversion of oxidized 

acids into smaller dicarboxylic acids. 

 
Figure 3.2. Relative contribution of polyoxidated LMW carboxylic acids related to solar irradiance. 

 

The weekly trends of carboxylic acid concentrations was also studied in order to have a 

better view about the impact of various emission sources and photochemical 

transformations on atmospheric pollutant concentrations. In fact, day-of-week trends 

can be directly related to contribution of different sources from human activities, since 

no weekly trends were seen in meteorological properties, which usually played a major 

role in environment PM concentrations [Lough et al. 2006, Oliveira et al. 2007]. Since 

each campaign went on in general for three weeks, samples were composited by day of 

week at each site and three-week averages were used to investigate day-of-week trends. 

As an example, in Fall 2012 a clearly dependence of CAs concentration on the day of 

week was observed. It increased from Monday through Friday and fell over the 

weekend to the lowest levels on Monday (Figure 3.3A). 

This behaviour might be explained by the emission of CAs from sources with a weekly 

activity patterns, such as motor vehicle traffic, that are higher on weekdays [Lough et al 

2006, Bigi et al. 2011]. 

On the contrary, in Winter 2013, the concentration of CAs showed a random pattern 

during the week (Figure 3.3B): this behaviour suggests that in the colder winter periods 

the main contribution to CAs concentration derived from civil heating that is an 

anthropogenic source without clear weekly pattern. 
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For each monitored periods, the same weekly trends were found in urban and rural sites, 

which further confirmed the homogeneous impact of the different sources all over the 

investigated area. 

 

 

 

 

 

 

 

          

 
Figure 3.3. Day-of-week pattern of carboxylic acids (left axis) and PM2.5 (right axis) concentrations in the 

urban MS site during fall 2012 and winter 2013 respectively [Pietrogrande et al. 2014a].  

 
3.3.2 Sugars  

Sugars were determined in PM2.5 samples to give insight into the relative contribution of 

biomass burning and biogenic emissions [Pietrogrande et al. 2014b]. 

The individual sugar concentrations were overall summed to compute the total sugar 

concentrations, and separately to compute the contribution of sugars emitted by biomass 

burning (levoglucosan, mannosan and galactosan) and the total concentration of the 

primary sugars emitted by the ecosystem. 

As for acids, also for sugars no great differences in concentration were registered 

between the urban and rural sites during the campaigns except in summer 2012 when 
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the amount of sugars was seven times higher at San Pietro in comparison to Bologna 

site.  

In general, total concentration of sugars was one order of magnitude higher in cold 

seasons than those in summer/spring. 

In fact, the highest levels were found in November 2011 with an average concentration 

of 1288 ng m-3 at MS, while the lowest concentration was observed in June 2012 still at 

MS with an average value of 7 ng m-3. 

Due to the particular meteorological conditions of winter 2011 (no precipitations and 

very low PBL), this campaign reached a sugar concentration values three times higher 

than the other colder periods (~1200 ng m-3 compared to 370 ngm-3 in autumn 2012 and 

winter 2013 and 400 ng m-3 in winter 2014).  

Seasonality is evident also in sugar concentration profiles, providing information on the 

relative contributions of different emission sources. 

Anhydrosugars were by far the dominant sugars in fall and winter (excluding fall 2013), 

both on a relative and absolute basis: higher levels were found for levoglucosan in 

fall/winter with a mean value of 454 ng m-3, followed by mannosan and galactosan 

(mean values 65 and 31 ng m-3 respectively). These data specifically indicate that 

anhydrosugars are nearly the only source for particulate saccharides in fall/winter, 

comprising nearly 94% of the total sugars at both sites, while their impact strongly 

decreases in spring/summer when the average concentration was 24 ng m-3 and the 

relative contribution to total sugars was ~30%. 

As anhydrosugars are key tracers for smoke emissions from both open and residential 

biomass combustion, these results indicate the relevance of biomass burning emissions 

as a source of atmospheric particles. This may be mainly related to wood combustion 

occurring in household stoves, since the use of biomass as a fuel for residential purposes 

is increasing in recent years, not only in rural areas but also in urban environments, as a 

consequence of increasing oil prices and economic crisis. This conclusion is consistent 

with other studies carried out in Lombardia region which demonstrated that wood 

burning for domestic heating is a diffuse regional source during fall and winter [Perrone 

et al. 2012]. 

Low levels and homogeneous distribution between urban and rural sites in warmer 

periods likely excludes a significant contribution of smoke emissions from open fires 

[Mazzoleni et al. 2007, Gelencser et al. 2007, Kourtchev et al. 2011, Vassura et al. 

2014]. 
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Similar anhydrosugars levels (300-500 ng m-3) were measured in urban and rural areas 

in Central and Northern Europe and in other urban-background sites in Italy, where 

residential wood combustion has been identified as an important source of air pollution 

[Oliveira et al. 2007, Piazzalunga et al. 2011, Caseiro et al. 2012, Giannoni et al. 2012, 

Viana et al. 2013,]. 

The ambient concentration, seasonal variation, and urban/rural comparison of primary 

sugars were separately investigated to single out the contribution of emissions 

associated with primary biological particles. They have been proposed as source-

specific tracers for soil biota released into the atmosphere by farmland soil suspension 

and natural soil erosion - glucose, sucrose and mycose - and for atmospheric fungal 

spore abundance, i.e., mannitol and erithrytol [Medeiros et al. 2006, Rogge et al. 2007, 

Tominaga et al. 2011, Jia et al. 2011, Fu et al. 2012]. In addition, these sugars are 

released as uncombusted materials from the biomass burning processes, emitted through 

direct volatilization from vascular plant saccharides or formed from the breakdown of 

polysaccharides i.e., glucose is commonly present at higher levels in vascular plants, 

while arabinose and galactose are predominant sugars in pectin, a polysaccharide 

contained in non-woody tissues [Medeiros et al. 2006, Jia et al. 2010, Fu et al. 2012]. 

Some of the sugars may also be produced by hydrolysis of the corresponding 

anhydrosugars under the acidic atmospheric conditions created by biomass burning 

[Simoneit et al. 2004, Medeiros et al. 2006].   

It must be underlined that these contributions could be influenced by the fact that 

primary biosugars are generally more represented by the coarse than by the fine 

particles of atmospheric aerosol [Simoneit et al. 2004, Yttri et al. 2007, Pio et al. 2008]. 

Therefore, their concentrations in the present study may represent only a fraction of the 

total primary biologically derived carbon present in atmospheric PM. 

In general, these primary sugars show nearly constant value close to 35 ng m-3 through 

the year at both the urban and rural sites. 

Over all the sampling periods, sucrose was the most abundant primary sugars (9 ng m-3) 

followed by mannitol and glucose (~6 ng m-3). 

The monosaccharides galactose, mannose and arabinose, the disaccharide mycose and 

the polyols ribitol and erythritol were also present in lower concentrations in most 

samples 

Mannitol, ribitol, mannose, mycose are the only primary sugars that increase their 

concentration in warm periods in comparison to colder ones. This suggest a main 

biogenic origin of these sugars, likely reflecting the enhanced biogenic activity of plants 
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and microorganisms and agricultural activities that release soil biota from farmland soils 

[Simoneit et al. 2004, Tsai et al. 2013]. 

Mannitol has been found as the major sugar polyol in bacteria, fungi, lower plants and 

invertebrates, serving as storage or transport carbohydrate and cell protectant against 

external stresses [Elbert et al. 2007]. The highest concentration of mannitol in summer 

has been explained by the increased emissions from vegetation detritus and fungal 

spores as a result of external stress of heat [Medeiros et al. 2006, Burshtein et al. 2011].  

Concentration of mannitol is strongly covaried with that of ribitol, the pentose alcohol 

formed by the reduction of ribose. 

Mycose is the most common disaccharide in symbiotic fungal tissues, is present in a 

large variety of microorganisms (fungi, bacteria, yeast), higher plants and invertebrates 

[Simoneit et al. 2004]. 

Sucrose and glucose show only a slight decreasing in concentration from cold periods to 

warmer ones while the decreasing for erythritol, arabinose and galactose is more 

evident. 

This suggests that the last three sugars could be mainly emitted by biomass burning 

which is most abundant in fall/winter while arabinose and galactose are predominant 

sugars in pectin, a polysaccharide contained in non-woody tissues, such as leaves and 

needles. Similar results were found in smoke-impacted samples in many other locations 

in the world [Simoneit et al. 2004, Medeiros et al. 2006, Pio et al. 2008].  

The presence of not negligible amount of sucrose and glucose in winter may be related 

to direct volatilization during the combustion, since they are predominant sugars present 

at higher levels in vascular plants [Wang et al. 2011]. 

The obtained results highlight that wood burning is the most important source of sugars 

during the year. 

Important correlations were identified among anhydrosugars and some carboxylic acids. 

Succinic and malic acids, which were the most abundant acids detected, are very well 

correlated with biomass burning sugars, especially during winter periods with a R2 

>0.85. 

Succinic acid has been found specifically originated from wood burning, as well as the 

other C3-C4 diacids with similar molecular structures that are involved in common 

photochemical reactions of the burning products [Oliveira et al. 2007, Mazzoleni et al. 

2007, Hyder et al. 2012, Alves et al. 2010]. 



 

58 
 

Another surprisingly high correlation was found among biomass burning sugars and 3- 

and 4-hydroxybenzoic acids in cold periods with values close to 0.95 since they are 

produced during the pyrolysis of polysaccharides [Medeiros et al. 2006]. 

The data are in a good agreement with the results recently obtained by Paglione at the 

same site San Pietro indicating that biomass burning aerosol includes a non-negligible 

fraction of secondary origin, rich of carbonylic compounds and acids, in addition to a 

primary oxygenated component, rich of phenols and polyols [Paglione et al. 2014]. 

Overall, only a scattered correlation (R2 ~0.6) was found between the concentrations of 

anhydrosugars and the total CAs concentration. This suggests that acids are emitted by a 

combination of different sources and are involved in secondary oxidation of several 

biogenic gases or volatile precursors, in addition to those related to biomass burning. 

 
Table 3.4. Average values and standard deviations of sugars concentrations and relative contribution of 

biomass burning sugars to total sugars concentration. 

 

3.3.3 Phenols 

In addition to the most abundant anhydrosaccharides, a number of aromatic species 

carrying hydroxyl, carbonyl and carboxyl functional groups have been identified as 

lignin breakdown products and proposed as tracers for wood smoke pollution. They are 

mostly constituted by methoxyphenols arising from pyrolysis of wood lignin that is an 

important constituent of the macromolecular matter in wood. 

The concentrations of individual considered compounds were added together to obtain 

the total concentration of all the investigated phenols. 

Overall, each methoxylated phenol occurred at low level in the 0.1-5.8 ngm-3 range, 

yielding a total average level of ~9 ng m-3 through the campaigns. As a trend, 

 Main Site San Pietro 

 
Anhydrosugars 

(ng/m3) 

Primary sugars 

(ng/m3) 
%anhydrosugars 

Anhydrosugars 

(ng/m3) 

Primary sugars 

(ng/m3) 
%anhydrosugars 

W11 1215.6 ± 552.8 72.3 ± 24.1 93.7 ± 2.5 1064.5 ± 443.4 65.3 ± 18.9 93.7 ± 2.0 

Su12 2.3 ± 2.1 4.4 ± 5.0 46.0 ± 27.3 6.9 ± 14.2 35.6 ± 49.7 19.1 ± 18.5 

A12 382.2 ± 198.7 23.9 ± 12.9 93.1 ± 4.4 303.9 ± 153.3 23.0 ± 13.8 92.3 ± 4.7 

W13 354.6 ± 133.3 20.0 ± 7.5 94.6 ± 0.9 346.3 ± 151.3 18.4 ± 5.3 94.6 ± 1.2 

Sp13 15.7 ± 22.3 34.5 ± 38.6 30.7 ± 14.1 4.9 ± 3.0 25.7 ± 21.3 20.4 ± 13.5 

A13 47.9 ± 31.1 29.3 ± 18.7 57.8 ± 23.2 50.1 ± 33.0 25.6 ± 12.5 59.8 ± 23.0 

W14 342.1 ± 140.4 30.9 ± 14.8 91.1 ± 5.3 390.4 ± 154.3 31.1 ± 15.5 92.5 ± 2.4 

Su14 8.7 ± 4.3 49.9 ± 27.5 18.4 ± 14.7 7.1 ± 5.0 67.0 ± 76.4 15.7 ± 8.2 
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concentrations of total phenols in wintertime are two times higher yhan in warmer 

periods. 

It must be underlined that the concentration levels of several target phenols were close 

to the detection limit of the analytical procedure, yielding large measurement 

uncertainties. 

 

 

 

 

 

 

 

 

 

 

 

 
Table 3.5. Average values and standard deviations of phenols concentrations. 

 

For this reason the more sensible GC/MSMS method was applied after Fall 2013 

campaign to assure the accurate quantification of the less abundant target tracers. 

Although with much lower concentration values, the methoxylated phenols data 

resemble closely those of sugars, even if relative abundances of methoxy phenols were 

not found to have good correlation with those of biomass burning sugars. Only vanillic 

acid shows a notable correlation (R2 ~0.8) in wintertime. This observation is not 

surprising since the two classes of biomarkers originate from distinct biopolymers - 

hemicellulose/cellulose and lignin -with different combustion processes [Mazzoleni et 

al. 2007, Kuo et al. 2011]. 

 

 

 

 

 

 

 Main Site San Pietro 

 
Tot phenols 

(ng/m3) 

Tot phenols 

(ng/m3) 

W11 13.3 ± 6.2 9.7 ± 4.9 

Su12 n.d. 0.4 ± 0.1 

A12 14.1 ± 4.9 8.1 ± 4.1 

W13 17.3 ± 9.7 18.5 ± 11.8 

Sp13 1.1 ± 0.5 0.6 ± 0.4 

A13 1.0 ± 0.8 0.6 ± 0.4 

W14 10.9 ± 4.2 12.4 ± 6.5 

Su14 11.6 ± 15.0 9.3 ± 11.1 
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3.4 Apolar fraction 
To further investigate pollutants present in particulate phase in the considered sites and 

to have a better estimation of emission sources, data obtained from polar organic 

fraction were integrated with those from apolar organic fraction and with carbonaceous 

aerosol OC and EC obtained from other laboratories participating at Supersito project 

[Pietrogrande et al. 2016]. 

 

3.4.1 PAHs 

PAHs were investigated in PM2.5 samples in order to elucidate the composition of the 

combustion emission sources, as they are emitted into the atmosphere from incomplete 

combustion of different fuels, such as fossil (e.g. traffic emission) as well as biomass 

(e.g. wood combustion emissions) and they have been frequently found in Northern 

Italy during the cold seasons [Piazzalunga et al. 2013, Gianelle et al. 2013, Vassura et 

al. 2014].    

Once emitted into the atmosphere, PAHs distribute between gas and particle phases, 

depending on their volatile properties, with five and six ring PAHs mainly adsorbed on 

the particulate matter, depending on ambient temperatures [Schmidl et al. 2008, Van 

Drooge et al. 2012, Jedinska et al. 2014]. 

19 individual PAHs were quantified, including the US EPA PAH priority pollutants: 

naphthalene, acenaphthene, acenaphthylene, fluorene, phenanthrene, anthracene, 

fluoranthene, pyrene, benzo[a]anthracene, cyclopenta(cd)pyrene, chrysene (Chr), 

benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[e]pyrene (BeP), 

benzo[a]pyrene (BaP), perylene, indeno[1,2,3-c,d]pyrene (IcdP), 

dibenzo[a,h]anthracene and benzo[g,h,i]perylene (BghiP). 

As expected, PAHs showed the strong seasonal trend experienced by the other trace 

organics with atmospheric levels nearly 10 times higher during colder periods in 

comparison with the warmer months. In general, PAHs were more abundant at the 

urban than at the rural site that is consistent with larger direct emissions in the more 

populated urban location. In November-February, the total PAHs concentration was 5.7 

ng m−3 and 4.0 ng m−3 at MS and SPC sites respectively with a maximum of ~13ng m-3 

in November 2011. 

In May-October, concentrations were 0.6 ng m−3 and 0.3 ng m−3 at the MS and SP sites 

respectively. 

The higher PAHs levels in colder seasons could be explained by higher PAHs 

emissions, mainly related to domestic heating, and more stagnant atmospheric 
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conditions, resulting in atmospheric PAHs accumulation. However, besides these 

ambient factors, physicochemical properties, such as volatility related to the gas/particle 

partitioning, and reactivity with oxidants, influence the PAHs concentration. 

In the present dataset, the particulate-phase PAHs distribution profiles are similar for all 

the samples. They are dominated by five to six ring compounds, such as benzo[b] and 

benzo[k]fluoranthenes and benzo[ghi]perylene followed by BaP, IcdP and Chr. In 

addition, fluoranthene and pyrene were among the most abundant PAHs in warmer 

seasons. Such PAHs distribution profiles indicate that road transport and biomass 

burning are the most important sources of primary emissions in the studied area, as 

found in other sites in the Po valley [Larsen et al. 2012, Perrone et al. 2012, Piazzalunga 

et al. 2013]. 

 Main Site San Pietro 

 
Tot PAHs 

(ng/m3) 

Tot PAHs 

(ng/m3) 

W11 13.4 ± 4.9 8.0 ± 4.4 

Su12 0.2 ± 0.1 0.2 ± 0.1 

A12 3.8 ± 2.2 2.0 ± 1.4 

W13 3.6 ± 2.5 4.3 ± 2.9 

Sp13 0.3 ± 0.1 0.1 ± 0.1 

A13 0.6 ± 0.5 0.6 ± 0.3 

W14 2.1 ± 1.2 1.7 ± 1.1 

Su14 0.1 ± 0.1 0.1 ± 0.2 

 
Table 3.6. Average values and standard deviations of PAHs. 

 

The set of individual PAHs showed a strong collinearity with intercorrelation values 

ranging from 0.7 to values higher than 0.9, especially in wintertime and at the urban 

site, which indicated a single dominant source for these compounds. Exception are 

lighter PAHs such as naphthalene, acenaphthene, acenaphthylene, fluorene, 

phenanthrene and anthracene that have no or very poor correlation with other heavier 

PAHs. 

To obtain more information from this class of compounds various diagnostic ratios have 

been proposed to attempt source reconciliation [Alves 2008, Tobiszewski et al. 2011]. 

BaP/BeP and BaP/BaP+BeP ratios have been proposed as indicators of aerosol age, 

since both compounds are normally emitted in similar amounts by combustion sources 

but BaP is more reactive than BeP in the atmosphere [Oliveira et al. 2011]. It is for this 
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reason that a BaP/BeP ratio <1 and a BaP/BeP+BaP ratio <0.5 indicate an aged aerosol. 

The values obtained during sampling campaigns are usually lower than the reference 

values especially during spring/summer (minimum value 0.16 in spring 2013). This 

highlights that a certain fraction of SOA is always present in atmospheric PM even in 

wintertime. 

Other ratios have been used more specifically to obtain information about combustion 

processes that originate PAHs. 

IcdP/IcdP+BghiP could be useful to discriminate between fossil fuels and biomass 

burning. Literature values of the IcdP/IcdP+BghiP ratio are above 0.50 for grass 

combustion, wood soot, creosote, almost all wood and coal combustion aerosols while 

combustion products of gasoline, kerosene, diesel and crude oil all have ratios below 

0.50, with vehicle emissions falling between 0.24 and 0.40 [Yunker et al. 2002, 

Tobiszewski et al. 2011]. In all sampling campaigns the calculated values are around 

0.4, a value that indicates mainly a contribution from fossil fuel combustion. 

On the other hand, ∑benzofluoranthenes/BghiP, another ratio proposed for combustion 

sources discrimination, indicates that wood burning is the major source of aerosol. A 

ratio of 2.18 is characteristic for wood burning, while a value of 1.6 and 0.3 are 

indicative for diesel and gasoline combustion respectively [Alves 2008, Li et al. 1993]. 

The ratio obtained for the sampling campaigns are in most part higher than 2 (lowest 

value 1.4 in summer 2012), therefore closer to wood combustion values. 

The information deduced from PAHs ratios seem to provide conflicting results that are 

not very useful to understand the origin of such compounds. For these reasons another 

approach was developed. 

In order to apportion atmospheric PAHs sources, a profile-based source apportionment 

was applied by comparing the abundance distributions of the measured PAHs to those 

of the dominant emissions, i.e., traffic and wood combustion found in literature. 

Although simplicity and ease of application make this approach appealing, uncertainty 

may affect the obtained results, since PAHs relative distribution can be greatly modified 

by atmospheric removal and transformation processes. 
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Table 3.7. Calculated PAHs ratios. 

 

Concerning the contribution of traffic source, the chemical profiles of emissions from 

gasoline and diesel powered vehicles have been found largely influenced by several 

factors, including different fleet compositions, driving patterns, climate conditions and 

fuels composition [Saarnio et al. 2008, Jedynska et al. 2014]. A traffic profile that 

closely describes actual fleets of on-road vehicles in the investigated area is desirable 

but given the lack of such experimental profile for Emilia Romagna region, a traffic 

source profile derived from literature data considering several urban areas was used 

[Miguel et al. 1998, Marr et al. 1999, Wingfors et al. 2001, Perrone et al. 2012]. The 

calculated traffic profile showed a prevailing contribution of lighter PAHs as 

fluoranthene and pyrene but also high amount of indeno[1,2,3-cd]pyrene. 

Regarding PAHs profiles from biomass combustion sources, a large variability was 

found potentially related to differences in the type of wood combusted and stove used as 

well as in the burning conditions, i.e., rates, air dilution, and moisture content in the fuel 

[Szidat et al. 2006, Mazzoleni et al. 2007, Herich et al. 2014, Goncalves et al. 2011]. 

Therefore, as for traffic, site-specific source profiles are needed for an accurate 

description of local emissions, taking into account both the wood species burnt and the 

type of appliances in use. Unfortunately, this information was unknown for Emilia 

Romagna region, thus, a representative profile derived from several literature sources 

was utilized [Rogge et al. 1998, Schauer et al. 2001, Fine et al. 2001, 2004, Hays et al. 

2003, Orasche et al. 2012]. The profile is dominated by benzofluoranthenes and 

benzo[a]pyrene. 

 Main Site San Pietro 

         

W11 0.52 1.10 0.44 2.19 0.47 0.93 0.46 3.05 

Su12 0.42 0.73 0.34 1.45 0.38 0.63 0.41 1.42 

A12 0.50 1.02 0.42 2.37 0.44 0.83 0.45 2.93 

W13 0.45 0.86 0.43 2.81 0.46 0.89 0.46 3.54 

Sp13 0.40 0.71 0.32 2.25 0.35 0.54 0.41 4.91 

A13 0.47 0.91 0.38 2.91 0.42 0.73 0.48 3.53 

W14 0.47 0.90 0.40 1.98 0.40 0.68 0.41 2.91 

Su14 0.36 0.57 0.33 1.92 0.40 0.59 0.41 2.48 
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In order to investigate the impact of the two main sources to ambient PAHs, the 

correspondence between the experimental PAHs distribution and source profile was 

estimated by intercorrelation values (Figure 3.4). 

In most campaigns, the measured PAHs show a significant collinearity (R2 ≥0.7) with 

wood burning emissions profile, excluding summer 2012 and summer 2014 (R2 <0.5). 

The PAHs more specifically related to traffic source demonstrate poor correlation with 

data obtained during the sampling campaigns but the correlation slightly increase in 

warmer periods up to an R2 value of ~0.5 in summer 2012. The higher correlation 

values were found at the urban site, consistently with the direct impact of traffic 

emissions, associated with vehicles transport inside Bologna city and close to major 

roads. The contribution of such a local source decreases and combines with other 

emission sources by moving away from the city to SPC (30 km far).   

Not surprisingly, these findings suggest that measured PAHs distributions are composite 

profiles of the two investigate sources, with higher contribution of biomass burning, 

mainly during winter. 

 
Figure 3.4. Comparison among PAHs sources and registered profiles at the two sampling sites 

[Pietrogrande et al. 2016]. 
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3.4.2 n-alkanes 

In order to further investigate the contribution of biogenic emissions, the study was 

extended to n-alkane homologous series, suited for discriminating between the 

contribution of biogenic and anthropogenic sources [Zheng et al. 2002, Jia et al. 2010, 

Pietrogrande et al. 2010]. 

These compounds are emitted into the atmosphere by a large variety of sources, 

including biogenic sources from epicuticular waxes of vascular plants, anthropogenic 

combustion of fossil fuels and resuspension of deposited material from these sources. A 

specific bio signature can be identified for n-alkanes emitted from primary biogenic 

sources, since they reflect the biochemical specificity of the biosystem metabolism 

characterized by higher concentrations of C29-C31 terms with a strong odd carbon 

number predominance [Standley et al. 1987]. 

In this study the C14-C40 terms of n-alkane series were investigated, as the most 

commonly found in atmospheric PM [Standley et al. 1987, Zheng et al. 2002, Jia et al. 

2010]. 

The concentrations of each C14-C40 term were added together to obtain the total alkanes 

content in PM2.5 samples. It must be underlined that the reported values may represent 

only a fraction of the total n-alkanes, since the n-alkanes emitted from biological 

sources may concentrate more in the coarse than in the fine fraction of atmospheric 

aerosol [Simoneit et al. 2004, Wang et al. 2011, Fu et al. 2012]. 

The most aboundant alkanes were in the range C22-C33 with higher and lower mass 

compounds concentrations usually below 1 ng m-3. 

Considering all the sampling campaigns, the average concentration was similar at both 

sites (~40ng m-3 at the rural site and ~44ng m-3 at the urban site) but seasonal trends 

were different. While concentrations at MS showed only slight different between warm 

and cold periods (40 and 48 ng m-3 respectively), at rural site winter concentration is 

five time higher than summer/spring concentration (60 ng m-3 versus 12 ng m-3 

respectively). 

The CPI parameter was computed using the traditional procedure that considers C20-C33 

n-alkane to describe their abundance distribution [Bray et al. 1961]. 

All the campaigns show a CPI index higher than unity except in summer 2014 at the 

urban site which exhibits a very low index of 0.23.  

Excluding this value, the CPI ranges from 1 registered in winter 2014 at main site to 

~15 at San Pietro in spring 2013. 
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Mean values in fall/winter periods and spring/summer periods were 1.6 and 2.3 at urban 

site respectively and 2.0 and 7.0 at rural site respectively. 

The large difference between CPI values in warm periods between the two sites could 

be explained by the major biogenic activity of plants at San Pietro which yields 

maximum emissions during the vegetative season. 

This conclusion is also supported by the predominance of C29 and C31 terms at the rural 

site, typical alkanes originated from plant wax. 

The pronounced plant wax signature is a good indication of the predominance of 

biogenic sources from terrestrial higher plants and supports the results obtained from 

primary sugars on the dominating role of primary biogenic emissions during warm 

periods. 

At urban site no predominance alkanes were identified highlighting that anthropogenic 

emissions have a major impact in Bologna city.  

In conclusion, alkanes data show that anthropogenic emissions are dominant in almost 

all the considered periods since CPI is usually below 3, reference value to discriminate 

biogenic emissions from combustion emissions.  

 

 

 

 

 

 

 

 

 

 

 
 

 
Table 3.8. Average values and standard deviations of n-alkanes concentrations and CPI. 

 

 

 

 

 

 Main Site San Pietro 

 
Sum alkanes 

(ng/m3) 
CPI 

Sum alkanes 

(ng/m3) 
CPI 

W11 100.6 ± 44.5 1.8 ± 0.2 86.3 ± 45.3 1.7 ± 0.2 

Su12 10.4 ± 5.1 1.3 ± 0.4 27.1 ± 19.2 1.8 ± 0.5 

A12 27.0 ± 17.7 2.0 ± 0.5 112.1 ± 367.0 3.6 ± 3.4 

W13 40.5 ± 19.4 1.3 ± 0.3 29.6 ± 27.2 1.4 ± 0.5 

Sp13 15.8 ± 3.4 5.7 ± 3.2 4.8 ± 1.0 15.3 ± 9.1 

A13 96.1 ± 72.7 1.0 ± 0.6 15.8 ± 11.3 2.2 ± 0.5 

W14 23.7 ± 16.6 1.1 ± 0.4 18.0 ± 16.0 1.1 ± 0.4 

Su14 7.5 ± 3.5 0.2 ± 0.1 14.2 ± 14.2 3.7 ± 2.9 
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3.5 Carbonaceous aerosol 
In the framework of the Supersito project, the characterization of the carbonaceous 

aerosol into organic (OC), elemental (EC) and total carbon (TC) was performed, as 

generic indicator of air quality and source apportionment. Data concerning EC and OC 

characterization are reported in Pietrogrande et al. 2016. For the first campaign in 

November 2011, only TC values are available, due the lack of unbiased discrimination 

between OC and EC [Costa et al. 2016].  

As expected, at both sites, the carbonaceous components show the highest levels 

during the November-March periods that decrease in the May-June months. In 

fall/winter, TC values ranged from a highest of 11.9 µg m-3 in November 2011 at MS to 

a lowest of 5.5 µg m-3 in February 2014 at SP, with an average of 9.1 µg m-3 and 7.6 µg 

m-3 at MS and SP respectively. In spring/summer, TC values ranged from 4.8 µg m-3 in 

June 2012 at the urban site to 1.8 µg m-3 in May 2013 at San Pietro, with an average of 

3.6 µg m-3 and 2.9 µg m-3 at MS and SP respectively. 

Accordingly, OC and EC concentrations exhibit the same seasonality. The highest 

concentrations of OC are in all cases observed during the cold periods (an average of 

6.2 µg m-3 and 5.9 µg m-3 at Bologna and San Pietro respectively) and the lowest in the 

warm months (an average of ~2.7 µg m-3 at both sites). The highest EC levels were in 

fall/winter (average values of 1.9 µg m-3 and 1.1 µg m-3 at urban site and rural site 

respectively) in comparison with spring/summer (average values of 0.8 µg m-3 and 0.4 

µg m-3 at Bologna and San Pietro, respectively). In October 2013, the values for TC, EC 

and OC show halfway values between warm and cold periods (6.0, 4.3 and 1 µg m-3 

respectively), accordingly to meteorological conditions. 

Although the spatial homogeneity of OC data, significant differences were found for EC 

values with higher levels at the urban site MS than at San Pietro. The mean enrichment 

factor ranges from 1.6 in fall/winter up to 2.1 in spring/summer.  

This behaviour reflects the strong impact on EC of primary emissions from local traffic 

or residential heating, in contrast to OC, which is emitted by a much larger number of 

source types [Szidat et al. 2006, Kourtchev et al. 2011, Sandrini et al. 2014]. The same 

urban/rural discrimination of EC levels was observed in other sites in the Po valley, 

with high levels encountered at urban background sites decreasing when moved to rural 

areas [Sandrini et al. 2014]. 
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Table 3.9. Average values and standard deviations of TC, OC and EC. 

 

The relationship between OC and EC was evaluated to give useful information to 

discriminate between different sources and processes of PM. In fact, significant 

correlation of OC vs. EC commonly indicates dominance of the primary carbon 

emissions compared with photochemical activity, since EC is mainly representative of 

primary OC [Alves et al. 2010, Bautista et al. 2014]. 

In general, the whole dataset shows significant correlation between OC and EC  

measured values, with good correlation for data collected at the rural site (R2 ~0.75), but 

only weak (R2 ~0.5) for those at the urban site (Figure 3.5). 

More scattered data in the more populated site may be related to the occurrence of 

concomitant contribution of different local emission sources and also by the lower  

accuracy of the OC/EC discrimination using the TOT measurement of the highly loaded 

PM filters collected in the urban area [Costa et al. 2016]. 

The OC to EC ratio was computed and compared to some literature data in order to 

obtain information about emission sources. The OC/EC ratios range from 2.55 in spring 

2013 at Main Site to 9.11 obtained in summer 2014 at San Pietro. A clear spatial 

discrimination is observed, with OC/EC values in general higher at the rural site, which 

is less impacted by EC emission sources, in particular related to traffic. 

OC/EC ratio from fossil fuel burning is frequently lower than 1 (OC/EC ~0.7), while 

residential wood burning is expected to release more organics (OC/EC ≥ 9) [Alves et al. 

2010, Pio et al. 2011; Giannoni et al. 2012; Bautista et al. 2014].  

 

 

 Main Site San Pietro 

 TC (µg/m3) OC (µg/m3) OC (µg/m3) TC (µg/m3) OC (µg/m3) OC (µg/m3) 

W11 11.9 ± 3.0 n.d. n.d. 8.6 ± 3.2 n.d. n.d. 

Su12 4.8 ± 1.0 3.7 ± 0.8 1.0 ± 0.4 4.4 ± 1.0 3.8 ± 1.0 0.7 ± 0.2 

A12 9.6 ± 4.2 6.9 ± 3.8 2.4 ± 1.2 6.0 ± 1.4 4.9 ± 1.2 1.1 ± 0.2 

W13 9.2 ± 2.7 7.2 ± 2.0 1.9 ± 0.8 10.2 ± 3.9 8.3 ± 3.6 1.4 ± 0.3 

Sp12 2.9 ± 0.9 2.0 ± 0.6 0.9 ± 0.4 1.9 ± 0.5 1.5 ± 0.4 0.3 ± 0.1 

A13 6.3 ± 2.9 3.7 ± 1.9 1.1 ± 0.4 5.7 ± 1.4 4.9 ± 1.3 0.8 ± 0.2 

W14 5.9 ± 2.4 4.6 ± 2.1 1.3 ± 0.5 5.5 ± 2.1 4.6 ± 1.8 0.9 ± 0.4 

Su14 3.1 ± 1.7 2.6 ± 1.5 0.6 ± 0.3 2.5 ± 1.1 2.3 ± 1.0 0.3 ± 0.1 
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Figure 3.5. Correlation between OC and EC at A) urban site and B) rural site [Pietrogrande et al. 2016]. 

 

The obtained results, with OC/EC always above 1, highlight that traffic slightly affects 

the two sites in comparison with other sources, especially at rural site. This result may 

indicate that in the investigated atmosphere there is a constant input of OC added to the 

fossil fuel transport emission, presumably generated by biomass burning during winter 

and biogenic activity in warmer periods. 

 

3.5.1 Secondary OC estimation 

To give deeper insight into carbonaceous fraction knowledge, the discrimination 

between primary (OCprim) and secondary OC (OCsec) was attempted. The issue is a 

difficult task because of the still limited knowledge of OC molecular composition, 
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atmospheric processes and characteristic emission profiles [Szidat et al. 2006, 

Gelencester et al. 2007, Gentner et al. 2012]. With the current lack of an experimental 

method to directly measure OCprim and OCsec fractions, indirect methods are usually 

employed based on the observed concentrations of total OC and EC. A common and 

very simple method to estimate secondary OC is based on the assumption that the 

minimum OC/EC ratio of the dataset represents samples containing exclusively primary 

OC and only negligible secondary OC from atmospheric oxidation processes [Cabada et 

al. 2004, Pio et al. 2011, Day et al. 2015]. This minimum ratio is then multiplied with 

individual EC value (that is emitted exclusively as primary pollutant) to get primary OC 

and this value is then subtracted from the corresponding total OC to determine OCsec 

value, according to the following equation: 

 

minsec ECOCECOCOC ECOCOC  

In order to reduce subjectivity in the fitting and removal of outliers, data are grouped by 

season and location. At the urban site the computed (OC/EC)min values were 1.6 and 1.8 

in cold and warm periods, respectively and at San Pietro were 3.2 and 4.4 in the two 

periods. 

Secondary OC values were estimated for each campaign both as absolute and relative 

basis (OCsec%). Although the absolute OCsec values show the same seasonal trend of the 

other carbonaceous components, with higher values in fall/winter than in spring/summer 

(on average, ~2.9 µg m-3 and ~1 µg m-3 respectively), the percentage contribution 

OCsec%  is nearly constant across the year: 47% at MS and 30% at SP (Table 3.10). 

The obtained results are unexpected and in contrast with those obtained from carboxylic 

acids since a seasonal trend would be expected with higher OCsec% contribution in 

spring/summer, as a consequence of the stronger solar irradiance and higher 

temperatures that lead to increasing oxidation. Another surprising result concerns spatial 

distribution, since secondary processes are presumed stronger at the rural site that is less 

impacted by local emission sources, mainly traffic. 

It is noteworthy that the computed values may be affected by the large uncertainty of 

the used approach, which was found to overestimate the OCprim and underestimate OCsec 

components, as a consequence of bias in estimating (OC/EC)min ratios from open air 

measurements of OC and EC. In fact, data from LMW carboxylic acids highlight that 

secondary components are always present in atmosphere even in wintertime when solar 

irradiance and thus photo oxidation are limited. 
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 Main Site San Pietro 

 
OCsec 

(µg/m3) 
OCsec% 

OCsec 

(µg/m3) 
OCsec% 

W11 n.d. n.d. n.d. n.d. 

Su12 2,1 ± 0,8 57,5 ± 13,2 1,5 ± 0,7 38,5 ± 10,4 

A12 5,3 ± 3,7 73,4 ± 9,9 2,0 ± 0,3 36,6 ± 7,5 

W13 2,3 ± 1,1 32,1 ± 14,6 3,5 ± 2,9 33,6 ± 14,9 

Sp13 0,7 ± 0,4 37,2 ± 19,6 0,5 ± 0,1 31,7 ± 14,6 

A13 1,4 ± 1,2 31,7 ± 12,7 1,0 ± 0,5 18,6 ± 9,6 

W14 2,1 ± 1,5 42,8 ± 13,1 1,3 ± 0,9 28,1 ± 14,0 

Su14 1,5 ± 1,2 51,8 ± 15,4 0,8 ± 0,6 32,5 ± 14,7 

 
Table 3.10. Average values and standard deviations of calculated OCsec and relative contribution to OC. 

 

For these reasons, the use of LMW carboxylic acids seems to be a proper parameter 

suitable for estimating the relative contribution of SOA production, providing more 

reliable data than OCsec% based on (OC/EC)min. 

 

 

3.6 Source apportionment using PCA 
To summarize the huge amount of data obtained in the framework of the Supersito 

project, Principal Component Analysis (PCA) was applied as  a descriptive tool for 

source apportionment, even if Positive Matrix Factorization (PMF) could be used as 

quantitative tools. Principal component analysis is a way to represent multidimensional 

data, identifying patterns among them and expressing them in order to highlight their 

similarities and differences. Since patterns in data of high dimension can be hard to 

display, PCA is a powerful tool for analysing data. 

It is a statistical procedure used to represents an n-dimensional data structure in a 

smaller number of dimensions, usually two or three. A reduction to a smaller number of 

dimensions means the determination of some axes in which the data points must be 

projected from the n-dimensional space. In practice, PCA consists of a rotation of 

original data in order to obtain new axes that preserve as well as possible the data 

structure originally presents in the n-dimensional space and this means that they must 

maximize variation along the lines and minimize variation around them. So, first 

principal component is selected in order to explain as much variation as possible, the 
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second one must be orthogonal to the first and must explain as much variation as 

possible of that left unexplained by the first principal component and so on [Todeschini 

1998]. 

Principal components are thus a linear combination of variables of the original dataset. 

The coefficients of the original variables for a principal component are called loadings. 

The higher the loading of a variable on a principal component, the more the variable has 

in common with this component. The loadings can be interpreted as correlations 

between the variables and the components. Small values indicate a weak contribution of 

a variable to a principal component. The value taken by an object for a principal 

component is called the score of the object for this principal component. 

It is theoretical possible to determine a number of principal components equal to the 

number of original variables but usually the first few principal components explain an 

important part of the total variations [Massart et al. 1988]. 

PCA of the data from Supersito project is in progress, thus data presented afterwards are 

just preliminary. The whole dataset of eight monitoring campaigns was grouped 

seasonally due to the strong dependence on meteorological conditions found for the 

data. Each parameter was normalized by the PM amount in order to retain only 

information on chemical composition independently of concentration level. From the 

total number of parameters some were selected as descriptive for different specific 

amission sources and atmospheric processes. Thus, PCA was performed with 13 

parameters. Some carboxylic acids were considered as representative for SOA 

contribution, sugars were classified in anhydrosugars, which account for biomass 

burning, and primary sugars mainly emitted from biogenic activities. Moreover, BaP 

and PAHs wereconsidered as parameters representative for combustion sources while 

lighter alkanes (C14-C24) are representative for traffic sources and even alkanes for 

higher plant emissions. 

The results of PCA applied to data collected in winter campaigns are reported in Figure 

3.6A. The first Principal Component (PC1 in Figure 3.6A), that explains more that 30% 

of the total variance, is mainly loaded by variables representing traffic, biomass burning 

and SOA, with different trends between the two sites. Anyway, the considered 

carboxylic acids representing SOA show a very good correlation with anhydrosugars at 

both sites, suggesting that SOA is mainly originated from emissions from wood 

burning. The second  Principal Component (PC2 in Figure 3.6A), that explain more that 

21% of the total variance, is mainly loaded by PAHs and traffic, with similar pattern at 

both sites. In general, these 2 PCs don’t show a net discrimination among the different 
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campaigns winters, as it is shown by the overlapping pattern of score values of the 

different campaings, i.e., W4 (January-February 2013) and W7 (February 2014), in the 

score plot of PC2 vs. PC1 reported in Figure 3.6A. 

Figure 3.6B shows PCA results for fall campaigns. The first Principal Component 

explains about 40% of the variance and is characterized by high loads of variables 

representing biomass burning and traffic sources with minor amount of carboxylic acids 

and it is similar between the two sites. PC2, that explain around 20% of the total 

variance, is mainly loaded by SOA and traffic indicators, with different patterns at the 

two sites. In fact, it is dominated by lighter alkanes and some derived SOA (2-

ketoglutaric acid) at main sites while at rural site the main contribution is given by 

glycolic and malic acid, tipically SOA indicators. In fall periods PCs display some 

differences among the campaigns. F1 data (November-December 2011) have high 

scores on PC1, indicating high contribution of biomass burning. On the contrary F6 

(October 2013) shows high scores on PC2 due to a major contribution of secondary 

aerosol. In fact, this period was more similar to a late summer with respect to colder 

periods, considering meteorological parameters. F3 data (October-November 2012) 

show an halfway behaviour between the other autumn periods. 

Considering summer periods, PC1 explain around 40% of the total variance and is 

highly loaded by carboxylic acids, primary sugars and alkanes and the trends are similar 

at both sites. On the contrary, PC2 is characterized mainly by BaP and PAHs and 

account for more than 20% of the variance. This PC shows different trends between the 

two sites since at San Pietro some SOA indicators display high loads in addition to 

PAHs. The PC1 vs PC2 score plot (Figure 3.6C) shows that S8 data (May-June 2014) 

with higher PC1 scores suggesting a major contribution of SOA with respect to S2 

(June-July 2012) and S5 (May 2013) that have a similar behaviour. 

In conclusion, a strong seasonality of different sources was seen with a major 

contribution of biomass burning as primary (anhydrosugars) and secondary (carboxylic 

acids) emissions in colder periods and an increasing importance of secondary aerosol 

and biogenic activities in warmer months.  
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Figure 3.6. Scores and loadings plots for the datasets of A)Winter (W), B) Autumn (F) and C) Summer 

(S) campaigns at both sites. W4 January-February 2013; W7 February 2014; F1 November-December 

2011; F3 October-Novembre 2012; F6 October 2013; S2 June-July 2012; S5 May 2013; S8 May-June 

2014.  

 

 

3.7 Summary  
More than one hundred compounds were taken into account to estimate sources and 

origin of particulate matter. 

Even if a great number of substances were determined, they represent only 7% in mass 

of OC. This means that a very large part of organic fraction of PM is still unknown. 

Seasonal concentration trends of all compounds are directly linked to meteorological 

conditions, mainly planetary boundary layer height and precipitations. 

Low PBL depths and weak amount of wet depositions favour pollutants accumulation 

as can be clearly seen during winter 2011. A large increment in wet depositions and a 

slightly increase of PBL height lead to a reduction of pollutants level of approximately 

three times (Fall 2012, Winter 2013 and Winter 2014 in comparison to Winter 2011). 

In spring/summer periods, the enhancement of PBL height together with the decreasing 

emissions from domestic heating cause a sharp decrease in analytes concentrations. 
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Regarding the relative contribution of each class to the total amount of determined 

compounds, cold periods are dominated by anhydrosugars that represent at least 50% of 

the total mass (Figure 3.7). 

 
Figure 3.7. Concentrations and relative distributions of each class of compounds related to meteorological 

parameters. 
 

Primary sugars contribution is related to temperature and solar irradiance, probably due 

to the enhanced biogenic activity stimulated by these two factors. In fact, in warmer 

periods they account for about 30% of the determined compounds at Main Site and for 

about 50% at rural site. 

Also polyoxidated carboxylic acids show an increasing contribution in spring/summer 

periods likely due to the oxidizing conditions of the atmosphere. 
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Among the many information extracted from the whole dataset of analysed compounds, 

the most impressive is that wood combustion seems to be the major source of organic 

compounds during cold periods. 

This finding is in agreement with data found in neighbouring regions [Gilardoni et al. 

2011, Piazzalunga et al. 2013] and point out that the impact of residential wood 

combustion is globally much higher than assumed in the past, especially during winter 

season, when the domestic burning of wood logs, briquettes, chips and pellet represents 

an important renewable energy source [Bernardoni et al. 2011, Perrone et al. 2012, 

Viana et al. 2013, Fountoukis et al. 2014]. In fact, numerous studies have demonstrated 

that emissions from biomass combustion in domestic appliances are significant 

contributors of the total PM2.5 and PM10 emitted, and these particles may contain 

numerous toxic/carcinogenic components with a potentially high impact on human 

health [Oliveira et al. 2007, Perrone et al. 2013, Piazzalunga et al. 2013]. 

In light of these results a more detailed study on wood combustion contribution to 

wintertime atmospheric aerosols in Emilia Romagna region was carried out. 
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4. CONTRIBUTION OF WOOD 
COMBUSTION 

 
Among the huge amount of data collected in the framework of the Supersito project, 

specific attention has been focused to investigate the contribution of wood combustion 

to atmospheric emissions. In fact, in recent years, the use of biomass as energy source 

has become increasingly important thanks to the assumption of carbon neutrality. 

Biomass and in particular wood used as fuel are considered renewable energy sources 

and CO2 neutral combustibles. Global warming has point out the need to reduce 

greenhouse gases emitted from human activities. Under this light, biomass has a special 

appeal since it does not contribute to the net emission of CO2. During the combustion it 

emits only CO2 fixed by photosynthesis during it life so that lifecycle of carbon dioxide 

released by biomass combustion is of some years. On the contrary, fossil fuels emit 

carbon dioxide fixed in remote geological ages and thus lifecycle of this kind of CO2 

could potentially be of millions of years.   

Furthermore, the economic crisis began in 2008 has moved people habits regarding 

residential heating toward the use of cheaper fuels as wood. Another important 

perspective regarding biomass is the tax treatment it undergoes. In fact, while fossil 

fuels and electric energy are subject to manufacture taxes and VAT (22%), biomass is 

not susceptible to excises and for domestic heating the VAT value is 10% excluding 

pellet VAT recently increased to 22%. These considerations are valid only for “formal” 

sales but, as shown in Figure 4.1, they represent only the minor part of the total market.  

In the framework of the European policy related to climate change contrast, Directive 

2009/28/CE considers as a priority the increase in renewable energy sources use. 

Regarding biomass, the main legislative instruments to support the use of this kind of 

fuel contemplate incentives for biomass stoves, fireplaces and boilers (D.M. 28 

December 2012). 

This has led to a significant increase in the consumption of woody biomass. 

The results obtained highlight that biomass burning is one of the main anthropogenic 

emission sources of PM and chemical compounds in the atmosphere. 

Policy assessments and energy-environmental goals prescribed by European Union 

neglect the contribution of biomass burning to the emission of pollutants different from 

CO2 and the consequent effects on air quality. 
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Figure 4.1. Firewood supply mode [Deserti et al. 2011].  

 

 

4.1 Type of burned wood 
 
4.1.1 Anhydrosugars 

Dehydrated monosaccharides such as levoglucosan and its isomers (mannosan and 

galactosan) are of particular interest because they are exclusive thermal degradation 

products of cellulose/hemicellulose and have been found in significant level in chars 

and smokes from combustion of different plant species [Simoneit et al. 1999, 2002]. The 

proportional yield of levoglucosan to its isomers further permits combustion source 

discrimination (e.g. softwoods vs. hardwoods) [Ward et al. 2006, Schmidl et al. 2008, 

Fabbri et al. 2009]. These anhydrosugars have been widely used as qualitative markers 

of biomass combustion in atmospheric particulate matter [Caseiro et al. 2009, Mochida 

et al. 2010]. The ratios between the concentrations of anhydrosugars (L/M and M/G) 

have been utilized as useful diagnostic indicators for the possible biomass burning 

categories [Ward et al. 2006, Puxbaum et al. 2007, Fabbri et al. 2009, Alves et al. 2010, 

Kuo et al. 2011, Piazzalunga et al. 2011]. For example, differences in the L/M ratio in 

smokes from softwoods and hardwoods/grasses can help discriminate between inputs 

from these combustion sources to the atmosphere. It has been found that generally 

smoke samples from conifer wood have an average L/M ratios in the range of 2-6, while 

emissions from hardwoods exhibit ratio values higher than 10 and the L/M ratios of 

some herbaceous tissues may reach as high as 50 [Fine et al. 2001, 2002, 2004, Ward et 
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al. 2006, Puxbaum et al. 2007, Engling et al. 2009, Fabbri et al. 2009, Alves et al. 2010, 

Kuo et al. 2011, Piazzalunga et al. 2011]. 

 
Figure 4.2. Levoglucosan versus mannosan concentrations during cold periods monitoring campaigns at 

urban and rural sites [Pietrogrande et al. 2015]. 

 

The measured L/M ratios cover a wide range, from 4 to 15, with a mean value of ~8. 

These are intermediate values between wood types from which we can infer that in the 

investigated region wood smoke is produced by combustion of a mixture of hard and 

softwood (Figure 4.2). The limit cases are maximum values (on average 15) measured 

in winter 2014 indicating nearly exclusive combustion of hard wood type (oak, beech 

and walnut), and minimum values in winter 2013 (on average 4) suggesting an 

increased contribution of softwood. 

The proportion of soft and hardwood to ambient wood smoke level can be estimated 

from the L/M ratios in ambient PM by applying a simple equation derived by Schmidl 

on the basis of the data obtained for the combustion of common hardwoods (beech and 

oak) and softwoods (spruce and larch) in wood stoves in Austria [Schmidl et al. 2008]. 

When the Austrian approach is transferred to Emilia Romagna region, it can be 

estimated that wood fuel used in the investigated seasonal periods is generally formed 

by 70% softwood and 30% hardwood mixture, with lower percentages of softwood in 

winter 2014. 

Information on the wood types burnt in the region during the sampling periods is 

lacking. The only available information is an inventory of the wood consumption, 
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compiled in 2010 by the Emilia Romagna Regional Agency for Environmental and 

Sustainable Development [Deserti et al. 2011]. They reported that 90% of the wood 

burnt in domestic heating systems is common firewood, mainly collected in the local 

woodland or bought by farmers and acquaintances (Figure 4.1 and 4.3). 

 
Figure 4.3. Fuel type burned. 

 

As a consequence, the prevalence of hardwood combustion would be likely expected, 

due to the highest local availability of these kinds of wood types in Emilia Romagna, 

such as poplar, beech, hornbeam, black locust, ash and oak. 

However, caution should be taken when anhydrosugars ratios are exploited in the 

interpretations, since the strong dependence of anhydrosugars yields on combustion 

conditions. 

Such variability could be explained by the observations made by Kuo [Kuo et al. 2011]. 

Higher combustion temperature and longer combustion duration result in higher L/M 

ratio, regardless of plant species. This effect is probably due to the higher thermal 

lability of mannosan and galactosan compared to that of levoglucosan. Under such 

circumstances, the power of the anhydrosugars ratios for source discrimination is 

seriously weakened because of potential overlaps between hardwood, softwood, and 

grass chars. 
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4.1.2 Methoxylated phenols 

Methoxylated phenols are another group of biomarkers linked to plant combustion. 

These solvent-soluble phenolic compounds are degradation products from oxidation 

and/or pyrolysis of lignin, a major biopolymer in vascular plants [Simoneit 2002, Kuo et 

al. 2011]. 

The lignin derivatives may be categorized into syringyls (S) and vanillyls (V), 

according to the relative distribution of OH/OCH3 substituents. Such S/V ratios have 

been shown to be a useful indicator for the class of plants that is burnt and have been 

used by atmospheric scientists for source apportionment of biomass combustion in 

atmospheric aerosols [Schauer et al. 2000, Bari et al. 2010]. 

For example, hardwood tissues are characterized by substantial amounts of syringyl 

structural units (S), while these units are almost absent in lignin of softwoods. Vanillyl 

structural units (V), however, are found in both angiosperms (hardwoods) and 

gymnosperms (softwoods) [Simoneit 2002, Kuo et al. 2011]. Thus, high S/V ratio 

values in burning smoke prove the presence of angiosperms while typical ratios 

representative of softwoods are below 0.5 [Fine et al. 2001, 2002, 2004 Mazzoleni et al. 

2007, Kuo et al. 2011]. 

The measured S/V values cover the range from 0.4 to 4, indicating that these smoke 

particles were emitted from a heterogeneous mix of combustion conditions. However, 

for most of the samples S/V ratios fall in range 0.4-2.5 yielding a general mean value of 

1.1 that is characteristic for chars from hardwood. This is confirmed by the average 

values computed for each campaign that are >1, thus confirming the predominant 

contribution of smoke from hardwood combustion, with the only exception of 

unexpected lower value in November 2011 (S/V ≈0.3). 

However, the above ratio is also susceptible to the effects of combustion conditions. A 

significant decrease of S/V ratio was observed by Kuo at elevated combustion 

temperatures and this finding suggests that syringil phenols are more susceptible to 

thermal degradation than vanillyl phenols [Kuo et al. 2011]. 

 

4.1.3 Combined use of anhydrosugars and lignin phenols in source 

characterization 

The influence of combustion conditions on the yields and diagnostic ratios of 

anhydrosugars and lignin phenols complicates their application towards the 

characterization of biomass combustion residues. However, even though these two 
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classes of biomarkers are derived from distinct precursors, they respond similarly to the 

changes in combustion conditions [Kuo et al. 2011]. 

For this reason, a property–property plot using diagnostic ratios from these two biomass 

combustion biomarkers was used, as an improved tool for the source characterization of 

biomass combustion residues. 

 
Figure 4.3. Property-property plot of diagnostic ratios: levoglucosan to mannosan (L/M) ratio vs. syringyl 

to vanillyl phenols (S/V) ratios. Dashed area is representative for softwood. Data of fall/winter campaigns 

(excluding fall 2013). 

 

The plot in Figure 4.3 shows that only few samples are comprise in the area described 

by typical softwood values (dashed area) but a not negligible number of points lie very 

close to this area. This behaviour suggests a mixture of wood type burned with a 

predominance of hardwood combustion. 

 

 

4.2 Contribution of wood combustion to benzo[a]pyrene 
Among the target PAHs, benzo[a]pyrene was investigated in detail, as it is regulated in 

the European Union (EU) by the 4th Air Quality Daughter Directive (2004/107/EC) and 

it is among the 17 priority PAHs that The United States Agency for Toxic Substances 

and Disease Registry has considered based on their toxicological profile. 

BaP is notable for being the first carcinogec chemical to be discovered. 

The average concentrations ranged from values lower than 0.1 ng m-3 in warmer periods 

to 1.2 ng m-3 in November 2011. In general, BaP levels were lower than those detected 
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in cold seasons at other urban sites in Northern Italy [Perrone et al. 2012] and also 

below the EU annual target value for the protection of human health of 1 ng m-3. 

The measured BaP data show a linear increase with levoglucosan and the other two 

anhydrosugars concentrations, following a statistically significant correlation through 

all the campaigns (R2 ~0.75). 

The relationship between levoglucosan and BaP is the basis for computing the BaP to 

levoglucosan ratio giving the estimation for the source contribution of biomass burning 

to the measured BaP concentration (BaPbb). [Belis et al. 2011, Piazzalunga et al. 2013]. 

The value of 0.0011 proposed by Belis [Belis et al. 2011] as average of various 

literature data was used. 

The relative contribution of wood combustion to BaP in colder periods was estimated to 

be close to 70% for most of the campaigns, nearly 50% in warmer October 2013, but 

unrealistically higher than 100% in February 2014 campaign. This may be due to the 

low accuracy of this single tracer method associated with the intrinsic uncertainty of the 

emission factors, since emissions of BaP and levoglucosan in wood smoke are largely 

influenced by several experimental conditions [Szidat et al. 2006, Orasche et al. 2012, 

Viana et al. 2013]. In fact, literature data show a very wide range of BaP/levoglucosan 

ratios depending on the type of wood burnt and the device used.  

In general, higher ratios were found for softwoods and woodstoves (up to 0.025), while 

lower ratios were found for hardwoods and pellet stoves [Schauer et al. 2001, Oros et al. 

2001a, b, Fine et al., 2001, 2002, 2004, Orasche et al. 2012]. 

Although the approximation of the present approach, the obtained results clearly prove 

that wood burning for residential heating is the main source for ambient BaP during the 

colder months. Such a contribution is in general lower at the urban site MS, which is 

strongly impacted also by traffic source, and more relevant at the rural site, where BaP 

emissions from traffic are lower. 

 

 

4.3 Contribution of wood combustion to PM 
As for BaP, the estimation of wood burning contribution to PM can be achieved through 

the quantification of specific markers like levoglucosan. The main problem in applying 

this method is the choice of suitable emission factors. The PM/levoglucosan ratio 

measured at the source, in fact, depend on many factor: type of wood combusted and 

appliance used as well as to burning rates, air dilution, and moisture content in the fuel. 
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As a matter of fact, the apportionment methods are often based on partially known 

parameters like the wood consumption or the appliances used in the investigated area. 

Not much information were available on wood species combusted in the domestic 

heating systems in the sampling zone and, at present, burning tests conducted on plants 

and types of wood in Europe are still scarce. 

To calculate the percentage contribution of wood combustion to PM, Szidat [Szidat et 

al. 2006] proposed to use as emission factor the average value of data present in the 

literature. 

Considering various works [Schauer et al. 2001, Fine et al. 2001, 2002, 2004, Schmidl 

et al. 2008, Bari et al. 2009, Orasche et al. 2012], the calculated value for 

levoglucosan/PM ratio was 0.036. Using this value, the relative contribution of wood 

combustion to PM was around 40% during wintertime with the maximum value of 

~65% in winter 2014, while it decrease of one order of magnitude in warmer periods. 

No great differences were observed between the two sites, indicating that wood burning 

is a regional scale phenomenon. 

 

 

4.4 Contribution of wood combustion to the carbonaceous 

fraction 

4.4.1 Levoglucosan approach 

The mono-tracer approach based on the ambient concentrations of levoglucosan was 

used to estimate the contribution of OC generated by wood burning, as levoglucosan is 

the key tracer for biomass combustion. 

The relationship between levoglucosan and OC was studied for each cold period 

campaign. 

The measured values yield highly variable levoglucosan to OC emission factors which 

are mostly included in the 0.06 − 0.2 range reported in literature for the residential 

burning of softwood-hardwood mixtures [Szidat et al. 2006, Schmidl et al. 2008, 

Kourtchev et al. 2011, Herich et al. 2014]. Such a large degree of variation may be 

ascribed to the variability of factors that influence emissions from wood combustion,  

meanly the type of wood combusted and the appliance used as well as to burning rates, 

air dilution, and moisture content in the fuel [Mazzoleni et al. 2007, Alves et al. 2010, 

Piazzalunga et al. 2011, Holden et al. 2011]. 
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As suggested by Caseiro [Caseiro et al. 2009], an accurate estimate of wood burning 

contribution to OC in a region could be achieved using site-specific emission factors, 

taking into account both the wood species actually burnt and the type of appliances in 

use. As this information was unknown for Emilia Romagna region, the emission factor 

of 0.15 proposed by Szidat as suitable for European areas was used [Szidat et al. 2006]. 

Such a factor has been calculated from literature data considering combustion for 

domestic heating of a wood fuel consisting of a mixture of hard and softwood and has 

been recently used in a study carried out at another Emilia Romagna site [Perrino et al. 

2014]. With this assumption, it was estimated the amount of OC derived from wood 

smoke as absolute concentrations (OCbb) as well as relative contributions of OCbb to 

total OC (OCbb%). The absolute concentrations of OCbb in cold periods at both the sites 

were on average ~3 µg m-3 in all the campaigns, excluding the exceptionally low values 

in October 2013. Not surprisingly, primary organic aerosol emission from wood burning 

established a significant contribution (OCbb%, ~33%) at both sites in fall/winter with 

higher values of about 50% during winter 2014, whilst in warmer periods only a small 

impact was registered (OCbb%, ~3%). 

 

4.4.2 Radiocarbon approach 

As highlighted previously, mono-tracer approach suffers of limited atmospheric 

lifetimes of molecular tracers considered due to their chemical reactivity and highly 

variable emission factors. 

For these reasons, Currie [Currie 2000] proposed a method for source apportionment of 

carbonaceous aerosol particles based on radiocarbon (14C). This isotopic method enables 

a direct distinction of contemporary and fossil carbon in ambient aerosols, because 14C 

has decayed in fossil materials. 

Following the procedure used by Szidat [Szidat et al. 2006], the evaluation of 

carbonaceous particulate matter origin was attempted. It is based on a parameter called 

fM that represents a 14C/12C ratio of a sample related to that present in the reference year 

1950 and on the concentrations of OC and EC recorded in the sampling sites. 

The fM values proposed by Szidat are reported in Table 4.1 and used for the calculation. 

For source apportionment of OC, EC originating from biomass burning (ECbb) is need 

and were deduced from fM(EC). 
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The biomass burning fraction of OC (OCbb) was estimated from ECbb using an average 

literature EC/OC emission ratio typical for biomass burning (EC/OC)ER, bb. 

 

 

 

With this method is also possible to calculate OC fraction due to biogenic activity 

(OCbio) and to fossil fuel combustion (OCff) in order to have a completely view of the 

main sources of organic carbonaceous aerosol. 

 

 

 

 

 

 fM(EC) fM(EC) fM,ff fM,bb fM,bio (OC/EC)ER,bb 

Summer 0.07 0.76 

0 1.24 1.072 0.16 Winter 0.31 0.79 

Springlike 0.14 0.81 
 
Table 4.1. fM ratios from different sources and average OC/EC literature emission ratio for biomass 

burning.  

 

In addition to the absolute amount, the relative contribution of each source was 

determined. 

The computed results show a clearly trend through different seasons, with an increasing 

contribution of biomass burning to OC during colder period (average contribution 44% 

at Main Site and 31% at San Pietro) and major contribution of biogenic activity in 

warmer periods (average contribution 65% and 56% at the rural and urban site 

respectively). 

OCff exhibits only small changes during the different seasons with an average constant 

value around 30% (Table 4.2). 

The results highlight that anthropogenic activities (fossil fuel and biomass combustion) 

in wintertime dominate OC emissions, being responsible of nearly 80% of OC released 

in the atmosphere at urban site.  
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Natural activity is stronger at rural site with a contribution of approximately 50% of OC 

through the year. 

 

 Mains Site San Pietro 

 OCbb% OCff% OCbio% OCbb% OCff% OCbio% 

W11 n.d. n.d. n.d. n.d. n.d. n.d. 

Su12 10,1 30,7 59,2 6,3 30,1 63,6 

A12 41,8 32,9 25,4 34,6 31,7 33,7 

W13 43,3 33,1 23,6 28,1 30,7 41,2 

Sp13 15,6 26,9 57,5 7,6 25,6 66,8 

A13 23,2 28,1 48,7 11,7 26,3 62,1 

W14 46,8 33,6 19,6 29,0 30,9 40,1 

Su14 9,1 30,5 60,3 4,2 29,8 66,1 

 
Table 4.2.  Relative contribution of biomass burning, fossil fuel combustion and biogenic activity to OC. 

 

The calculated data are in very good agreement with those reported in other studies 

performed in Zurich and Milan [Szidat et al. 2006, Gilardoni et al. 2011]. 

Considering only OCbb, the values obtained with the radiocarbon method and those 

obtained from levoglucosan approach display only slight differences, therefore, the two 

methods could potentially provide the same information. 

 

 

4.5 Wood residential heating impact in Emilia Romagna 
The amount of woody biomass used as energetic source is not well known because the 

supply of such a material often occurs outside the “formal” economy (Figure 4.1), hence 

this problem gave rise to some statistical investigation both at national [Istat 2014] and 

regional level [Deserti et al. 2011].   

Data reported from these statistical studies have been cross-checked with data obtained 

in this work and with those reported by INEMAR (INventario EMissioni ARia), a 

database projected from Lombardia region and used from several Italian regions to 

estimate the emissions of various pollutants separated by activities and type of fuel. 

The extrapolation of data regarding Bologna province from INEMAR database 

highlights that about 50% of PM2.5 mass and more than 80% of PAHs are emitted from 
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non-industrial combustion plants and, within this category, more than 90% of both 

PM2.5 and PAHs derives from residential plants. 

 
Figure 4.4. Contribution of different sources to PAHs and PM2.5 emissions in Bologna province [ISPRA]. 
 

A study conducted by Deserti [Deserti et al. 2011] reports that the most common fuel 

used in Emilia Romagna region for domestic heating is by far natural gas and that 

biomass is used only from 7% of the families as shown in Figure 4.5. 

 

4.5.1 Regional consumption and emissions from wood 

In the present work it was found that around 30% of PM2.5 as annual average is emitted 

from biomass burning. Approximately the same amount of particles are emitted from 

traffic sources but traffic is an emission source nearly constant all year long while wood 

burning from residential heating is mainly concentrated during winter. In fact, the 

estimated contribution of wood burning to PM2.5 accounts up to about 70% in colder 

periods (Appendix B). 

This means that, even if biomass burning for residential heating is not a very common 

phenomenon (Figure 4.5), its impact on PM emission is not negligible.  

Considering BaP and other common PAHs usually found in particle phase, the same 

considerations as to PM are valid. Unfortunately, no data for single PAHs are available 

neither for Bologna province nor for Emilia Romagna region. Thus, data from a 

neighbouring region such as Lombardia, with geographic and anthropogenic 

characteristics similar to Emilia Romagna, were considered.  

0% 20% 40% 60% 80% 100%

PM2.5

PAH

Combustion in energy and tramsformation industries
Non-industrial combustion plants
Combustion in manufacturing industry
Production processes
Extraction and distribution of fossil fuels and geothermal energy
Solvent and other products use
Road transport
Other mobile sources and machinery
Waste treatments and disposal
Agricolture
Other sources



 

91 
 

 
Figure 4.5. Relative distribution of fuel type for residential heating in Bologna province [Deserti et al. 

2011]. 

 

The data extrapolated by INEMAR clearly show that IcdP, BkF, BbF and, above all, 

BaP are emitted in a large part by residential heating (Figure 4.6) and, according to the 

data calculated in the present work, wood combustion is responsible for about 60% of 

the total emission of BaP during the year although only 7% of the families in Bologna 

province use wood as fuel for residential heating.  

To give further inside into wood combustion phenomenon, the devices used for 

residential heating were considered. 

Deserti [Deserti et al. 2011] reported that the most widespread devices are traditional 

fireplaces and woodstoves, accounting for 55 and 28% respectively. Modern devices 

such as closed fireplaces and pellet stoves are not still common in the studied area 

(Figure 4.7). 

It is easy to understand why wood combustion is the main responsible for both PM2.5 

and BaP emissions in atmosphere. In fact, emissions factors from traditional appliances 

are much more higher than that from modern devices which in turn are higher than 

those from No. 2 oil (residential heating diesel) and natural gas fired devices (Figure 

4.8) [Rogge et al. 1998, Schauer et al. 2001, Fine et al. 2004, McDonald 2009, 

Pettersson et al. 2011, Boman et al. 2011, Meyer 2012, Gianelle et al. 2013]. 
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Figure 4.6. Contribution of different sources to single PAH emission in Lombardia region [INEMAR-

Regione Lombardia]. 

 

 

 
Figure 4.7. Relative distribution of wood burning devices for residential heating in Bologna province 

[Deserti et al. 2011]. 
 

In conclusion, the obtained results indicate that wood burning for domestic heating is 

the dominating emission source at both the investigated sites especially in cold seasons 

when pollution episodes are more frequent. 

 

55% 

6% 

28% 

3% 
6% 

2% 
Traditional fireplace

Closed fireplace

Woodstove

Innovative wood boiler

Pellets stove

Other

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

BaP

BbF

BkF

IcdP

Combustion in energy and transformation industries Non-industrial combustion plants
Combustion in manufacturing industry Production processes
Road transport Other mobile sources and machinery
Waste treatments and disposal Agricolture
Other sources



 

93 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.8. Emission factors of A) PM2.5 and B) BaP from different residential heating appliances. 

 

 

4.6 Conclusions and perspectives 
The information obtained would lead to increased understanding and better management 

of emissions in both urban and rural areas of the region. In particular, the dangerous 

implications of biomass combustion sources highlight the need for the regulation of the 

emissions of such particulates. 
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In fact, if biomass can be considered an environmental friendly fuel regarding 

greenhouse gases emissions, it cannot be considered, using the technologies currently 

widespread, a clean fuel from human health point of view. 

Policy appears to give conflicting signals about this problem: from one hand it is trying 

to limit PM emissions with some measures while, from the other hand, encourages the 

installation of wood burning appliances for residential heating. 

Moreover DPR 74/2013 imposes periodic checks to thermal plants to control energy 

efficiency but, among the considered parameters, particulate matter determination is not 

contemplated. This law excludes from the definition of “thermal plants”, woodstoves, 

fireplaces and all devices for local heating using radiative energy. Thus only boilers are 

subjected to these controls but they represent no more than 5% of wood burning devices 

for residential heating. 

The measures implemented for reducing PM and potentially toxic compounds related to 

it are thus not enough. Traffic blocks or limitations that are usually proposed as a 

manner to reduce PM, seldom lead to desired results.  

In fact, in the last years, PAHs emissions from vehicular traffic show a slight increase, 

while PM exhibits a decreasing trend. These results are probably due to the increasingly 

stringent parameters imposed by Euro standards on exhaust vehicle emissions. 

On the contrary, PM and PAHs emissions from residential heating systems are strongly 

increased in the last twenty years and this trend is due exclusively to biomass burning 

appliances since emissions from  No. 2 oil, natural gas and L.P.G. devices show a 

constant reduction. 
 

 
Figure 4.9. Temporal trend emissions from some residential heating appliances and vehicular traffic 

[ISPRA]. 
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ENEA and Board of Health studies indicate harmful effects on environment and health 

of wood combustion because of particulate emissions. 

To have a real abatement of pollutants in atmosphere, more controls and restrictions on 

wood burning residential heating devices emissions are need, although traffic 

restrictions could be useful to the purpose. The use of particulate matter abatement 

technologies, as occurs in industrial chimneys, may be desirable. The practice of 

biomass burning for residential heating does not bring the expected benefits and, 

indeed, due to the emissions of particulate matter (PM2.5), increases air pollution and 

causes health damage. 

One of the biggest risks in existing policies that support the use of biomass is to reduce 

the positive results related to the improvement of air quality, achieved through the 

policies of containment of transport, electricity generation plants and industry emissions 

[Virdis et al. 2015]. 

Health aspects have been highlighted by a study of the Centre for Diseases Control of 

Board of Health, VIIAS (Integrated Assessment of Air Pollution Impact on 

Environment and Health). Regarding Italy, VIIAS has evaluated in 30000 deaths a year 

the impact of fine particles, 7% of natural deaths, and more than 65% of deaths occur in 

Northern Italy with the maximum rate in Lombardia region (164 per 100000 

inhabitants) and a rate of 124 deaths per 100000 inhabitants in Emilia Romagna region 

[VIIAS]. Moreover life expectancy loss due to PM2.5 exposition has been estimated in 

about 10 months.  

This work has also highlighted that no significant differences in PM2.5 amount and 

composition were found between the urban area of Bologna, which is strongly 

anthropized, and the rural area of San Pietro Capofiume, not directly affected from 

anthropogenic source of PM. 

Thus, adopted policies of pollution management cannot be decided only at local level, 

as often happens nowadays, but on a larger scale, provincial or regional, since 

atmospheric pollution is not a problem confined only in the pollutants emission zones. 
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5. EVALUATION OF PM TOXICITY 

 
For a comprehensive characterization of air quality, finally, PM toxicological impact 

has been evaluated with the aim to relate it to PM chemical composition. This part of 

the work is still in progress, thus some preliminary results are presented below. 

 
5.1 Oxidative potential 
Measuring the levels of pollution in the air provides a measure of exposure that is used 

as a surrogate for risk. The closer the metric is to the actual harmful component of the 

exposure, the better the risk management and the relationship to adverse health effects 

in epidemiological studies are likely to be [Ayres et al. 2008]. 

In recent decades, the mass of particulate matter measured by the PM10 or PM2.5 has 

been the metric of choice for ambient particles. It can however be argued that PM10 and 

PM2.5 mass are not ideal because much of the ambient particle mass consists of low 

toxicity components. In contrast, relatively tiny masses of transition metals and organic 

species may make a major contribution in worsen human health [Mudway et al. 2009]. 

Directive 2008/50/CE contemplate PM mass measurement and the determination of 

some metal ions (Pb, Ni, Cd and As) and benzo[a]pyrene in PM10 fraction since they are 

recognized to affect human health. 

In fact:  

 Pb may damage fertility and unborn child and may cause damages to organs;  

 Ni is suspected to cause cancer and cause damages to organs;  

 Cd may cause cancer, is suspected of causing genetic defects, is suspected of 

damaging fertility or the unborn child and is fatal if inhaled; 

 As is toxic if inhaled;   

 benzo[a]pyrene may cause genetic defects, may cause cancer, may damage the 

unborn child and is suspected of damaging fertility. 

These parameters are certainly important but they are not the only parameters related to 

health diseases. 

Thus, in the last years, other characteristics of PM have been extensively studied for 

linking them to its toxicity response. Among the various property of PM, oxidative 

potential has been proposed as a metric that is better related to biological responses to 
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PM exposures and thus could be more informative than mass alone [Borm et al. 2007, 

Yang et al. 2014]. 

It is a measure of the ability of PM to generate oxidative stress at the air-lung interface 

initiated by the formation of reactive oxygen species (ROS) within affected cells.  

In light of trend, parallel to the chemical characterization of PM, another characteristic 

as oxidative potential was studied since it has been proposed as a metric that may 

potentially serve as a biologically pertinent index of PM toxicity and thus could be more 

informative than parameters normed in Directive 2008/50/CE 

Among the various assays developed for measuring OP, in this study two common cell 

free methods were investigated. They are spectrophotometric kinetic methods based on 

ascorbic acid and dithiothreitol (DTT) as target molecules miming PM-lung interface. 

Some preliminary results are reported below. 

 

5.1.1 Dithiothreitol assay 

Dithiothreitol is a strong reducing agent which forms six membered ring with an 

internal disulphide bond when oxidized. It is commonly used as a cell-free measure of 

the oxidative potential of particles because it simulates cysteine residues in proteins 

present in respiratory tract. 

Oxidation of DTT from metals and quinones is a catalytic process. This oxidation 

process forms ROS which can subsequently oxidize DTT [Kumagai et al. 2002]. The 

contribution of generated ROS to DTT depletion during the assay is not yet well 

understood and different conclusions are reported in literature [Ayres et al. 2008, 

Charrier et al. 2012]  

The assay is based on a two-step reaction. In the first step, redox active chemicals in 

particulate matter oxidize DTT to its disulphide form and then donate an electron to 

dissolved molecular oxygen, forming superoxide [Kumagai et al. 2002], which can 

subsequently form other reactive oxygen species (ROS) such as hydrogen peroxide and, 

in the presence of metals, hydroxyl radicals (Figure 5.1). When this reaction is 

monitored under conditions of excess DTT, the rate of DTT consumption is 

proportional to the concentration of the catalytically active redox-active species in the 

sample [Cho et al. 2005]. 

The redox cycle catalysed by PM species is similar to cycles that occur in living cells. 

Typically, ROS are formed in cells through the reduction of oxygen by biological 

reducing agents such as NADH and NADPH, with the catalytic assistance of electron 

transfer enzymes and redox-active chemicals [Cho et al. 2005]. 
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Figure 5.1. Chemical reaction between DTT and oxygen with PM as a catalyst. 

 

A diagram of the redox cycling of quinones generating ROS in vivo is shown in Figure 

5.2. Comparing the cycling of DTT method with the redox cycling of quinones 

generating ROS in vivo shows that they share elements of the same mechanism of ROS 

generation [Li et al 2009]. 

In the second step (Figure 5.3), the remaining DTT is reacted with DTNB (Ellman’s 

Reagent) to generate DTT-Disulfide and 2-nitro-5-thiobenzoic (TNB). TNB is the 

“coloured” species produced in this reaction and has a high molar extinction coefficient 

(14150 M-1 cm-1 at 412 nm) in the visible range. 

While the DTT assay provides a quantitative measure of oxidation, it does not measure 

the production of specific ROS, which is significant since the different ROS have very 

different reactivity [Charrier et al. 2012]. 

The particulate species responsible for DTT oxidation are typically examined by 

correlating DTT activity with PM composition. These analyses often identify 

carbonaceous species, i.e., elemental carbon, water soluble organic carbon and/or 

polycyclic aromatic hydrocarbons (PAHs), as most strongly correlated with DTT loss. 

However, correlations do not show causation, especially since particulate species are 

often highly covariate. For example, PAHs levels often strongly correlate with DTT loss 

from particles, but PAHs are not redox active. 

Typically compounds which react in this assay are organic species, mainly quinones 

[Kumagai et al. 2002, Cho et al. 2005], but some studies have shown that transition 

metals can also oxidize DTT [Lin et al. 2011, Charrier et al. 2012]. 
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Figure 5.2. The redox cycling of quinones generating ROS in vivo, and the similar cycling in DTT assay 

[Li et al. 2009]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 5.3. DTT revelation with Ellman’s reagent and UV/Vis spectra of species involved in the reaction. 

 

 

OH

OH
SH

SH + S
S

NO2

COOH

NO2

HOOC

OH

OH
S

S
+

SH

NO2

COOH

DTNB 

TNB 

  

  



 

101 
 

5.1.2 Ascorbate assay 

The respiratory tract lining fluid (RTLF), represents the first physical interface 

encountered by inhaled materials and has been shown to contain high concentrations of 

the antioxidants ascorbate (vitamin C), urate and reduced glutathione. 

The oxidative capacity of PM samples has been determined by their ability to oxidize a 

range of protective antioxidant molecules present at the surface of the lung using a 

validated in vitro model [Zielinski et al. 1999, Mudway et al. 2011]. 

The AA assay is a simplified version of the synthetic respiratory tract lining fluid 

(RTFL) assay, where only ascorbic acid is used. 

The reaction mechanism is similar to the first step of DTT reaction: ascorbic acid is 

oxidized to dehydroascorbic acid while redox active species in PM are reduced (Figure 

5.4). These reduced species can then transfer an electron to oxygen molecules 

promoting the formation of ROS. 

The depletion of ascorbate by PM in acellular assays has been linked to metals, 

especially copper [Ayres et al. 2008], but has also shown to be sensitive to quinones 

[Roginski et al. 1999]. 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 5.4. Chemical reaction between ascorbic acid and oxygen with PM as a catalyst. 
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5.2 Study of oxidative potential of PM samples 

5.2.1 Methods  

The goal of this work is to better understand the chemical species in PM that are able to 

oxidize DTT and ascorbic acid and to quantify their redox activity with respect to the 

two reagents. Thus, the two assays were tested on standard solutions of compounds 

commonly present in ambient PM. 

Moreover, the oxidative potential of some real PM2.5 samples collected in the area of 

Bologna were quantified. 

 

Standards and reagents 

Fifteen compounds representative of different chemical classes were considered for this 

study: four quinones namely 9,10-phenantrenequinone (9,10-PQN), 1,2-naphthoquinone 

(1,2-NPQ), 1,4-naphthoquinone (1,4-NPQ) and anthraquinone, three PAHs 

(naphthalene, phenanthrene and anthracene), two oxo-PAH (1,8-naphthalic anhydride 

and xanthone) and six metals (copper (II), manganese (II), Nickel (II), chromium (III), 

zinc (II) and iron (III)). 

Quinones and metals are often indicate as redox active species [Roginsky et al. 1999, 

Kumagai et al. 2002, Cho et al. 2005, Lin et al. 2011, Charrier et al. 2012, Hedayat et al. 

2014], while the activity of PAHs and oxo-PAHs is somewhat controversial [Cho et al. 

2005, Lodovici et al. 2011, Charrier et al. 2012]. 

Individual standard stock solutions were prepared for each analyte by weighting pure 

standards (Acros Organics, Sigma Aldrich, Dr. Ehrenstorfer, Carlo Erba Reagenti) at a 

concentration of 10-2 M in acetonitrile for quinones, PAHs and oxo-PAHs and MilliQ 

water for metal ions. The solutions were stored in amber glass vials in the dark at -20°C. 

DTT solution was made at a concentration of 10 mM in a 0.1 M phosphate buffer 

(Na2HPO4 and NaH2PO4) at pH 7.4, while ascorbic acid solution was made at the same 

concentration as DTT but in MilliQ water. Aqueous solutions of the reagents are 

unstable at room temperature and DTT solutions are also sensible to light, thus they 

were preserved in amber glass vials in the dark and at -20°C. 

Phosphate buffer was treated with Chelex 100 resin (Sigma Aldrich), a cation exchange 

resin, to remove trace metals. The resin was poured into an acid-rinsed glass 

chromatographic column that had a permanent glass frit to contain the resin. The 

phosphate solution was allowed to drip through the resin at 4°C and the resulting treated 

phosphate buffer was collected into a clean, acid washed, PTFE bottle. 
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Table 5.1. Organic species considered. 

 

Analyses of standard solutions: DTT 

For DTT, the method proposed by Charrier [Charrier et al. 2012] was followed. A small 

volume (< 30µL) of stock solution of the compound of interest was added to an amber 

vial containing 3 mL of phosphate buffer at pH 7.4 and the obtained solution was heated 

at 37°C using a dry bath. 

Once the temperature reached 37°C, at time zero 30 µL of the DTT solution 10 mM 

were added to the vial. At known times, a 0.50 mL aliquot of the reaction mixture was 

removed and added to 0.50 mL of 10 % trichloroacetic acid to stop the reaction. When 

all time points were quenched, 50 μL of 10.0 mM DTNB in phosphate buffer at pH 7.4 

were added, mixed well, and allowed to react for 2 minutes. Then 2.0 mL of 0.40 M 

Tris-HCl buffer at pH 8.9 with 20 mM of EDTA was added. It is important to increase 

pH value because the protonated form of TNB (Figure 5.3) show only a slight 

absorbance in contrast with the mercaptide ion (TNB2-, thiol group pKa =4.53 at 25 °C) 

which has a higher absorbance (ε =14150 M-1 cm-1 at 412 nm) [Li et al. 2009]. 
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Charrier suggests to add the DTNB before the Tris buffer to ensure the sample remains 

quenched until DTT has reacted with DTNB, even if the DTNB and DTT reaction is 

very fast [Li et al. 2009, Charrier et al. 2012]. 

Because both DTT and TNB are sensitive to light, the reactions were performed in dark 

vials covered with aluminium foil and store in the dark when not in use. 

TNB was quantified using a 1 cm path length PS cell in a Varian Cary 50 UV-Vis 

spectrophotometer. 

The reactions were performed at pH 7.4 and 37°C to simulate biological conditions that 

normally occur in a human body. 

 

Analyses of standard solutions: AA 

Most of the ascorbate assay studies in literature are performed in a 96 well plates 

equipped with a plate reader [Mudway et al. 2011, Janssen et al. 2014, Yang et al. 

2014]. 

In this study, the method was adapted to a classical spectrophotometer and the reaction 

occurred directly into the spectrophotometric quartz cuvette. The procedure is similar to 

that used for DTT assay. Briefly, an aliquot of stock solutions of analytes were diluted 

in 3 ml phosphate buffer and heated at 37°C. At time zero, 30 µL of ascorbic acid 

solution were added to the cuvette and at known time the absorbance of the solution was 

read at 265 nm. 

At pH 7.4, vitamin C is present almost totally as ascorbate ion [Buettner et al. 1993] that 

has a molar extinction coefficient of about 14500 M-1 cm-1 at the considered 

wavelength.  

 

Data analysis  

Rates of DTT and ascorbate loss were determined from a linear regression of five points 

of reagents concentration versus time (5, 10, 15, 25, 40 minutes). The blank consists of 

a 100 µM solution with no redox active species added. The rate of DTT or ascorbate 

loss in each standard was calculated from the slope of the linear regression and then 

blank corrected by subtracting the average blank rate. In almost cases the rate of loss 

was linear over the entire experiment but in few experiments last point of the kinetic (40 

minutes) was rejected due to the not linearity of the loss. 
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5.2.2 DTT response from individual organic species and transition metals 

The rate of DTT consumption was measured in the presence of different chemical 

compounds and transition metals to identify species that contribute most to oxidative 

stress (Table 5.2). 

Among the four quinones tested, 9,10-PQN showed the highest reactivity while 1,2-

NQN and 1,4-NQN also oxidized DTT with a remarkable rate. This is consistent with 

previous studies which indicate quinones as very reactive species in DTT oxidation 

[Kumagai et al. 2002, Cho et al. 2005, Chung et al. 2006, Li et al. 2009, Charrier et al. 

2012]. In contrast, anthraquinone showed only a very slight redox activity. 

The three considered PAHs are the not oxidized homologs of the tested quinones. All 

three PAHs caused no loss of DTT. This finding is in line with other studies [Cho et al. 

2005, Charrier et al.2012] that indicate PAHs as not redox active species in the DTT 

assay even if the assay response could sometimes be correlated with PAHs 

concentration. This is likely due to the reactions PAHs can undergo; in fact, they can be 

oxidized to more polar compounds including quinones which have demonstrated a very 

strong redox activity. 

 Conc. (µM) Depletion rate (µM/min) 

Reagents blank  -0.59 

   

9,10-PQN 0.17 -3.81 

1,2-NPQ 1.0 -5.79 

1,4-NPQ 1.0 -2.81 

Anthraquinone 1.0 -0.70 

   

Cu2+ 1.0 -1.64 

Mn2+ 1.0 -1.51 

Ni2+ 1.0 -0.99 

Cr3+ 1.0 -0.92 

Zn2+ 1.0 -0.87 

Fe3+ 1.0 -0.87 

 
Table 5.2. DTT assay response to stock solutions. 
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In addition to the aforementioned organic species, two oxo-PAHs with a similar 

molecular formula to other considered species were tested since they were found in PM 

samples in the investigated area. Both 1,8-naphthalic anhydride and xanthone did not 

demonstrate redox activity in the DTT assay. 

The tested metals shown a DTT depletion rate lower than that found for quinones 

(excluding anthraquinone). Cu (II) and Mn (II) were the most reactive ions followed by 

Ni (II), Cr (II), Fe (III) and Zn (II). Results are reported in Table 5.2. 

DTT oxidation from metals seems to be slower in comparison to that obtained from 

some organic species but ambient concentrations of metals are often high and thus they 

might be important in DTT loss of real PM samples as shown in Figure 5.5. 
 

 
Figure 5.5. Calculated contributions of soluble metals and quinones to DTT loss in a hypothetical typical 

PM2.5 sample [Charrier et al. 2012]. 

 

5.2.3 AA response from individual organic species and transition metals 

The ascorbate assay sensitivity was tested using the same species as for DTT assay and 

different results were obtained. 

Both quinones and metal ions are reported in literature as species able to oxidize 

ascorbic acid [Taqui Khan et al. 1967, Xu et al. 1990, Strizhak 1994, Anusevičius et al. 

1998, Ayres et al. 2008]. 

Cu (II) was by far the most redox active species in this assay. In general, also the other 

considered metal ions have demonstrated good reactivity except Mn (II) that showed a 

depletion rate close to blank values. 

Among quinones, 1,2-NPQ showed very high activity in the depletion of ascorbate 

while 9,10-PQN and 1,4-NPQ have demonstrated a redox capacity similar to metals. 

Anthraquinone did not cause measurable ascorbate oxidation.  
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As for DTT assay, PAHs and oxo-PAHs have highlighted their redox inactivity. Results 

are reported in Table 5.3. 

The results obtained demonstrate that the two assays respond to the same chemical 

species but with different sensitivity, thus they could potentially provide complementary 

information on oxidative potential characteristic of PM. This behaviour is confirmed by 

some other studies [Mudway et al. 2011, Janssen et al. 2014, Yang et al. 2014] even if 

only few inter assay comparison have been published. 

 

 Conc. (µM) Depletion rate (µM/min) 

Reagents blank  -0.43 

   

1,2-NPQ 0.17 -1.80 

1,4-NPQ 1.0 -1.07 

9,10-PQN 1.0 -0.83 

   

Cu2+ 0.17 -3.95 

Cr3+ 1.0 -1.45 

Fe3+ 1.0 -1.19 

Zn3+ 1.0 -1.08 

Ni2+ 1.0 -0.91 

Mn2+ 1.0 -0.50 

 
Table 5.2. Ascorbate assay response to stock solutions. 

 

 

5.3 Analysis of ambient particulate matter  
The investigated assays were applied to some real samples of PM2.5 collected onto 

quartz filters in the Bologna area. The PM2.5 samples on filters were stored at −20 °C in 

the dark prior to use. The response of reagents blank and of blank filters were 

determined to take into account the effect of reagents and sampling support on sample 

DTT and AA loss. 

 

5.3.1 Results 

A quarter of quartz filter (Whatman, 47 mm diameter, low volume sampler, ~55 m3 day-

1) of PM2.5 particles was extracted for 15 minutes in an ultrasonic bath using the Chelex 
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treated phosphate buffer 0.1 M at pH 7.4. Suspended solid particles from filter extracts 

were removed using a regenerate cellulose syringe filter (13 mm, 0.22 µm, Kinesis). 

Then 3 mL of the extracts were submitted to the analyses.  

Data reported are only preliminary results that need further detailed studies. 

As an example, the results obtained from filters with different PM loads are reported. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.6. Response of A) DTT and B) AA assays to real samples with different PM concentrations. 

 

Blank filter does not contribute much to assay response while sampled filters shown 

different sensibility to the two assays, as shown in Figure 5.6. 

The most important thing to note is that the response magnitude is not always linked to 

the amount of particles on the filter. This found highlights that other parameters as well 

as PM mass concentration should be taken into account to evaluate aerosol effects on 

human health. 

Usually, results are expressed per cubic meter of sampled air that is probably the best 

unit of measure to link results with biological effects since it is representative of the 

amount of air inhaled. 
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Figure 5.7. Response of A) DTT and B) AA assays to real samples with different PM concentrations 

expressed on volume basis. 

 
Metals analysis 
To better understand real sample responses, the concentrations of Cu, Zn, Cr, Fe, Ni and 

Mn were determined by atomic absorption spectroscopy. 

The instrument used was an AAnalyst 800 by Perkin Elmer equipped with a THGA 

(transverse heating graphite atomizer) graphite furnace. Zeeman correction was applied 

to minimize matrix effect. 

Briefly, one half of the filter was extracted in 10 mL of Chelex treated phosphate buffer, 

the solution was the filtered on regenerated cellulose syringe filter and finally submitted 

to the analysis. 

PM 
concentration 

Cu 
(ng/m3) 

Zn 
(ng/m3) 

Cr 
(ng/m3) 

Fe 
(ng/m3) 

Ni 
(ng/m3) 

Mn 
(ng/m3) 

Blank filter 1.0 3.0 2.3 28.8 

<LOD 

1.0 
9 µg/m3 1.9 9.5 2.8 25.0 2.1 
18 µg/m3 2.6 10.8 4.7 28.1 2.6 
41 µg/m3 2.8 11.5 9.2 37.5 2.1 
74 µg/m3 7.5 16.1 25.5 39.3 5.5 

 
Table 5.4. Metals concentration in analysed PM2.5 filters. 

 
As a general trend, the higher PM concentration is, the higher metals concentration on 

the filter becomes. 

Considering that AA assay is very sensible to copper and that quinones concentration is 

usually lower than those of metals [Walgraeve et al. 2010, Charrier et al. 2012], a much 

higher response of the most concentrated filter was expected.  

This is not the case, highlighting that probably other species not considered in the study 

contribute in a not negligible amount to OP. 
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5.4 Conclusions and perspectives 
Expressing the results on mass basis shows that less concentrated samples demonstrate 

higher OP. These less concentrated filters were sampled during summertime, suggesting 

that they may contain higher abundance of strong oxidized species. Emerging evidences 

suggest that photochemical aging and secondary sources may as well significantly 

impact the overall toxicity and redox activity of the ambient aerosols. Moreover, it was 

demonstrated higher summer-time cell-based ROS activities compared to winter in 

multiple urban areas of the world, again suggesting the potential enhancement of PM-

induced redox activity and toxicity through secondary aerosol formation [Saffari et al. 

2015]. 

 

 

 

 

 

 
 
Figure 5.8. Response of A) DTT and B) AA assays to real samples with different PM2.5 concentrations 

expressed on mass basis. 

 

As aforementioned, further studies are needed to confirm the obtained results and to 

have a better knowledge on oxidative potential phenomenon. Future perspectives are to 

carry out monitoring campaigns to examine physico-chemical properties that mainly 

affect OP of aerosol and to test the real efficiency of acellular assays in simulating in 

vivo oxidative stress by perform in parallel to acellular assay, epidemiological studies 

on cellular lines in collaboration with ARPA Emilia Romagna. 

The preliminary data presented underline once again the importance of an in-depth 

chemical speciation of particulate matter as even small amounts of some species that act 

as catalysers could give important effects on human health. 
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6. CONCLUSIONS 
 

The present work is focused on the study of chemical composition of particulate matter 

(PM), as environmental matrix commonly connected to both human health problems 

and phenomena related to climate change. 

There is a growing interest of authorities on properties and origin of PM, in particular, it 

is becoming increasingly important to be able to characterize the direct emission sources 

of aerosols or substances that can lead to the formation of PM into the atmosphere. In 

this way, specific information can be supplied to the competent authorities to establish 

future environmental and health protection policies in order to minimize the effects of 

air pollution, especially in the Po plain that is recognized as one of the worst air quality 

areas in Europe.  

Sources and processes PM undergoes in the atmosphere can be derived from its 

chemical composition. The study its composition is a particularly complex challenge for 

analytical chemistry because particulate is composed of thousands of substances, both 

organic and inorganic. The analytical methods used for PM analysis are subjected to 

continuous evolutions in order to provide an increasing amount of information. 

In light of these considerations, a part of the present work was devoted to the 

development and improvement of analytical techniques based on GC/MS analyses for 

the determination of polar organic compounds in atmospheric particle phase. 

Gas chromatography coupled with mass spectrometry is a suitable technique for the 

analysis of very low concentrated compounds in an extremely complex matrix such as 

PM because of its great sensitivity and separative power. 

Even if GC/MS techniques are very sensitive, the compounds of interest have often 

ambient concentrations below the detection limit of the methods. In order to further 

increase the analytical sensitivity, a mass tandem acquisition method was developed by 

exploiting the potential of the available detector, i.e. the ion trap. 

The results obtained have shown that the signal acquisition in MSMS mode decreases 

drastically the interferences of the matrix and the background noise. This 

implementation has permitted to decrease the detection limit of an average of 6 times 

for many of the considered molecules with consequent benefits in analytes 

determination. 

Furthermore, two other aspects of interest are actually under investigation. One 

concerns derivatization reaction: a reduction of energy and reagent consumption, and a 
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decrease in reaction time was desirable. The aim was achieved using ultrasound as 

energy supplier and optimizing the parameters that mostly affect reaction yield by 

response surface methodology.  

The other aspect concerns a detailed investigation of the analytical procedure for the 

determiantion of sugars in PM samples as typical biomass combustion markers. In 

particular, an intercomparison study on anhydrosugars among ten laboratories is in 

progress to assess the comparability among different commonly used analytical 

techniques (gas chromatography-mass spectrometry, liquid chromatography-mass 

spectrometry, ion exchange chromatography and nuclear magnetic resonance). The 

study showed that in most cases the results obtained are comparable. 

The main activity of the work was devoted to air quality monitoring in Emilia Romagna 

region in the framework of the Supersito project. The developed techniques have been 

applied to the analysis of more than 100 markers in about one thousand samples of 

PM2.5 filters collected in eight sampling campaigns carried out in different seasons 

between 2011 and 2014 at two sites in province of Bologna (Bologna located in an 

urban city and one rural San Pietro Capofiume, about 30 km northeast of Bologna). 

The results have been integrated with data on the apolar organic fraction (polycyclic 

aromatic hydrocarbons and alkanes) and carbonaceous fraction (elemental carbon and 

organic carbon) acquired by other research groups within the Supersito project. 

Using molecular markers, it was possible to identify that anthropogenic PM is mainly 

due to urban transport and domestic heating. Residential heating is by far the dominant 

source of PM and pollutants in winter periods, while traffic displays a constant 

contribution during the year.  

Moreover, it was found that meteorological conditions play a key role regard the 

concentration of analytes in the atmosphere and their relative contribution. Much higher 

PM and pollutants concentration were in fact recorded in winter months when the 

limited planetary boundary layer height confines the considered substances in the first 

hundred meters of the atmosphere. In spring/summer periods, when solar irradiance and 

temperatures reach high values, a major contribution of secondary fraction of PM was 

registered together with an enhanced biogenic activity. In particular, the combustion of 

biomass has been recognize as one of the main sources of PM and other pollutants in 

winter periods, when heavy air pollution phenomena occurs. Thus, part of the work was 

specifically focused on a more detailed study on wood as domestic fuel. The obtained 

data have shown that up to 70% of PM is derived from biomass combustion and almost 

all benzo[a]pyrene is emitted from the same source during colder periods. The problem 
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of biomass burning became more evident considering that heating plants using wood as 

fuel represent only a minority of the total. 

The main perspective of this study is to relate PM chemical composition to 

toxicological effect of atmospheric aerosol. Therefore, part of the doctoral project has 

been devoted to the study of oxidative potential (OP) of particulate. In fact, many 

studies have described this property as more closely linked to adverse effects of PM on 

human health than its concentration. The work is still in progress by using two kinetic 

cell-free methods for the determination of OP: one uses ascorbic acid (AA) while the 

other uses dithiothreitol (DTT). The preliminary results highlight that the response is 

not always related to the concentration of PM in the atmosphere. This suggests that 

other parameters in addition to the concentration of PM should be taken into account in 

assessing the effects on human health. 
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APPENDIX A  
 A.1 - Molecular formula 

 Acids 

 

 

   

Malonic acid Succinic acid Glutaric acid 
 

 
  

Adipic acid Pimelic acid Suberic acid 
 

 

  

Azelaic acid Maleic acid Phthalic acid 
 

 

 

 

Glycolic acid Malic acid 3-hydroxybenzoic acid 
 

 

 

 
4-hydroxybenzoic acid Mandelic acid Pinonic acid 
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 Sugars 

 

 

 
Levoglucosan Mannosan Galactosan 

 
   

Erythritol Xylitol Ribitol 
 

  
 

Mannitol Arabinose Mannose 
 

  

 
Glucose Galactose Sucrose 

 

  

 
Mycose Lactose Lactulose 

 

 
 

 

Melibiose Maltose  
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 Phenols 

 

 

 

 

 

   

Vanillin Vanillic acid Acetovanillone 
 

 
  

Syringol Syringaldehyde Syringic acid 
 

 
  

Acetosyringone Cathecol Pyrogallol 
 

  
 

Guaiacol Eugenol p-coumaric acid 
 

 

  

Ferulic acid   
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A.2 - Analytical parameters 

Acids 
 

Name 
Characteristic 

fragments 
(m/z) 

MS/MS 
precursor 

ion 

CID energy 
(V) 

Product ions 
(m/z) 

Ions intensity 
ratio 

Malonic acid 73, 147, 149 233 1,00 147, 149, 217 1 : 1 : 4 

Succinic acid 73, 147, 149 247 1,00 147, 149 2 : 1 

Glutaric acid 73, 147, 149 233 1,25 147, 149 2 : 1 

Adipic acid 111, 141, 185 141 0,75 75, 99 32 : 1 

Pimelic acid 125, 155, 199 125 1,0 69, 79, 97 1 : 3,5 : 1 

Suberic acid 169, 185, 303 169 1,0 75, 93, 141 21 : 1 : 1 

Azelaic acid 133, 225, 317 225 1,5 143, 167, 169 3 : 8 : 1 

Maleic acid 73, 147, 149 245 1,0 147, 149, 217 2,5 : 1,5 : 1 

Phthalic acid 219, 265, 295 295 1,0 147, 149 2.5 : 1 

Glycolic acid 73, 147, 149     

Malic acid 73, 147, 149 245 1,25 147, 149, 217 2,5 : 1 : 1,5 

3-hydroxybenzoic 
acid 193, 223, 267 267 1,25 193, 223, 225 1 : 3 : 2 

4-hydroxybenzoic 
acid 193, 223, 267 267 1,25 193, 223, 225 1 : 17 : 6 

Mandelic acid 179, 253     

Pinonic acid 83, 109, 125, 
171 109 1,0 79, 81, 91 3 : 2 : 1 

2-ketoglutaric 
acid 113, 291, 347 113 1,25 69, 85, 95 1,5 : 1 : 1 

Pyruvic acid 215, 258, 281 215 1,25 147, 149 2 : 1 

Glyoxylic acid 133, 191, 221, 
265 191 1,0 73, 147, 149 1,5 : 1,5 : 1 
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Phenols  

Name 
Characteristic 

fragments 
(m/z) 

MS/MS 
precursor 

ion 

CID energy 
(V) 

Product ions 
(m/z) 

Ions intensity 
ratio 

Vanillin 193, 194, 209 194 1,5 137, 165 1 : 1 

Vanillic acid 223, 267, 297 267 1,25 223, 225 1 : 3 

Acetovanillone 223, 238, 253 238 1,0 223, 238 18 : 1 

Syringol 181, 196, 211 196 1,25 153, 167, 181 2 : 1 : 3,5 

Syringaldehyde 223, 224, 239 224 1,25 137, 167, 195 1,5 : 1 : 1,5 

Syringic acid 253, 297, 312, 
327 297 1,5 223, 253 1 : 6 

Acetosyringone 193, 208, 223 193 1,25 137, 165 1 : 1,5 

Cathecol 166, 239, 254, 
327 254 1,0 166, 239 1 : 49 

Pyrogallol 239, 240, 342 239 1,25 133, 151, 211 3,5 : 1 : 4,5 

Guaiacol 151, 166, 181     

Eugenol 205, 206, 221     

p-coumarc acid 219, 249, 293 293 1,5 219, 233, 249 1 : 1 : 6 

Ferulic acid 249, 293, 323 293 1,5 219, 233, 249 1 : 1 : 5,5 
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Sugars 

Name 
Characteristic 

fragments 
(m/z) 

 Name 
Characteristic 

fragments 
(m/z) 

Levoglucosan 191, 204, 217  Glucose 191, 204, 217 

Mannosan 191, 204, 217  Galactose 191, 204, 217 

Galactosan 191, 204, 217  Sucrose 169, 361 

Erithrytol 191, 204, 217  Mycose 169, 361 

Xylitol 191, 204, 217  Lactose 169, 361 

Ribitol 191, 204, 217  Lactulose 169, 361 

Mannitol 191, 204, 217  Melibiose 169, 361 

Arabinose 191, 204, 217  Maltose 169, 361 

Mannose 191, 204, 217    
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APPENDIX B - Results 

Mean values ± standard deviation (SD) of the concentrations of determined analytes and 
calculated parameters. n.d. means not detected, more than 90% of the measured values were 
below the detection limit; <LOD means below detection limit; empty space means not 
determined; * means unrealistic values. 

 

B.1 - Winter 2011 

18th November – 6th December  

 

Meteorological Conditions 

  

 

PM 

 

 

Carbonaceous fraction 

For the first campaign, only TC values were available, due the lack of unbiased discrimination 

between OC and EC [Costa et al. 2016]. 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Average 
temperature °C 2.1 9.0 6.5 ± 1.8 1.9 7.0 3.9 ± 1.8 

Solar irradiance W/m2 17 88 61 ± 23 17 117 65 ± 30 
PBL height m 135 516 229 ± 81 88 248 169 ± 43 

Precipitations mm 1.0 5.2 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

PM µg/m3 33.2 97.6 59.2 ± 17.4 22.3 85.2 46.3 ± 17.8 
PMbb µg/m3 7.0 68.8 29.0 ± 13.6 12.4 44.7 25.4 ± 10.8 

PMbb%  12.4 100* 52.0 ± 25.1 16.1 100* 60.8 ± 27.0 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

TC µg/m3 8.1 18.0 11.9 ± 3.0 5.3 12.6 8.6 ± 3.2 
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Acids 

 

 

Phenols 

 

 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Malonic acid ng/m3 <LOD 77.4 21.7 ± 24.1 <LOD 130.6 41.5 ± 37.5 
Succinic acid ng/m3 60.9 172.4 112.1 ± 36.4 44.1 218.1 110.7 ± 44.1 
Glutaric acid ng/m3 8.8 31.6 18.4 ± 7.2 6.3 30.3 17.4 ± 7.8 
Adipic acid ng/m3   
Pimelic acid ng/m3   
Suberic acid ng/m3   
Azelaic acid ng/m3   
Maleic acid ng/m3 <LOD 107.3 22.1 ± 25.9 <LOD 661.5 65.3 ± 156.6 
Phthalic acid ng/m3 2.6 4.6 3.3 ± 0.5 2.5 5.1 3.2 ± 0.7 
Glicolic acid ng/m3 7.6 42.6 20.1 ± 8.3 5.9 37.0 19.0 ± 8.1 
Malic acid ng/m3 5.4 92.5 40.9 ± 24.2 <LOD 63.3 31.8 ± 18.6 

3-hydroxybenzoic 
acid ng/m3 3.1 13.4 6.9 ± 2.4 3.5 10.3 6.0 ± 2.2 

4-hydroxybenzoic 
acid ng/m3 4.3 25.7 9.3 ± 4.9 3.5 12.1 7.1 ± 2.9 

Pinonic acid ng/m3   
2-ketoglutaric acid ng/m3 <LOD 15.4 7.2 ± 4.0 <LOD 13.3 6.3 ± 4.1 

TCAs ng/m3 126.8 525.6 262.0 ± 111.2 84.1 1010.0 308.3 ± 220.2 
OxCAs ng/m3 20.4 184.0 84.5 ± 41.4 16.2 124.8 70.2 ± 31.7 

Other CAs ng/m3 89.4 341.6 177.6 ± 72.9 52.9 931.3 238.1 ± 205.5 
% oxCAs  13.2 36.6 31.7 ± 6.0 7.8 37.1 25.8 ± 8.4 

C3/C4  0.07 0.45 0.21 ± 0.13 0.15 0.74 0.43 ± 0.18 
C6/C9    
Ph/C9    

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Vanillin ng/m3 n.d. n.d. 
Vanillic acid + 
Acetovanillone ng/m3 1.9 18.7 8.6 ± 3.9 1.6 12.4 6.4 ± 3.3 

Syringaldehyde ng/m3   
Syringic acid ng/m3 0.7 4.8 2.1 ± 0.9 0.0 2.9 1.5 ± 0.8 

Acetosyringone ng/m3 <LOD 5.0 1.3 ± 1.1 0.1 2.0 0.8 ± 0.6 
Tot phenols ng/m3 3.0 31.1 13.3 ± 6.2 3.5 17.6 9.7 ± 4.9 

S/V  0.27 0.53 0.36 ± 0.08 0.20 0.57 0.35 ± 0.09 
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Sugars 

 

 

 Alkanes 

 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Galactosan ng/m3 11.3 99.8 52.0 ± 20.0 21.3 69.7 42.8 ± 16.5 
Mannosan ng/m3 28.2 230.2 120.7 ± 45.1 56.9 164.8 105.7 ± 39.6 

Levoglucosan ng/m3 251.1 2477.3 1042.9 ± 490.4 446.4 1607.8 916.0 ± 389.3 
Erithrytol ng/m3 3.2 7.9 5.2 ± 1.4 1.2 9.6 4.2 ± 2.1 

Xylitol ng/m3   
Ribitol ng/m3 <LOD 8.0 4.2 ± 2.0 <LOD 6.0 3.5 ± 1.6 

Mannitol ng/m3 <LOD 7.3 5.3 ± 1.7 <LOD 7.8 4.4 ± 2.1 
Arabinose ng/m3 <LOD 6.5 3.2 ± 1.8 <LOD 9.8 3.2 ± 2.4 
Mannose ng/m3 <LOD 11.7 4.9 ± 2.4 <LOD 12.2 4.1 ± 2.6 
Glucose ng/m3 <LOD 53.9 9.4 ± 12.1 <LOD 9.2 6.0 ± 2.3 

Galactose ng/m3 <LOD 7.2 4.6 ± 1.7 <LOD 6.1 3.7 ± 1.2 
Sucrose ng/m3 <LOD 65.2 35.4 ± 15.6 <LOD 49.7 36.1 ± 12.3 
Mycose ng/m3   

Tot sugars ng/m3 329.8 2880.4 1287.9 ± 559.6 550.2 1918.0 1129.8 ± 452.1 
Anhydrosugars ng/m3 290.6 2807.3 1215.6 ± 552.8 524.6 1832.9 1064.5 ± 443.4 
Primary sugars ng/m3 33.5 124.6 72.3 ± 24.1 23.1 95.7 65.3 ± 18.9 

% anhydrosugars  88.1 97.5 93.7 ± 2.5 90.6 95.6 93.7 ± 2.0 
% primary sugars  2.5 11.9 6.3 ± 2.5 4.4 9.4 6.3 ± 2.0 

L/M  7.19 10.76 8.54 ± 1.09 7.02 10.09 8.59 ± 0.87 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

C22 ng/m3 1.29 15.99 5.89 ± 3.88 0.48 10.75 4.21 ± 2.50 
C23 ng/m3 3.86 18.52 9.65 ± 4.20 2.38 15.93 7.53 ± 3.35 
C24 ng/m3 5.02 21.50 11.06 ± 4.15 3.66 18.02 8.83 ± 3.71 
C25 ng/m3 3.90 20.80 10.46 ± 4.41 2.14 18.15 8.19 ± 4.23 
C26 ng/m3 2.60 14.12 7.13 ± 3.03 1.48 13.72 5.68 ± 3.43 
C27 ng/m3 4.05 26.24 11.00 ± 5.69 1.61 20.13 8.34 ± 5.39 
C28 ng/m3 1.32 10.33 4.70 ± 2.37 0.33 10.84 3.93 ± 2.82 
C29 ng/m3 4.80 32.19 15.45 ± 7.13 2.20 29.38 11.59 ± 7.64 
C30 ng/m3 0.62 7.07 3.20 ± 1.76 0.00 7.42 2.36 ± 2.02 
C31 ng/m3 2.77 21.73 10.59 ± 5.03 0.86 17.84 6.84 ± 4.79 
C32 ng/m3 0.51 4.05 1.83 ± 0.99 0.02 4.21 1.37 ± 1.15 
C33 ng/m3 <LOD 8.19 3.24 ± 2.41 0.44 5.38 2.45 ± 1.48 

Tot alkanes ng/m3 34.78 200.45 100.64 ± 44.47 29.04 199.60 86.29 ± 45.34 
CPI  1.44 2.30 0.21 ± 0.13 1.41 2.20 1.71 ± 0.19 
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PAHs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Phenanthrene ng/m3 0.03 0.23 0.13 ± 0.06 0.01 0.29 0.06 ± 0.07 
Anthracene ng/m3 <LOD 0.03 0.01 ± 0.01 <LOD 0.04 0.005 ± 0.008 

Fluoranthene ng/m3 0.23 1.46 0.73 ± 0.32 0.04 1.02 0.41 ± 0.29 
Pyrene ng/m3 0.26 1.83 0.67 ± 0.40 0.01 0.92 0.34 ± 0.27 

Benzo (a) 
anthracene ng/m3 0.32 2.07 1.11 ± 0.49 0.11 2.11 0.69 ± 0.50 

Chrysene ng/m3 0.39 2.34 1.18 ± 0.52 0.15 1.50 0.62 ± 0.36 
Benzo (b+j) 
fluoranthene ng/m3 0.90 4.41 2.36 ± 0.77 0.48 4.18 1.82 ± 0.95 

Benzo (k) 
fuoranthene ng/m3 0.23 0.99 0.58 ± 0.19 0.11 0.86 0.40 ± 0.21 

Benzo(e)pyrene ng/m3 0.45 1.94 1.00 ± 0.37 0.19 1.56 0.72 ± 0.36 
Benzo(a)pyrene ng/m3 0.30 2.11 1.12 ± 0.48 0.09 1.68 0.72 ± 0.45 

Perylene ng/m3 0.05 0.34 0.20 ± 0.08 0.00 0.29 0.11 ± 0.08 
Indeno (1,2,3-c,d,) 

pyrene ng/m3 0.39 2.21 1.15 ± 0.50 0.14 1.40 0.65 ± 0.33 

Benzo (g,h,i) 
perylene ng/m3 0.57 2.47 1.44 ± 0.58 0.16 1.46 0.75 ± 0.36 

Tot PAHs ng/m3 4.95 22.59 13.43 ± 4.86 1.72 16.75 8.01 ± 4.36 
BaP/(Bap+BeP)  0.36 0.58 0.52 ± 0.05 0.31 0.55 0.47 ± 0.07 

BaP/BeP  0.57 1.41 1.10 ± 0.20 0.44 1.23 0.93 ± 0.23 
IcdP/IcdP+BghiP  0.37 0.48 0.44 ± 0.03 0.39 0.53 0.46 ± 0.04 

∑BFs/BghiP  1.05 3.57 2.19 ± 0.65 2.03 4.39 3.05 ± 0.60 
BaPbb ng/m3 0.20 1.98 0.83 ± 0.39 0.36 1.29 0.73 ± 0.31 

BaPbb%  14.3 100* 79.7 ± 69.1 45.5 100* 81.3 ± 24.1 
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B.2 - Summer 2012 
14th June – 11th July 

 

Meteorological conditions 

 

 

PM 

 

 

Carbonaceous fraction 

 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Average 
temperature °C 20.4 31.9 27.5 ± 2.6 18.6 29.6 25.7 ± 2.6 

Solar irradiance W/m2 213 328 295 ± 27 221 366 324 ± 32 
PBL height m 756 1252 974 ± 132 668 1120 854 ± 109 

Precipitations mm 3.8 12.4 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

PM µg/m3 8.4 26.6 15.1 ± 4.3 10.6 24.9 17.8 ± 4.3 
PMbb µg/m3 0.01 0.17 0.06 ± 0.05 0.02 1.58 0.16 ± 0.33 

PMbb%  0.05 1.56 0.46 ± 0.46 0.08 15.0 1.19 ± 3.13 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

TC µg/m3 3.1 7.0 4.8 ± 1.0 2.8 6.1 4.4 ± 1.0 
OC µg/m3 2.5 5.5 3.7 ± 0.8 2.3 5.5 3.8 ± 1.0 
EC µg/m3 0.4 2.0 1.0 ± 0.4 0.4 1.3 0.7 ± 0.2 

OC/EC µg/m3 1.6 7.0 4.0 ± 1.5 3.6 8.2 5.9 ± 1.2 
Ocsec µg/m3 0.2 3.8 2.1 ± 0.8 0.4 3.1 1.5 ± 0.7 

Ocsec%  27.0 76.7 57.5 ± 13.2 15.8 55.6 38.5 ± 10.4 
Ocbb(levo) µg/m3 0.003 0.040 0.014 ± 0.013 0.007 0.071 0.039 ± 0.079 

Ocbb(levo)%  0.05 1.43 0.40 ± 0.42 0.15 1.81 0.53 ± 0.49 
Ocbb(radio) µg/m3 0.2 0.7 0.4 ± 0.1 0.2 0.5 0.2 ± 0.1 
OCfossil µg/m3 0.8 1.7 1.1 ± 0.2 1.4 3.6 2.5 ± 0.6 
Ocbio µg/m3 1.4 3.5 2.2 ± 0.5 0.7 1.6 1.2 ± 0.3 

Ocbb(radio)%  5.1 21.7 10.1 ± 4.2 4.3 9.7 6.3 ± 1.4 
OCfossil%  29.9 32.5 30.7 ± 0.7 59.7 65.9 63.6 ± 1.7 
OCbio%  45.7 65.0 59.2 ± 4.8 29.8 30.6 30.1 ± 0.2 
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Acids 

Acid concentrations were ≤ LOD since low-volume air sampler (55 m3 in a day) was used. 

 

Phenols 

Phenol concentrations were ≤ LOD since low-volume air sampler (55 m3 in a day) was used. 

 

Sugars 

 

Alkanes 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Galactosan ng/m3 n.d. n.d. 
Mannosan ng/m3 <LOD 0.8 0.1 ± 0.2 <LOD 11.1 0.9 ± 2.3 

Levoglucosan ng/m3 <LOD 5.9 2.1 ± 1.9 <LOD 57.0 5.4 ± 11.5 
Erithrytol ng/m3 n.d. <LOD 3.3 0.5 ± 1.0 

Xylitol ng/m3 n.d. <LOD 0.6 0.03 ± 0.13 
Ribitol ng/m3 <LOD 1.7 0.3 ± 0.5 <LOD 26.4 4.3 ± 7.1 

Mannitol ng/m3 <LOD 12.8 3.0 ± 3.9 <LOD 150.7 25.8 ± 35.4 
Arabinose ng/m3 n.d. <LOD 2.2 0.3 ± 0.5 
Mannose ng/m3 n.d. <LOD 3.4 0.4 ± 0.9 
Glucose ng/m3 <LOD 2.7 0.8 ± 0.8 <LOD 22.2 3.3 ± 4.6 

Galactose ng/m3 n.d. <LOD 7.8 0.8 ± 1.8 
Sucrose ng/m3 n.d. n.d. 
Mycose ng/m3 n.d. n.d. 

Tot sugars ng/m3 0.6 18.2 6.7 ± 6.0 0.9 228.1 41.9 ± 59.3 
Anhydrosugars ng/m3 0.4 6.7 2.3 ± 2.1 0.6 68.1 6.9 ± 14.2 
Primary sugars ng/m3 0.2 16.2 4.4 ± 5.0 0.3 199.8 35.6 ± 49.7 

% anhydrosugars  11.3 89.3 46.0 ± 27.3 3.7 61.7 19.1 ± 18.5 
% primary sugars  10.7 88.7 54.0 ± 27.3 38.3 96.3 80.9 ± 18.5 

L/M  7.44 19.23 14.74 ± 4.94 5.08 11.00 7.66 ± 2.18 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

C22 ng/m3 0.46 1.34 0.75 ± 0.24 0.53 4.34 1.15 ± 0.72 
C23 ng/m3 <LOD 1.78 0.86 ± 0.41 0.95 4.60 1.56 ± 0.70 
C24 ng/m3 0.20 1.71 0.60 ± 0.38 0.26 3.90 1.18 ± 0.80 
C25 ng/m3 0.09 2.59 1.08 ± 0.53 0.77 7.14 2.05 ± 1.25 
C26 ng/m3 0.44 1.69 0.79 ± 0.34 0.60 5.07 1.54 ± 1.14 
C27 ng/m3 0.51 3.20 1.20 ± 0.55 1.06 7.05 2.70 ± 1.60 
C28 ng/m3 0.31 2.11 0.67 ± 0.43 0.44 10.62 1.79 ± 2.22 
C29 ng/m3 0.11 2.65 0.91 ± 0.58 1.35 19.85 4.17 ± 3.57 
C30 ng/m3 <LOD 2.07 0.30 ± 0.49 0.18 16.43 1.68 ± 3.22 
C31 ng/m3 0.07 2.97 0.76 ± 0.65 0.86 15.00 2.93 ± 2.81 
C32 ng/m3 0.05 2.68 0.31 ± 0.49 0.00 7.53 0.93 ± 1.61 
C33 ng/m3 0.07 2.47 0.36 ± 0.44 0.22 3.15 0.88 ± 0.79 

Tot alkanes ng/m3 4.06 26.28 10.37 ± 5.08 11.83 90.98 27.10 ± 19.23 
CPI  0.47 2.51 1.32 ± 0.43 0.87 2.79 1.77 ± 0.48 
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PAHs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Main Site San Pietro 
  Min Max Average  S.D. Min Max Average  S.D. 

Phenanthrene ng/m3 <LOD 0.03 0.01 ± 0.01 <LOD 0.03 0.01 ± 0.01 
Anthracene ng/m3 <LOD 0.01 0.001 ± 0.002 <LOD 0.01 0.001 ± 0.002 

Fluoranthene ng/m3 <LOD 0.04 0.02 ± 0.01 <LOD 0.03 0.01 ± 0.01 
Pyrene ng/m3 0.01 0.05 0.02 ± 0.01 <LOD 0.03 0.01 ± 0.01 

Benzo (a) 
anthracene ng/m3 <LOD 0.04 0.01 ± 0.01 <LOD 0.01 0.004 ± 0.001 

Chrysene ng/m3 <LOD 0.06 0.02 ± 0.01 <LOD 0.02 0.008 ± 0.003 
Benzo (b+j) 
fluoranthene ng/m3 <LOD 0.10 0.03 ± 0.02 <LOD 0.10 0.02 ± 0.02 

Benzo (k) 
fuoranthene ng/m3 <LOD 0.02 0.01 ± 0.01 <LOD 0.02 0.004 ± 0.005 

Benzo(e)pyrene ng/m3 <LOD 0.05 0.02 ± 0.01 <LOD 0.05 0.01 ± 0.01 
Benzo(a)pyrene ng/m3 <LOD 0.04 0.02 ± 0.01 <LOD 0.02 0.007 ± 0.003 

Perylene ng/m3 <LOD 0.01 0.002 ± 0.001 <LOD 0.01 0.001 ± 0.002 
Indeno (1,2,3-c,d,) 

pyrene ng/m3 0.01 0.04 0.02 ± 0.01 <LOD 0.06 0.01 ± 0.01 

Benzo (g,h,i) 
perylene ng/m3 0.01 0.05 0.03 ± 0.01 0.01 0.05 0.01 ± 0.01 

Tot PAHs ng/m3 0.13 0.57 0.24 ± 0.09 0.00 0.40 0.16 ± 0.07 
BaP/(Bap+BeP)  0.36 0.53 0.42 ± 0.05 0.09 0.49 0.38 ± 0.07 

BaP/BeP  0.56 1.11 0.73 ± 0.14 0.10 0.96 0.63 ± 0.15 
IcdP/IcdP+BghiP  0.22 0.46 0.34 ± 0.05 0.32 0.54 0.41 ± 0.05 

∑BFs/BghiP  0.85 2.60 1.45 ± 0.40 0.40 2.48 1.42 ± 0.52 
BaPbb ng/m3 0.0003 0.0048 0.0017 ± 0.0015 0.0004 0.0029 0.0047 ± 0.0095 

BaPbb%  1.7 52.4 13.7 ± 13.9 6.8 72.9 30.6 ± 19.7 
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B.3 - Fall 2012 
23rd October – 10th November 

 

Meteorological conditions 

 

 

PM 

 

 

Carbonaceous fraction 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Average 
temperature °C 6.7 16.0 12.0 ± 2.6 4.7 14.1 10.6 ± 2.7 

Solar irradiance W/m2 23 120 71 ± 35 22 149 86 ± 44 
PBL height m 261 695 376 ± 107 161 462 263 ± 77 

Precipitations mm 65.0 74.8 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

PM µg/m3 6.2 71.0 31.1 ± 17.3 5.8 64.6 26.7 ± 16.6 
PMbb µg/m3 1.6 13.8 8.0 ± 4.0 2.1 12.6 6.5 ± 3.2 

PMbb%  6.1 59.2 28.6 ± 12.4 11.9 56.8 27.0 ± 13.2 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

TC µg/m3 3.0 18.1 9.6 ± 4.2 4.5 7.7 6.0 ± 1.4 
OC µg/m3 2.1 14.9 6.9 ± 3.8 3.4 6.3 4.9 ± 1.2 
EC µg/m3 0.7 5.4 2.4 ± 1.2 0.9 1.4 1.1 ± 0.2 

OC/EC µg/m3 0.8 6.0 2.9 ± 1.5 3.3 5.7 4.7 ± 1.1 
Ocsec µg/m3 1.1 12.4 5.3 ± 3.7 1.8 2.3 2.0 ± 0.3 

Ocsec%  54.6 87.2 73.4 ± 9.9 28.3 42.6 36.6 ± 7.5 
Ocbb(levo) µg/m3 0.4 3.3 1.9 ± 1.0 0.5 3.0 1.6 ± 0.8 

Ocbb(levo)%  7.0 90.1 36.2 ± 24.2 14.7 37.4 23.0 ± 10.0 
Ocbb(radio) µg/m3 1.5 8.5 4.1 ± 1.9 1.3 2.2 1.7 ± 0.4 
OCfossil µg/m3 0.8 4.7 2.5 ± 1.1 0.6 2.3 1.7 ± 0.8 
Ocbio µg/m3 0 5.7 0.4 ± 3.4 1.2 2.0 1.6 ± 0.4 

Ocbb(radio)%  26.0 61.1 41.8 ± 12.2 27.4 47.7 34.6 ± 9.2 
OCfossil%  30.4 35.9 32.9 ± 1.9 18.5 42.0 33.7 ± 10.6 
OCbio%  3.0 43.7 25.4 ± 14.1 30.6 33.8 31.7 ± 1.4 
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Acids 

 

 

Phenols  

 

 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Malonic acid ng/m3 <LOD 100.8 26.7 ± 32.6 <LOD 65.0 12.3 ± 22.2 
Succinic acid ng/m3 5.7 52.1 26.8 ± 14.3 6.2 49.8 22.2 ± 12.6 
Glutaric acid ng/m3 3.9 35.9 17.1 ± 9.0 <LOD 13.2 5.9 ± 3.9 
Adipic acid ng/m3 1.3 7.1 3.5 ± 1.9 1.3 7.3 3.0 ± 1.7 
Pimelic acid ng/m3 1.0 7.9 3.2 ± 1.6 0.9 4.0 2.0 ± 1.1 
Suberic acid ng/m3 n.d. n.d. 
Azelaic acid ng/m3 2.7 25.3 10.0 ± 7.1 <LOD 22.4 5.7 ± 6.2 
Maleic acid ng/m3 n.d. n.d. 
Phthalic acid ng/m3 1.7 11.4 5.3 ± 3.0 <LOD 5.0 2.7 ± 1.6 
Glicolic acid ng/m3 3.7 43.4 16.3 ± 12.4 3.9 42.9 13.6 ± 11.7 
Malic acid ng/m3 1.8 66.9 25.7 ± 22.5 5.2 56.1 22.1 ± 17.1 

3-hydroxybenzoic 
acid ng/m3 <LOD 2.9 1.2 ± 0.9 <LOD 2.7 0.8 ± 0.8 

4-hydroxybenzoic 
acid ng/m3 <LOD 5.3 2.2 ± 1.3 <LOD 3.1 1.5 ± 0.8 

Pinonic acid ng/m3 <LOD 5.1 2.1 ± 1.4 <LOD 3.4 0.7 ± 1.3 
2-ketoglutaric acid ng/m3 4.8 67.7 27.4 ± 19.2 4.5 91.8 22.3 ± 22.4 

TCAs ng/m3 35.5 330.3 167.4 ± 109.6 29.8 316.3 114.8 ± 89.5 
OxCAs ng/m3 15.5 156.4 74.8 ± 50.4 16.3 165.7 61.1 ± 47.8 

Other CAs ng/m3 20.1 191.7 92.6 ± 60.0 13.5 165.2 53.7 ± 43.2 
% oxCAs  36.4 56.3 44.0 ± 4.7 44.5 61.1 53.1 ± 5.3 

C3/C4  0.13 2.87 0.92 ± 0.8 0.32 1.75 0.95 ± 0.62 
C6/C9  0.20 0.78 0.40 ± 0.1 0.26 3.04 0.65 ± 0.73 
Ph/C9  0.41 0.87 0.59 ± 0.1 0.60 2.27 0.61 ± 0.54 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Vanillin ng/m3 1.3 2.4 1.8 ± 0.3 1.0 1.7 1.2 ± 0.2 
Vanillic acid ng/m3 1.1 6.1 2.3 ± 1.1 0.9 1.3 1.1 ± 0.1 

Acetovanillone ng/m3 <LOD 9.7 1.9 ± 2.1 <LOD 3.4 0.7 ± 0.9 
Syringaldehyde ng/m3 2.6 7.3 4.2 ± 1.5 <LOD 4.9 2.4 ± 1.7 
Syringic acid ng/m3 1.8 6.1 3.6 ± 1.2 <LOD 5.3 2.7 ± 1.5 

Acetosyringone ng/m3 n.d. n.d. 
Tot phenols ng/m3 7.0 22.3 14.1 ± 4.9 2.0 15.7 8.1 ± 4.1 

S/V  0.53 1.86 1.41 ± 0.31 0.91 2.90 1.88 ± 0.55 
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Sugars  

 

 

Alkanes 

 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Galactosan ng/m3 3.4 62.1 29.8 ± 18.3 6.7 49.4 23.7 ± 13.8 
Mannosan ng/m3 8.6 152.7 63.5 ± 38.4 14.9 103.6 47.0 ± 25.6 

Levoglucosan ng/m3 57.4 498.1 288.9 ± 143.9 75.1 454.1 233.2 ± 114.6 
Erithrytol ng/m3 <LOD 3.6 1.7 ± 1.1 <LOD 2.0 0.9 ± 0.6 

Xylitol ng/m3 n.d. n.d. 
Ribitol ng/m3 n.d. n.d. 

Mannitol ng/m3 <LOD 10.4 3.4 ± 3.8 <LOD 23.2 4.3 ± 6.0 
Arabinose ng/m3 <LOD 5.9 2.4 ± 1.6 <LOD 5.4 2.4 ± 1.4 
Mannose ng/m3 n.d. n.d. 
Glucose ng/m3 2.0 12.4 6.9 ± 2.9 1.7 8.6 4.9 ± 1.9 

Galactose ng/m3 1.0 5.1 2.8 ± 1.2 1.0 6.6 2.6 ± 1.4 
Sucrose ng/m3 <LOD 15.8 4.6 ± 4.3 <LOD 46.1 6.2 ± 11.0 
Mycose ng/m3 1.2 4.9 2.1 ± 0.9 0.9 2.8 1.6 ± 0.6 

Tot sugars ng/m3 89.8 729.4 406.1 ± 208.2 105.5 636.8 327.0 ± 158.7 
Anhydrosugars ng/m3 69.4 675.9 382.2 ± 198.7 96.6 607.1 303.9 ± 153.3 
Primary sugars ng/m3 7.4 53.5 23.9 ± 12.9 7.2 58.0 23.0 ± 13.8 

% anhydrosugars  77.3 97.7 93.1 ± 4.4 80.3 97.2 92.3 ± 4.7 
% primary sugars  2.3 22.7 6.9 ± 4.4 3.8 19.7 7.7 ± 4.7 

L/M  3.11 6.64 4.91 ± 0.77 4.14 6.07 5.09 ± 0.46 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

C22 ng/m3 <LOD 2.90 1.18 ± 0.81 <LOD 2.29 0.43 ± 0.61 
C23 ng/m3 <LOD 4.58 2.26 ± 1.32 0.64 5.49 2.29 ± 1.19 
C24 ng/m3 1.28 5.31 3.25 ± 1.32 <LOD 5.59 1.88 ± 1.59 
C25 ng/m3 1.46 7.96 4.04 ± 2.07 1.37 15.02 4.78 ± 3.25 
C26 ng/m3 <LOD 4.39 2.16 ± 1.26 <LOD 25.64 3.19 ± 5.60 
C27 ng/m3 <LOD 7.05 3.09 ± 2.20 0.64 68.03 7.41 ± 14.52 
C28 ng/m3 <LOD 3.75 1.04 ± 1.16 <LOD 154.73 9.05 ± 34.33 
C29 ng/m3 <LOD 11.72 4.23 ± 3.50 1.01 277.33 18.95 ± 60.91 
C30 ng/m3 <LOD 2.84 0.61 ± 0.95 <LOD 331.71 17.25 ± 74.02 
C31 ng/m3 <LOD 10.71 3.23 ± 3.01 <LOD 353.04 21.10 ± 78.18 
C32 ng/m3 <LOD 2.01 0.28 ± 0.61 <LOD 241.53 12.20 ± 53.98 
C33 ng/m3 <LOD 4.21 0.94 ± 1.18 <LOD 122.41 6.94 ± 27.21 

Tot alkanes ng/m3 3.21 64.07 27.01 ± 17.74 5.95 1669.45 112.13 ± 366.98 
CPI  1.04 2.76 1.99 ± 0.46 1.01 15.00 3.59 ± 3.41 
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PAHs 

 

 

 

 

 

 

 

 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Phenanthrene ng/m3 <LOD 0.10 0.03 ± 0.02 <LOD 0.03 0.01 ± 0.01 
Anthracene ng/m3 <LOD 0.02 0.003 ± 0.006 <LOD 0.10 0.004 ± 0.002 

Fluoranthene ng/m3 0.02 0.35 0.15 ± 0.09 <LOD 0.14 0.05 ± 0.04 
Pyrene ng/m3 0.01 0.42 0.15 ± 0.12 <LOD 0.08 0.03 ± 0.02 

Benzo (a) 
anthracene ng/m3 0.03 0.69 0.22 ± 0.20 0.01 0.30 0.08 ± 0.07 

Chrysene ng/m3 0.06 0.69 0.28 ± 0.19 0.01 0.26 0.13 ± 0.08 
Benzo (b+j) 
fluoranthene ng/m3 0.12 1.87 0.79 ± 0.47 0.08 1.27 0.48 ± 0.34 

Benzo (k) 
fuoranthene ng/m3 0.04 0.50 0.23 ± 0.13 0.02 0.33 0.12 ± 0.09 

Benzo(e)pyrene ng/m3 0.08 0.86 0.37 ± 0.19 0.04 0.62 0.24 ± 0.16 
Benzo(a)pyrene ng/m3 0.07 1.17 0.40 ± 0.16 0.02 0.70 0.21 ± 0.19 

Perylene ng/m3 0.01 0.14 0.06 ± 0.04 0.01 0.31 0.06 ± 0.08 
Indeno (1,2,3-c,d,) 

pyrene ng/m3 0.05 0.64 0.32 ± 0.17 0.03 0.42 0.18 ± 0.12 

Benzo (g,h,i) 
perylene ng/m3 0.09 0.85 0.44 ± 0.23 0.04 0.49 0.22 ± 0.14 

Tot PAHs ng/m3 0.88 8.66 3.83 ± 2.16 0.34 5.18 2.02 ± 1.41 
BaP/(Bap+BeP)  0.39 0.58 0.50 ± 0.05 0.05 0.57 0.44 ± 0.11 

BaP/BeP  0.65 1.36 1.02 ± 0.20 0.06 1.34 0.83 ± 0.29 
IcdP/IcdP+BghiP  0.35 0.46 0.42 ± 0.03 0.42 0.50 0.45 ± 0.02 

∑BFs/BghiP  0.80 3.56 2.37 ± 0.64 1.49 7.52 2.93 ± 1.83 
BaPbb ng/m3 0.05 0.40 0.23 ± 0.11 0.06 0.36 0.19 ± 0.09 

BaPbb%  20.0 98.2 61.7 ± 22.4 50.7 232.2 88.5 ± 48.0 
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B.4 - Winter 2013 
30th January – 17th February 

 

Meteorological conditions 

 

 

PM 

 

 

Carbonaceous fraction 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Average 
temperature °C 0.4 7.4 3.9 ± 1.6 1.0 4.7 2.6 ± 1.0 

Solar irradiance W/m2 14 121 78 ± 33.3 9 144 89 ± 47 
PBL height m 243 560 398 ± 83.1 110 444 296 ± 103 

Precipitations mm 49.4 40.4 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

PM µg/m3 12.6 73.0 33.1 ± 14.0 9.5 86.9 35.2 ± 19.5 
PMbb µg/m3 3.5 12.3 7.2 ± 2.8 3.2 13.3 7.0 ± 3.1 

PMbb%  12.7 43.0 23.4 ± 8.4 9.1 46.2 22.8 ± 9.6 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

TC µg/m3 6.2 16.2 9.2 ± 2.7 6.9 17.5 10.2 ± 3.9 
OC µg/m3 4.8 12.1 7.2 ± 2.0 5.5 15.7 8.3 ± 3.6 
EC µg/m3 1.0 4.1 1.9 ± 0.8 0.9 1.9 1.4 ± 0.3 

OC/EC µg/m3 2.5 5.6 3.8 ± 0.9 4.0 8.5 5.9 ± 1.6 
Ocsec µg/m3 0.3 3.9 2.3 ± 1.1 1.1 8.3 3.5 ± 2.9 

Ocsec%  5.7 54.6 32.1 ± 14.6 15.8 52.8 33.6 ± 14.9 
Ocbb(levo) µg/m3 0.8 2.9 1.7 ± 0.7 0.8 3.2 1.7 ± 0.7 

Ocbb(levo)%  15.6 58.9 26.2 ± 12.4 11.9 30.2 20.3 ± 7.1 
Ocbb(radio) µg/m3 1.6 6.4 3.1 ± 1.2 1.7 2.9 2.3 ± 0.4 
OCfossil µg/m3 1.6 4.2 2.4 ± 0.7 1.6 8.2 3.8 ± 2.4 
Ocbio µg/m3 0.1 3.0 1.7 ± 0.9 1.8 4.6 2.7 ± 1.0 

Ocbb(radio)%  28.0 61.7 43.3 ± 10.1 18.4 39.0 28.1 ± 7.5 
OCfossil%  30.7 36.0 33.1 ± 1.6 28.6 52.4 41.2 ± 8.6 
OCbio%  2.4 41.3 23.6 ± 11.7 29.2 32.4 30.7 ± 1.2 
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Acids 

 

 

Phenols  

 

 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Malonic acid ng/m3 4.3 76.2 26.8 ± 21.1 <LOD 92.0 23.1 ± 26.1 
Succinic acid ng/m3 13.3 49.4 32.3 ± 12.6 11.1 61.2 35.1 ± 14.5 
Glutaric acid ng/m3 <LOD 52.6 18.5 ± 13.2 <LOD 52.6 23.1 ± 17.8 
Adipic acid ng/m3 <LOD 9.6 3.8 ± 2.4 <LOD 8.5 4.2 ± 2.1 
Pimelic acid ng/m3 <LOD 4.7 1.1 ± 1.9 <LOD 7.6 3.2 ± 2.3 
Suberic acid ng/m3 n.d. n.d. 
Azelaic acid ng/m3 <LOD 34.1 9.9 ± 10.1 <LOD 29.0 10.4 ± 9.5 
Maleic acid ng/m3 <LOD 158.6 64.2 ± 39.9 <LOD 134.2 51.7 ± 41.1 
Phthalic acid ng/m3 <LOD 28.5 9.3 ± 7.7 <LOD 35.5 9.4 ± 9.0 
Glicolic acid ng/m3 5.9 32.0 14.2 ± 6.5 4.3 34.4 16.9 ± 9.5 
Malic acid ng/m3 3.9 38.8 20.3 ± 11.5 <LOD 46.2 21.4 ± 15.4 

3-hydroxybenzoic 
acid ng/m3 <LOD 3.9 1.8 ± 1.0 <LOD 5.1 1.8 ± 1.4 

4-hydroxybenzoic 
acid ng/m3 0.9 5.3 2.8 ± 1.5 0.6 7.5 3.0 ± 1.9 

Pinonic acid ng/m3 n.d. <LOD 6.4 1.4 ± 2.0 
2-ketoglutaric acid ng/m3 <LOD 97.0 44.3 ± 29.6 2.3 137.8 43.3 ± 34.2 

TCAs ng/m3 51.6 458.3 249.3 ± 122.3 44.0 524.6 247.9 ± 139.0 
OxCAs ng/m3 15.5 149.0 83.4 ± 43.1 15.6 202.7 87.7 ± 55.7 

Other CAs ng/m3 23.2 346.2 165.9 ± 84.5 28.4 371.8 160.1 ± 90.1 
% oxCAs  12.7 54.9 34.4 ± 9.9 18.7 50.3 34.2 ± 9.3 

C3/C4  0.14 1.99 0.81 ± 0.52 0.15 2.30 0.87 ± 0.64 
C6/C9  0.12 0.43 0.29 ± 0.09 0.20 0.78 0.38 ± 0.17 
Ph/C9  0.32 1.90 0.87 ± 0.50 1.53 2.13 0.96 ± 0.62 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Vanillin ng/m3 <LOD 1.7 0.6 ± 0.7 <LOD 1.6 1.0 ± 0.5 
Vanillic acid ng/m3 2.1 8.7 4.2 ± 1.9 1.3 10.9 4.5 ± 2.9 

Acetovanillone ng/m3 <LOD 6.5 2.2 ± 2.1 <LOD 12.4 2.6 ± 3.3 
Syringaldehyde ng/m3 <LOD 12.5 4.2 ± 4.3 <LOD 14.7 4.5 ± 4.8 
Syringic acid ng/m3 2.1 11.1 5.8 ± 2.8 1.8 11.3 5.3 ± 3.1 

Acetosyringone ng/m3 n.d. n.d. 
Tot phenols ng/m3 4.2 38.6 17.3 ± 9.7 3.3 37.2 18.5 ± 11.8 

S/V  0.56 3.45 1.52 ± 0.81 0.47 2.47 1.33 ± 0.58 
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Sugars  

 

 

Alkanes 

 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Galactosan ng/m3 7.9 50.9 31.6 ± 12.3 8.7 57.0 32.0 ± 15.4 
Mannosan ng/m3 29.8 104.6 63.6 ± 23.7 23.2 110.7 61.5 ± 27.2 

Levoglucosan ng/m3 125.5 442.7 259.4 ± 98.9 114.4 477.3 252.9 ± 110.7 
Erithrytol ng/m3 <LOD 10.2 2.8 ± 2.4 <LOD 7.3 2.1 ± 1.9 

Xylitol ng/m3 n.d. n.d. 
Ribitol ng/m3 n.d. n.d. 

Mannitol ng/m3 <LOD 4.3 1.4 ± 1.1 <LOD 3.1 1.0 ± 0.9 
Arabinose ng/m3 <LOD 6.1 3.2 ± 1.5 1.5 6.7 3.2 ± 1.6 
Mannose ng/m3 n.d. n.d. 
Glucose ng/m3 3.6 11.2 5.6 ± 1.7 3.6 8.7 5.4 ± 1.4 

Galactose ng/m3 1.8 6.0 3.0 ± 1.1 1.6 6.4 3.1 ± 1.3 
Sucrose ng/m3 <LOD 14.0 3.1 ± 3.0 <LOD 4.9 2.6 ± 1.2 
Mycose ng/m3 <LOD 2.5 1.0 ± 0.7 <LOD 2.1 1.0 ± 0.6 

Tot sugars ng/m3 179.3 639.8 374.6 ± 139.8 159.3 661.8 364.7 ± 155.9 
Anhydrosugars ng/m3 169.5 598.2 354.6 ± 133.3 149.3 637.1 346.3 ± 151.3 
Primary sugars ng/m3 9.8 41.6 20.0 ± 7.5 10.0 28.2 18.4 ± 5.3 

% anhydrosugars  93.1 96.6 94.6 ± 0.9 92.4 96.3 94.6 ± 1.2 
% primary sugars  3.4 6.9 5.4 ± 0.9 3.7 7.6 5.4 ± 1.2 

L/M  3.53 5.43 4.09 ± 0.41 3.24 5.15 4.18 ± 0.52 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

C22 ng/m3 0.92 6.42 3.31 ± 1.53 0.46 4.22 2.37 ± 1.18 
C23 ng/m3 0.73 8.34 3.97 ± 2.14 0.88 6.60 2.96 ± 1.53 
C24 ng/m3 1.01 7.61 4.08 ± 1.78 0.73 5.69 2.69 ± 1.47 
C25 ng/m3 1.19 8.34 4.16 ± 1.89 <LOD 5.87 2.49 ± 1.82 
C26 ng/m3 0.55 8.52 3.44 ± 1.87 <LOD 5.68 1.66 ± 1.61 
C27 ng/m3 1.52 6.23 3.68 ± 1.27 <LOD 11.19 2.38 ± 2.88 
C28 ng/m3 <LOD 4.12 1.50 ± 1.20 <LOD 11.74 1.38 ± 3.04 
C29 ng/m3 1.21 8.07 4.50 ± 1.83 <LOD 17.05 3.08 ± 4.15 
C30 ng/m3 <LOD 4.67 2.09 ± 1.43 <LOD 16.32 1.45 ± 4.05 
C31 ng/m3 <LOD 7.70 3.48 ± 1.98 <LOD 15.40 2.23 ± 3.75 
C32 ng/m3 <LOD 3.94 1.63 ± 1.40 <LOD 8.44 0.75 ± 2.01 
C33 ng/m3 <LOD 3.48 1.56 ± 1.36 <LOD 7.89 0.71 ± 1.89 

Tot alkanes ng/m3 9.72 74.15 40.50 ± 19.42 4.40 118.56 29.64 ± 27.17 
CPI  0.92 6.42 3.31 ± 1.53 0.46 4.22 2.37 ± 1.18 
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PAHs 

 

 

  

 

 

 

 

 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Phenanthrene ng/m3 <LOD 0.05 0.01 ± 0.01 <LOD 0.33 0.08 ± 0.09 
Anthracene ng/m3 n.d. <LOD 0.03 0.005 ± 0.009 

Fluoranthene ng/m3 <LOD 0.32 0.09 ± 0.09 <LOD 0.63 0.31 ± 0.18 
Pyrene ng/m3 <LOD 0.19 0.05 ± 0.05 <LOD 0.42 0.21 ± 0.12 

Benzo (a) 
anthracene ng/m3 0.04 0.84 0.28 ± 0.22 <LOD 0.80 0.18 ± 0.22 

Chrysene ng/m3 0.12 1.48 0.42 ± 0.32 0.01 0.95 0.32 ± 0.32 
Benzo (b+j) 
fluoranthene ng/m3 0.28 2.99 0.84 ± 0.62 0.09 2.29 0.98 ± 0.69 

Benzo (k) 
fuoranthene ng/m3 0.07 0.83 0.22 ± 0.17 0.02 0.65 0.28 ± 0.20 

Benzo(e)pyrene ng/m3 0.13 1.42 0.39 ± 0.29 0.02 1.02 0.44 ± 0.31 
Benzo(a)pyrene ng/m3 0.05 2.20 0.39 ± 0.48 0.01 1.17 0.47 ± 0.41 

Perylene ng/m3 0.01 0.15 0.05 ± 0.04 0.00 0.16 0.06 ± 0.05 
Indeno (1,2,3-c,d,) 

pyrene ng/m3 0.11 0.69 0.27 ± 0.14 0.02 0.75 0.30 ± 0.22 

Benzo (g,h,i) 
perylene ng/m3 0.17 0.90 0.36 ± 0.18 0.02 0.98 0.37 ± 0.27 

Tot PAHs ng/m3 1.14 11.58 3.57 ± 2.51 0.28 10.11 4.29 ± 2.92 
BaP/(Bap+BeP)  0.26 0.61 0.45 ± 0.09 0.24 0.58 0.46 ± 0.10 

BaP/BeP  0.35 1.56 0.86 ± 0.31 0.32 1.36 0.89 ± 0.31 
IcdP/IcdP+BghiP  0.40 0.47 0.43 ± 0.02 0.39 0.68 0.46 ± 0.06 

∑BFs/BghiP  1.69 4.27 2.81 ± 0.62 1.54 4.45 3.54 ± 0.73 
BaPbb ng/m3 0.10 0.35 0.21 ± 0.08 0.09 0.38 0.20 ± 0.09 

BaPbb%  15.2 108.6 68.6 ± 27.3 10.3 96.2 52.9 ± 28.5 
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B.5 - Spring 2013 
7th May – 27th May 

 

Meteorological conditions 

 

 

PM 

 

 

Carbonaceous fraction 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Average 
temperature °C 10.8 21.8 17.6 ± 2.3 9.8 20.6 16.5 ± 2.4 

Solar irradiance W/m2 113 312 228 ± 64.0 87 342 240 ± 79 
PBL height m 679 1348 954 ± 204 566 1145 786 ± 160 

Precipitations mm 64.6 53.0 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

PM µg/m3 5.2 13.3 8.5 ± 2.4 2.8 19.4 8.0 ± 4.8 
PMbb µg/m3 0.01 1.9 0.3 ± 0.5 0.02 0.2 0.1 ± 0.1 

PMbb%  0.2 23.5 4.3 ± 5.8 0.3 6.7 1.8 ± 2.1 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

TC µg/m3 1.7 4.4 2.9 ± 0.9 1.3 2.4 1.9 ± 0.5 
OC µg/m3 1.1 2.9 2.0 ± 0.6 1.1 1.9 1.5 ± 0.4 
EC µg/m3 0.3 1.8 0.9 ± 0.4 0.5 0.4 0.3 ± 0.1 

OC/EC µg/m3 1.5 5.5 2.6 ± 1.1 3.5 6.4 4.9 ± 1.2 
Ocsec µg/m3 0.001 1.2 0.7 ± 0.4 0.2 0.6 0.5 ± 0.1 

Ocsec%  0.04 72.9 37.2 ± 19.6 12.9 45.5 31.7 ± 14.6 
Ocbb(levo) µg/m3 0.002 0.5 0.1 ± 0.1 0 0.04 0.03 ± 0.02 

Ocbb(levo)%  0.0 21.2 4.5 ± 5.6 0 4.8 1.5 ± 1.9 
Ocbb(radio) µg/m3 0.1 0.6 0.3 ± 0.1 0.1 0.2 0.1 ± 0.1 
OCfossil µg/m3 0.3 0.8 0.5 ± 0.2 0.8 1.3 1.0 ± 0.2 
Ocbio µg/m3 0.6 1.6 1.2 ± 0.3 0.3 0.5 0.4 ± 0.1 

Ocbb(radio)%  6.5 23.9 15.6 ± 5.1 5.5 10.2 7.6 ± 1.9 
OCfossil%  25.5 28.2 26.9 ± 0.8 63.8 69.2 66.8 ± 2.2 
OCbio%  47.9 68.1 57.5 ± 5.9 25.4 26.0 25.6 ± 0.3 
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Acids 

 

 

Phenols  

 

 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Malonic acid ng/m3 <LOD 2.0 0.9 ± 0.6 <LOD 2.0 0.9 ± 0.6 
Succinic acid ng/m3 <LOD 4.7 1.9 ± 1.4 <LOD 5.3 2.6 ± 1.5 
Glutaric acid ng/m3 <LOD 1.7 0.4 ± 0.5 <LOD 1.4 0.5 ± 0.4 
Adipic acid ng/m3 <LOD 1.3 0.4 ± 0.4 <LOD 1.1 0.4 ± 0.4 
Pimelic acid ng/m3 n.d. n.d. 
Suberic acid ng/m3 <LOD 2.0 1.0 ± 0.6 <LOD 1.3 0.6 ± 0.5 
Azelaic acid ng/m3 <LOD 2.0 0.5 ± 0.7 <LOD 1.5 0.1 ± 0.4 
Maleic acid ng/m3 <LOD 0.8 0.2 ± 0.3 <LOD 1.0 0.2 ± 0.4 
Phthalic acid ng/m3 <LOD 1.2 0.3 ± 0.4 <LOD 0.9 0.1 ± 0.3 
Glicolic acid ng/m3 1.0 7.7 4.2 ± 2.0 <LOD 10.6 4.3 ± 2.6 
Malic acid ng/m3 <LOD 29.1 6.5 ± 7.1 <LOD 7.6 3.1 ± 1.8 

3-hydroxybenzoic 
acid ng/m3 n.d. n.d. 

4-hydroxybenzoic 
acid ng/m3 n.d. n.d. 

Pinonic acid ng/m3 <LOD 0.7 0.3 ± 0.3 <LOD 1.6 0.8 ± 0.6 
2-ketoglutaric acid ng/m3 <LOD 1.0 0.2 ± 0.3 <LOD 1.1 0.1 ± 0.3 

TCAs ng/m3 6.0 54.5 17.4 ± 11.9 5.3 24.1 13.9 ± 4.7 
OxCAs ng/m3 4.1 38.9 11.6 ± 8.6 2.2 16.4 8.5 ± 4.1 

Other CAs ng/m3 1.0 15.6 5.8 ± 3.5 1.3 8.5 5.4 ± 2.1 
% oxCAs  46.6 84.8 66.0 ± 9.7 41.0 90.5 59.4 ± 14.8 

C3/C4  0.07 0.64 0.39 ± 0.17 0.12 0.77 0.30 ± 0.18 
C6/C9  0.43 0.70 0.57 ± 0.12 0.39 2.87 1.22  0.99 
Ph/C9  0.37 0.73 0.53 ± 0.14 0.35 2.27 1.36  0.84 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Vanillin ng/m3 n.d. <LOD 0.3 0.2 ± 0.1 
Vanillic acid ng/m3 <LOD 0.4 0.2 ± 0.1 <LOD 0.3 0.1 ± 0.1 

Acetovanillone ng/m3 <LOD 0.4 0.1 ± 0.2 <LOD 0.3 0.1 ± 0.2 
Syringaldehyde ng/m3 <LOD 0.3 0.2 ± 0.1 <LOD 0.2 0.1 ± 0.1 
Syringic acid ng/m3 <LOD 0.3 0.2 ± 0.1 <LOD 0.3 0.1 ± 0.1 

Acetosyringone ng/m3 n.d. n.d. 
Tot phenols ng/m3 0.5 2.0 1.1 ± 0.5 0.2 1.4 0.6 ± 0.4 

S/V  0.41 2.27 0.89 ± 0.56 0.31 0.71 0.53 ± 0.14 
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Sugars  

 

 

Alkanes 

 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Galactosan ng/m3 <LOD 10.6 1.3 ± 2.6 <LOD 0.8 0.4 ± 0.2 
Mannosan ng/m3 <LOD 12.4 1.8 ± 3.0 <LOD 1.7 0.7 ± 0.4 

Levoglucosan ng/m3 <LOD 69.3 12.6 ± 16.9 <LOD 8.1 3.8 ± 2.5 
Erithrytol ng/m3 <LOD 3.4 0.6 ± 0.8 <LOD 0.6 0.3 ± 0.1 

Xylitol ng/m3 n.d. n.d. 
Ribitol ng/m3 n.d. n.d. 

Mannitol ng/m3 <LOD 72.1 13.7 ± 17.4 <LOD 15.7 6.3 ± 4.9 
Arabinose ng/m3 <LOD 3.4 0.5 ± 0.8 <LOD 0.5 0.3 ± 0.1 
Mannose ng/m3 <LOD 35.6 3.8 ± 8.9 <LOD 18.0 4.6 ± 6.1 
Glucose ng/m3 <LOD 40.4 6.2 ± 9.7 <LOD 29.0 7.3 ± 9.2 

Galactose ng/m3 <LOD 9.4 1.1 ± 2.3 <LOD 2.2 0.7 ± 0.7 
Sucrose ng/m3 <LOD 7.0 1.7 ± 1.8 <LOD 4.2 0.9 ± 1.1 
Mycose ng/m3 <LOD 15.8 6.9 ± 5.1 <LOD 21.4 5.3 ± 5.6 

Tot sugars ng/m3 4.4 256.6 50.2 ± 60.2 8.2 81.2 30.5 ± 22.3 
Anhydrosugars ng/m3 0.6 92.3 15.7 ± 22.3 1.1 10.4 4.9 ± 3.0 
Primary sugars ng/m3 1.6 164.3 34.5 ± 38.6 6.6 73.1 25.7 ± 21.3 

% anhydrosugars  12.2 62.7 30.7 ± 14.1 4.7 55.5 20.4 ± 13.5 
% primary sugars  37.3 87.8 69.3 ± 14.1 44.5 95.3 79.6 ± 13.5 

L/M  2.16 11.31 6.98 ± 2.84 2.86 7.42 5.40 ± 1.58 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

C22 ng/m3 <LOD 0.50 0.25 ± 0.16 n.d. 
C23 ng/m3 0.23 0.73 0.38 ± 0.16 <LOD 0.21 0.09 ± 0.07 
C24 ng/m3 0.13 0.85 0.34 ± 0.20 <LOD 0.24 0.14 ± 0.06 
C25 ng/m3 0.67 1.43 1.00 ± 0.30 0.10 0.38 0.25 ± 0.09 
C26 ng/m3 0.11 1.06 0.42 ± 0.30 <LOD 0.11 0.02 ± 0.04 
C27 ng/m3 1.34 2.97 2.15 ± 0.60 0.51 1.38 0.88 ± 0.27 
C28 ng/m3 <LOD 0.79 0.34 ± 0.25 <LOD 0.26 0.05 ± 0.10 
C29 ng/m3 1.45 3.94 2.73 ± 0.72 0.82 1.93 1.44 ± 0.38 
C30 ng/m3 <LOD 0.91 0.38 ± 0.24 0.00 0.20 0.06 ± 0.09 
C31 ng/m3 1.75 3.95 2.60 ± 0.63 0.53 2.02 1.22 ± 0.41 
C32 ng/m3 0.21 0.66 0.36 ± 0.13 <LOD 0.19 0.07 ± 0.08 
C33 ng/m3 1.52 3.98 2.41 ± 0.85 <LOD 0.32 0.22 ± 0.09 

Tot alkanes ng/m3 16.58 21.14 15.78 ± 3.43 2.55 6.62 4.78 ± 1.00 
CPI  2.35 14.34 5.69 ± 3.17 3.15 26.36 15.26 ± 9.07 
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PAHs 

 

 

 

 

 

 

 

 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Phenanthrene ng/m3 <LOD 0.02 0.006 ± 0.003 n.d. 
Anthracene ng/m3 <LOD 0.02 0.002 ± 0.005 n.d. 

Fluoranthene ng/m3 0.02 0.04 0.02 ± 0.01 <LOD 0.01 0.004 ± 0.002 
Pyrene ng/m3 0.01 0.06 0.02 ± 0.01 <LOD 0.01 0.004 ± 0.002 

Benzo (a) 
anthracene ng/m3 0.01 0.03 0.01 ± 0.01 n.d. 

Chrysene ng/m3 0.01 0.03 0.02 ± 0.01 <LOD 0.01 0.002 ± 0.002 
Benzo (b+j) 
fluoranthene ng/m3 0.02 0.08 0.05 ± 0.02 <LOD 0.13 0.02 ± 0.03 

Benzo (k) 
fuoranthene ng/m3 0.01 0.02 0.01 ± 0.01 <LOD 0.03 0.01 ± 0.01 

Benz(e)pyrene ng/m3 0.01 0.05 0.03 ± 0.01 <LOD 0.06 0.01 ± 0.02 
Benzo(a)pyrene ng/m3 0.01 0.05 0.02 ± 0.01 <LOD 0.04 0.01 ± 0.01 

Perylene ng/m3 <LOD 0.01 0.003 ± 0.002 n.d. 
Indeno (1,2,3-c,d,) 

pyrene ng/m3 0.01 0.03 0.01 ± 0.01 <LOD 0.01 0.004 ± 0.001 

Benzo (g,h,i) 
perylene ng/m3 0.01 0.05 0.03 ± 0.01 <LOD 0.01 0.006 ± 0.002 

Tot PAHs ng/m3 0.13 0.49 0.26 ± 0.11 0.02 0.31 0.08 ± 0.08 
BaP/(Bap+BeP)  0.32 0.54 0.40 ± 0.06 0.25 0.42 0.35 ± 0.05 

BaP/BeP  0.47 1.16 0.71 ± 0.18 0.65 0.72 0.54 ± 0.11 
IcdP/IcdP+BghiP  0.23 0.41 0.32 ± 0.04 0.37 0.47 0.41 ± 0.03 

∑BFs/BghiP  1.77 2.98 2.25 ± 0.35 1.01 22.11 4.91 ± 5.81 
BaPbb ng/m3 0 0.06 0.01 ± 0.01 0 0.01 0.003 ± 0.002 

BaPbb%  8.3 96.1 39.7 ± 34.2 0 100* 34.7 ± 33.0 
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B.6 - Fall 2013 
27th September – 25th October 

 

Meteorological conditions 

 

 

PM 

 

 

Carbonaceous fraction 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Average 
temperature °C 13.1 23.1 15.7 ± 2.5 12.4 22.4 15.0 ± 2.5 

Solar irradiance W/m2 13 176 97 ± 52 156 205 105 ± 62 
PBL height m 225 930 468 ± 188 200 652 402 ± 133 

Precipitations mm 131.6 118.6 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

PM µg/m3 7.6 38.7 21.6 ± 10.2 3.7 40.2 16.5 ± 10.3 
PMbb µg/m3 0.004 2.7 1.0 ± 0.7 0.1 2.7 1.1 ± 0.7 

PMbb%  0.01 14.3 4.9 ± 3.4 2.2 26.8 7.3 ± 6.0 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

TC µg/m3 2.1 12.1 6.3 ± 2.9 3.4 7.1 5.7 ± 1.4 
OC µg/m3 1.5 7.8 3.7 ± 1.9 2.9 6.1 4.9 ± 1.3 
EC µg/m3 0.5 1.7 1.1 ± 0.4 0.7 1.0 0.8 ± 0.2 

OC/EC µg/m3 2.2 4.8 3.2 ± 0.8 5.2 7.4 6.1 ± 0.9 
Ocsec µg/m3 0.3 4.2 1.4 ± 1.2 0.4 1.6 1.0 ± 0.5 

Ocsec%  13.9 54.4 31.7 ± 12.7 6.7 30.3 18.6 ± 9.6 
Ocbb(levo) µg/m3 0.001 0.653 0.231 ± 0.158 0.02 0.64 0.26 ± 0.17 

Ocbb(levo)%  2.0 14.4 5.2 ± 3.6 2.7 6.4 5.0 ± 1.4 
Ocbb(radio) µg/m3 0.4 1.2 0.8 ± 0.3 0.4 0.7 0.6 ± 0.1 
OCfossil µg/m3 0.4 2.1 1.0 ± 0.5 1.7 3.8 3.1 ± 0.8 
Ocbio µg/m3 0.7 4.5 1.9 ± 1.1 0.8 1.6 1.3 ± 0.3 

Ocbb(radio)%  14.8 32.5 23.2 ± 5.1 9.5 13.7 11.7 ± 1.6 
OCfossil%  26.8 29.5 28.1 ± 0.8 59.7 64.5 62.1 ± 1.9 
OCbio%  38.0 58.4 48.7 ± 5.9 26.4 26.6 26.3 ± 0.3 
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Acids 

 

 

Phenols  

 

 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Malonic acid ng/m3 <LOD 26.8 10.3 ± 8.8 <LOD 29.4 10.5 ± 9.5 
Succinic acid ng/m3 2.1 19.4 8.6 ± 5.3 2.8 23.0 10.7 ± 6.5 
Glutaric acid ng/m3 <LOD 4.8 2.3 ± 1.3 <LOD 6.6 3.0 ± 1.9 
Adipic acid ng/m3 <LOD 2.4 1.3 ± 0.7 <LOD 3.2 1.4 ± 0.8 
Pimelic acid ng/m3 <LOD 1.4 0.8 ± 0.4 <LOD 1.9 0.9 ± 0.5 
Suberic acid ng/m3   
Azelaic acid ng/m3 <LOD 4.7 2.4 ± 1.4 <LOD 4.5 2.6 ± 1.2 
Maleic acid ng/m3 <LOD 24.5 3.6 ± 6.6 <LOD 18.0 3.1 ± 4.6 
Phthalic acid ng/m3 <LOD 12.4 1.5 ± 3.3 <LOD 5.6 0.9 ± 1.8 
Glicolic acid ng/m3 1.0 11.1 5.7 ± 3.0 <LOD 15.7 7.0 ± 3.9 
Malic acid ng/m3 1.3 17.9 9.5 ± 4.4 <LOD 21.2 10.7 ± 5.5 

3-hydroxybenzoic 
acid ng/m3 <LOD 0.5 0.1 ± 0.2 <LOD 0.4 0.1 ± 0.1 

4-hydroxybenzoic 
acid ng/m3 <LOD 4.7 0.7 ± 1.1 <LOD 0.7 0.3 ± 0.3 

Pinonic acid ng/m3 <LOD 1.6 0.4 ± 0.5 <LOD 2.8 1.5 ± 1.1 
2-ketoglutaric acid ng/m3 <LOD 5.2 1.8 ± 1.7 <LOD 6.9 2.7 ± 2.0 

TCAs ng/m3 8.4 102.8 50.0 ± 25.9 2.5 135.6 55.5 ± 34.3 
OxCAs ng/m3 2.8 34.9 18.3 ± 8.8 1.4 49.5 23.0 ± 12.1 

Other CAs ng/m3 5.6 67.9 31.7 ± 18.9 1.1 86.2 32.5 ± 23.1 
% oxCAs  19.1 54.3 38.7 ± 10.1 27.1 62.3 45.1 ± 8.8 

C3/C4  0.42 2.17 1.27 ± 0.59 0.31 1.99 1.08 ± 0.55 
C6/C9  0.26 13.28 1.35 ± 3.30 0.24 0.77 0.53 ± 0.14 
Ph/C9  0.02 7.84 0.89 ± 1.94 0.02 2.21 0.43 ± 0.75 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Vanillin ng/m3 <LOD 0.4 0.1 ± 0.1 <LOD 0.3 0.1 ± 0.1 
Vanillic acid ng/m3 <LOD 1.2 0.3 ± 0.3 <LOD 0.5 0.2 ± 0.2 

Acetovanillone ng/m3 <LOD 0.5 0.2 ± 0.1 <LOD 0.3 0.1 ± 0.1 
Syringaldehyde ng/m3 <LOD 0.2 0.10 ± 0.05 <LOD 0.1 0.08 ± 0.01 
Syringic acid ng/m3 <LOD 0.9 0.3 ± 0.3 <LOD 0.6 0.1 ± 0.2 

Acetosyringone ng/m3 n.d. n.d. 
Tot phenols ng/m3 0.3 2.7 1.0 ± 0.8 0.0 1.8 0.6 ± 0.4 

S/V  0.18 0.96 0.52 ± 0.2 0.1 0.7 0.4 ± 0.18 
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Sugars  

 

 

Alkanes 

 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Galactosan ng/m3 0.8 9.9 5.0 ± 3.2 <LOD 9.5 4.3 ± 2.9 
Mannosan ng/m3 <LOD 28.9 8.3 ± 8.5 <LOD 16.1 6.9 ± 5.6 

Levoglucosan ng/m3 <LOD 98.1 34.6 ± 23.8 2.9 97.5 38.8 ± 25.9 
Erithrytol ng/m3 <LOD 1.1 0.6 ± 0.4 <LOD 1.0 0.5 ± 0.3 

Xylitol ng/m3 <LOD 1.4 0.3 ± 0.5 <LOD 2.0 0.4 ± 0.6 
Ribitol ng/m3 <LOD 10.4 4.1 ± 2.6 <LOD 8.3 3.8 ± 2.7 

Mannitol ng/m3 <LOD 21.1 7.3 ± 5.6 <LOD 12.7 6.9 ± 4.3 
Arabinose ng/m3 <LOD 1.9 0.6 ± 0.6 <LOD 1.8 0.7 ± 0.6 
Mannose ng/m3 1.7 8.5 4.2 ± 1.7 <LOD 6.7 3.1 ± 1.6 
Glucose ng/m3 1.7 8.5 4.2 ± 1.7 1.2 10.5 4.3 ± 2.3 

Galactose ng/m3 n.d. n.d. 
Sucrose ng/m3 <LOD 25.3 4.2 ± 6.0 <LOD 7.2 2.9 ± 1.9 
Mycose ng/m3 <LOD 11.2 3.9 ± 3.0 <LOD 7.4 3.1 ± 2.2 

Tot sugars ng/m3 20.6 133.1 77.2 ± 29.8 11.3 136.0 75.7 ± 32.0 
Anhydrosugars ng/m3 6.8 119.0 47.9 ± 31.1 3.9 118.3 50.1 ± 33.0 
Primary sugars ng/m3 13.4 85.4 29.3 ± 18.7 7.4 45.1 25.6 ± 12.5 

% anhydrosugars  11.5 89.4 57.8 ± 23.2 26.2 87.0 59.8 ± 23.0 
% primary sugars  10.6 88.5 42.2 ± 23.2 13.0 73.8 40.2 ± 23.0 

L/M  1.38 21.70 7.12 ± 5.1 2.88 16.73 7.43 ± 3.82 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

C22 ng/m3 0.10 11.62 4.10 ± 3.06 <LOD 0.95 0.33 ± 0.36 
C23 ng/m3 0.17 10.26 4.30 ± 2.97 <LOD 2.32 0.83 ± 0.63 
C24 ng/m3 0.17 16.07 6.09 ± 4.55 <LOD 2.56 0.89 ± 0.75 
C25 ng/m3 0.32 15.85 6.31 ± 4.75 0.25 4.91 1.56 ± 1.19 
C26 ng/m3 0.18 30.26 10.10 ± 9.40 0.24 3.12 1.21 ± 0.84 
C27 ng/m3 0.49 15.39 6.33 ± 4.82 0.42 6.23 2.01 ± 1.41 
C28 ng/m3 0.17 39.50 11.19 ± 12.02 0.22 2.28 0.94 ± 0.60 
C29 ng/m3 0.61 13.01 5.82 ± 4.03 0.55 8.86 2.64 ± 2.07 
C30 ng/m3 0.00 45.09 10.67 ± 12.64 0.14 1.45 0.55 ± 0.38 
C31 ng/m3 0.48 12.31 5.16 ± 3.81 0.36 7.36 2.16 ± 1.89 
C32 ng/m3 <LOD 14.96 5.46 ± 4.73 <LOD 0.82 0.33 ± 0.25 
C33 ng/m3 0.17 12.38 4.07 ± 3.59 0.14 2.42 0.65 ± 0.59 

Tot alkanes ng/m3 3.91 257.76 96.11 ± 72.72 2.71 46.49 15.85 ± 11.29 
CPI  0.50 2.73 1.01 ± 0.62 1.44 3.20 2.23 ± 0.49 
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PAHs 

 

 

 

 

 

 

 

 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Phenanthrene ng/m3 <LOD 0.02 0.01 ± 0.01 <LOD 0.04 0.01 ± 0.01 
Anthracene ng/m3 n.d. n.d. 

Fluoranthene ng/m3 0.02 0.03 0.04 ± 0.02 0.01 0.16 0.05 ± 0.04 
Pyrene ng/m3 0.01 0.07 0.03 ± 0.02 0.01 0.12 0.04 ± 0.04 

Benzo (a) 
anthracene ng/m3 <LOD 0.12 0.03 ± 0.03 <LOD 0.03 0.02 ± 0.01 

Chrysene ng/m3 0.01 0.14 0.04 ± 0.03 0.01 0.06 0.03 ± 0.02 
Benzo (b+j) 
fluoranthene ng/m3 0.02 0.63 0.15 ± 0.15 0.02 0.26 0.13 ± 0.07 

Benzo (k) 
fuoranthene ng/m3 <LOD 0.12 0.03 ± 0.03 <LOD 0.07 0.03 ± 0.02 

Benzo(e)pyrene ng/m3 0.01 0.23 0.07 ± 0.05 0.01 0.13 0.06 ± 0.03 
Benzo(a)pyrene ng/m3 0.01 0.28 0.07 ± 0.07 0.01 0.12 0.05 ± 0.03 

Perylene ng/m3 <LOD 0.03 0.01 ± 0.01 <LOD 0.02 0.005 ± 0.004 
Indeno (1,2,3-c,d,) 

pyrene ng/m3 0.01 0.13 0.04 ± 0.03 0.01 0.09 0.04 ± 0.02 

Benzo (g,h,i) 
perylene ng/m3 0.01 0.12 0.06 ± 0.03 0.01 0.09 0.04 ± 0.02 

Tot PAHs ng/m3 0.09 2.16 0.63 ± 0.51 0.11 1.12 0.58 ± 0.33 
BaP/(Bap+BeP)  0.40 0.55 0.47 ± 0.05 0.32 0.49 0.42 ± 0.05 

BaP/BeP  0.68 1.24 0.91 ± 0.18 0.48 0.95 0.73 ± 0.14 
IcdP/IcdP+BghiP  0.29 0.52 0.38 ± 0.05 0.44 0.53 0.48 ± 0.03 

∑BFs/BghiP  1.94 6.35 2.91 ± 1.06 2.20 4.52 3.53 ± 0.72 
BaPbb ng/m3 0 0.08 0.03 ± 0.02 0 0.08 0.03 ± 0.02 

BaPbb%  0 100* 50.9 ± 31.7 0 100* 56.0 ± 28.8 
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B.7 - Winter 2014 
28th January – 27th February 

 

Meteorological conditions 

 

 

PM 

 

 

Carbonaceous fraction 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Average 
temperature °C 2.1 11.2 8.3 ± 2.1 0.9 10.6 7.3 ± 1.8 

Solar irradiance W/m2 15 155 72 ± 44 13 179 80 ± 52 
PBL height m 180 752 411 ± 140 154 488 302 ± 86 

Precipitations mm 141.6 117.0 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

PM µg/m3 7.0 52.0 19.3 ± 11.7 4.0 35.0 16.3 ± 8.0 
PMbb µg/m3 3.9 17.1 8.4 ± 3.3 3.1 15.6 9.5 ± 3.6 

PMbb%  20.2 100* 50.6 ± 22.3 32.5 100* 65.6 ± 28.6 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

TC µg/m3 2.9 12.9 5.9 ± 2.4 2.4 11.9 5.5 ± 2.1 
OC µg/m3 2.2 11.1 4.6 ± 2.1 2.0 10.4 4.6 ± 1.8 
EC µg/m3 0.6 2.6 1.3 ± 0.5 0.3 1.7 0.9 ± 0.4 

OC/EC µg/m3 1.9 6.2 3.5 ± 1.0 3.9 10.4 5.6 ± 1.4 
Ocsec µg/m3 0.6 7.6 2.1 ± 1.5 0.1 4.5 1.3 ± 0.9 

Ocsec%  21.3 68.6 42.8 ± 13.1 3.7 62.3 28.1 ± 14.0 
Ocbb(levo) µg/m3 0.9 4.1 2.0 ± 0.8 0.7 3.8 2.3 ± 0.9 

Ocbb(levo)%  22.7 66.2 43.8 ± 12.4 27.3 100* 52.7 ± 21.3 
Ocbb(radio) µg/m3 1.0 4.1 2.1 ± 0.7 0.5 2.6 1.3 ± 0.6 
OCfossil µg/m3 0.6 3.4 1.5 ± 0.6 0.8 5.0 1.9 ± 0.8 
Ocbio µg/m3 0 4.9 1.1 ± 1.1 0.6 3.1 1.4 ± 0.5 

Ocbb(radio)%  25.2 80.5 46.8 ± 12.1 15.1 39.9 29.0 ± 5.8 
OCfossil%  30.3 38.9 33.6 ± 1.9 27.6 56.3 40.1 ± 6.8 
OCbio%  0 44.5 19.6 ± 14.0 28.7 32.6 30.9 ± 0.9 
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Acids 

 

 

Phenols  

 

 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Malonic acid ng/m3 <LOD 15.3 2.0 ± 3.1 <LOD 9.7 2.9 ± 2.4 
Succinic acid ng/m3 3.0 56.6 22.4 ± 13.7 7.5 57.9 25.9 ± 12.3 
Glutaric acid ng/m3 2.7 13.9 6.3 ± 3.5 1.1 13.1 6.1 ± 2.9 
Adipic acid ng/m3 <LOD 4.9 1.0 ± 1.4 <LOD 2.9 0.9 ± 1.1 
Pimelic acid ng/m3 n.d. n.d. 
Suberic acid ng/m3 n.d. n.d. 
Azelaic acid ng/m3 <LOD 15.6 7.7 ± 3.5 3.0 14.0 8.0 ± 2.4 
Maleic acid ng/m3 7.8 191.2 34.6 ± 45.2 6.4 29.9 15.1 ± 6.3 
Phthalic acid ng/m3 <LOD 10.1 2.5 ± 2.8 <LOD 10.6 3.5 ± 2.9 
Glicolic acid ng/m3 3.1 20.5 8.5 ± 4.7 2.0 23.8 8.7 ± 4.4 
Malic acid ng/m3 0.0 50.4 22.5 ± 12.6 6.8 48.0 24.4 ± 10.8 

3-hydroxybenzoic 
acid ng/m3 <LOD 1.5 0.5 ± 0.4 <LOD 1.6 0.6 ± 0.6 

4-hydroxybenzoic 
acid ng/m3 <LOD 3.2 0.8 ± 0.9 <LOD 3.1 1.1 ± 1.0 

Pinonic acid ng/m3 n.d. n.d. 
2-ketoglutaric acid ng/m3 <LOD 47.6 9.2 ± 13.4 <LOD 24.1 6.3 ± 8.2 

TCAs ng/m3 55.5 339.4 118.0 ± 72.4 36.8 181.5 103.6 ± 34.0 
OxCAs ng/m3 14.2 110.4 41.5 ± 22.5 16.4 76.1 41.2 ± 14.4 

Other CAs ng/m3 37.9 270.2 76.5 ± 57.4 20.4 112.1 62.4 ± 21.6 
% oxCAs  15.4 48.7 36.8 ± 9.2 27.1 51.5 39.9 ± 5.7 

C3/C4  0.06 5.05 0.41 ± 1.24 0.03 0.40 0.12 ± 0.08 
C6/C9  0.09 2.90 0.70 ± 0.91 0.25 0.39 0.30 ± 0.05 
Ph/C9  0.22 11.05 1.64 ± 2.94 0.36 1.82 0.67 ± 0.32 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Vanillin ng/m3 1.0 3.8 1.8 ± 0.5 1.0 2.9 1.8 ± 0.5 
Vanillic acid ng/m3 <LOD 1.9 0.7 ± 0.6 <LOD 3.1 0.9 ± 1.0 

Acetovanillone ng/m3 0.7 3.1 1.6 ± 0.7 0.6 4.8 1.8 ± 1.2 
Syringaldehyde ng/m3 2.2 7.6 4.2 ± 1.2 2.8 8.2 4.4 ± 1.5 
Syringic acid ng/m3 <LOD 5.5 1.8 ± 1.6 <LOD 6.8 2.3 ± 2.2 

Acetosyringone ng/m3 <LOD 2.1 0.7 ± 0.7 <LOD 1.4 1.1 ± 0.3 
Tot phenols ng/m3 5.0 22.0 10.9 ± 4.2 5.1 26.5 12.4 ± 6.5 

S/V  0.88 2.52 1.68 ± 0.33 1.40 2.31 1.78 ± 0.22 
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Sugars  

 

 

Alkanes 

 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Galactosan ng/m3 7.0 31.5 14.9 ± 6.2 6.0 30.3 16.3 ± 6.5 
Mannosan ng/m3 3.2 63.5 26.4 ± 16.8 1.0 68.9 32.1 ± 18.8 

Levoglucosan ng/m3 138.9 616.9 300.7 ± 117.8 111.8 563.3 341.9 ± 129.6 
Erithrytol ng/m3 <LOD 1.8 0.9 ± 0.5 <LOD 5.3 1.0 ± 1.0 

Xylitol ng/m3 <LOD 19.4 3.2 ± 3.9 <LOD 9.4 4.7 ± 2.6 
Ribitol ng/m3 <LOD 9.1 0.6 ± 2.2 n.d. 

Mannitol ng/m3 2.1 9.3 5.1 ± 1.9 2.4 13.5 5.3 ± 2.4 
Arabinose ng/m3 <LOD 4.5 1.5 ± 1.0 <LOD 3.5 1.8 ± 0.9 
Mannose ng/m3 <LOD 6.2 1.4 ± 1.5 <LOD 3.3 0.5 ± 0.8 
Glucose ng/m3 1.4 26.6 8.2 ± 4.6 3.9 13.9 8.0 ± 2.4 

Galactose ng/m3 <LOD 2.5 0.1 ± 0.5 n.d. 
Sucrose ng/m3 <LOD 44.1 8.5 ± 9.6 <LOD 46.9 9.6 ± 9.4 
Mycose ng/m3 <LOD 13.7 1.4 ± 2.8 <LOD 1.6 0.3 ± 0.5 

Tot sugars ng/m3 172.0 773.8 373.0 ± 147.4 129.3 736.1 421.5 ± 165.6 
Anhydrosugars ng/m3 149.5 711.9 342.1 ± 140.4 118.8 648.5 390.4 ± 154.3 
Primary sugars ng/m3 13.2 75.5 30.9 ± 14.8 10.4 87.6 31.1 ± 15.5 

% anhydrosugars  67.3 95.3 91.1 ± 5.3 83.2 95.2 92.5 ± 2.4 
% primary sugars  4.7 32.7 8.9 ± 5.3 4.8 16.8 7.5 ± 2.4 

L/M  8.17 43.06 14.98 ± 7.92 7.68 108.90 15.59 ± 18.12 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

C22 ng/m3 0.46 3.94 1.80 ± 0.77 <LOD 2.66 1.06 ± 0.72 
C23 ng/m3 1.02 6.70 2.84 ± 1.33 0.46 4.68 2.43 ± 0.93 
C24 ng/m3 0.82 9.96 3.85 ± 1.88 <LOD 8.80 3.45 ± 1.67 
C25 ng/m3 0.73 10.80 3.29 ± 2.09 <LOD 6.05 2.88 ± 1.30 
C26 ng/m3 0.46 9.12 2.60 ± 1.69 <LOD 6.97 1.93 ± 1.45 
C27 ng/m3 <LOD 8.65 2.23 ± 1.80 <LOD 3.57 1.39 ± 1.01 
C28 ng/m3 <LOD 5.86 1.01 ± 1.29 <LOD 5.68 0.61 ± 1.13 
C29 ng/m3 <LOD 7.63 1.76 ± 2.13 <LOD 9.72 0.90 ± 2.09 
C30 ng/m3 <LOD 3.54 0.34 ± 0.85 <LOD 11.28 0.46 ± 2.07 
C31 ng/m3 <LOD 4.75 1.05 ± 1.29 <LOD 12.65 0.65 ± 2.34 
C32 ng/m3 <LOD 2.20 0.20 ± 0.57 <LOD 11.19 0.44 ± 2.05 
C33 ng/m3 <LOD 3.30 0.32 ± 0.80 <LOD 9.08 0.35 ± 1.67 

Tot alkanes ng/m3 4.58 73.33 23.72 ± 16.61 1.01 91.68 18.02 ± 16.04 
CPI  0.46 3.94 1.80 ± 0.77 <LOD 2.66 1.06 ± 0.72 
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PAHs 

 

 

 

 

 

 

 

 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Phenanthrene ng/m3 <LOD 0.16 0.03 ± 0.03 <LOD 0.06 0.01 ± 0.02 
Anthracene ng/m3 <LOD 0.01 0.001 ± 0.003 <LOD 0.02 0.002 ± 0.004 

Fluoranthene ng/m3 <LOD 0.24 0.09 ± 0.06 0.01 0.20 0.09 ± 0.05 
Pyrene ng/m3 0.01 0.27 0.10 ± 0.07 0.01 0.25 0.09 ± 0.06 

Benzo (a) 
anthracene ng/m3 <LOD 0.40 0.12 ± 0.10 <LOD 0.30 0.05 ± 0.08 

Chrysene ng/m3 0.01 1.31 0.22 ± 0.23 <LOD 0.41 0.09 ± 0.10 
Benzo (b+j) 
fluoranthene ng/m3 <LOD 1.24 0.39 ± 0.28 0.05 1.20 0.42 ± 0.28 

Benzo (k) 
fuoranthene ng/m3 <LOD 0.34 0.11 ± 0.08 0.01 0.31 0.11 ± 0.07 

Benzo(e)pyrene ng/m3 0.08 0.54 0.22 ± 0.11 0.02 0.58 0.20 ± 0.13 
Benzo(a)pyrene ng/m3 0.04 0.73 0.21 ± 0.14 0.02 0.68 0.15 ± 0.14 

Perylene ng/m3 <LOD 0.25 0.04 ± 0.04 <LOD 0.08 0.03 ± 0.02 
Indeno (1,2,3-c,d,) 

pyrene ng/m3 0.04 0.37 0.18 ± 0.09 0.02 0.84 0.15 ± 0.15 

Benzo (g,h,i) 
perylene ng/m3 0.08 0.58 0.27 ± 0.14 0.03 0.95 0.21 ± 0.17 

Tot PAHs ng/m3 0.69 5.71 2.12 ± 1.16 0.21 5.27 1.71 ± 1.07 
BaP/(Bap+BeP)  0.32 0.57 0.47 ± 0.06 0.26 0.54 0.40 ± 0.07 

BaP/BeP  0.48 1.35 0.90 ± 0.21 0.36 1.17 0.68 ± 0.20 
IcdP/IcdP+BghiP  0.30 0.45 0.40 ± 0.03 0.38 0.48 0.41 ± 0.02 

∑BFs/BghiP  0.27 3.02 1.98 ± 0.68 0.13 6.09 2.91 ± 1.15 
BaPbb ng/m3 0.11 0.49 0.24 ± 0.09 0.09 0.45 0.27 ± 0.10 

BaPbb%  42.6 100* 77.6 ± 25.0 50.0 100* 100* ± 435.3 
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B.8 - Summer 2014 
13th May – 11th June 

 

Meteorological conditions 

 

 

PM 

 

 

Carbonaceous fraction 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Average 
temperature °C 16.3 28.3 21.0 ± 3.3 15.2 25.9 19.4 ± 2.8 

Solar irradiance W/m2 153 321 258 ± 57 187 350 286 ± 55 
PBL height m 425 1153 974 ± 171 348 1048 876 ± 160 

Precipitations mm 24.4 49.0 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

PM µg/m3 5.2 19.4 10.0 ± 3.6 3.9 18.8 10.5 ± 4.3 
PMbb µg/m3 0.05 0.38 0.18 ± 0.10 0.05 0.32 0.17 ± 0.07 

PMbb%  0.3 7.3 2.1 ± 1.7 0.4 5.2 1.9 ± 1.3 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

TC µg/m3 1.5 8.5 3.1 ± 1.7 1.3 4.6 2.5 ± 1.1 
OC µg/m3 1.2 7.5 2.6 ± 1.5 1.2 4.2 2.3 ± 1.0 
EC µg/m3 0.2 1.2 0.6 ± 0.3 0.1 0.4 0.3 ± 0.1 

OC/EC µg/m3 2.0 10.2 4.4 ± 1.8 6.1 16.3 9.1 ± 3.1 
Ocsec µg/m3 0.4 5.6 1.5 ± 1.2 0.3 1.9 0.8 ± 0.6 

Ocsec%  13.3 80.8 51.8 ± 15.4 18.0 62.9 32.5 ± 14.7 
Ocbb(levo) µg/m3 0.01 0.09 0.04 ± 0.02 0.01 0.08 0.04 ± 0.02 

Ocbb(levo)%  0.2 7.6 2.2 ± 1.8 0.7 5.6 2.1 ± 1.7 
Ocbb(radio) µg/m3 0.1 0.4 0.2 ± 0.1 0.05 0.15 0.09 ± 0.04 
OCfossil µg/m3 0.4 2.2 1.6 ± 1.0 0.8 2.8 1.5 ± 0.7 
Ocbio µg/m3 0.7 4.9 0.8 ± 0.5 0.3 1.2 0.7 ± 0.3 

Ocbb(radio)%  3.5 18.0 9.1 ± 3.4 2.2 5.8 4.2 ± 1.0 
OCfossil%  29.6 31.9 60.3 ± 3.9 64.2 68.4 66.1 ± 1.2 
OCbio%  50.0 66.9 30.5 ± 0.5 29.4 30.0 29.8 ± 0.2 
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Acids 

 

 

Phenols  

 

 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Malonic acid ng/m3 <LOD 90.9 13.4 ± 24.4 <LOD 25.1 8.7 ± 8.8 
Succinic acid ng/m3 1.6 43.5 8.5 ± 10.2 <LOD 46.0 11.9 ± 10.8 
Glutaric acid ng/m3 <LOD 16.0 5.1 ± 3.9 <LOD 21.1 5.5 ± 5.3 
Adipic acid ng/m3 1.2 27.1 5.1 ± 6.4 1.2 21.0 5.2 ± 4.8 
Pimelic acid ng/m3 n.d. n.d. 
Suberic acid ng/m3 n.d. n.d. 
Azelaic acid ng/m3 n.d. n.d. 
Maleic acid ng/m3 <LOD 15.7 2.0 ± 4.1 <LOD 30.1 5.2 ± 7.1 
Phthalic acid ng/m3   
Glicolic acid ng/m3 1.1 60.4 15.8 ± 14.6 4.5 48.6 15.5 ± 14.1 
Malic acid ng/m3 <LOD 140.1 23.3 ± 33.8 <LOD 78.5 21.4 ± 20.3 

3-hydroxybenzoic 
acid ng/m3 1.2 1.3 1.2 ± 0.1 1.1 19.4 2.4 ± 4.3 

4-hydroxybenzoic 
acid ng/m3 n.d. n.d. 

Pinonic acid ng/m3 n.d. n.d. 
2-ketoglutaric acid ng/m3 <LOD 135.0 18.6 ± 32.4 <LOD 72.2 23.0 ± 28.4 

TCAs ng/m3 8.6 514.4 93.0 ± 120.4 10.9 271.2 98.8 ± 79.4 
OxCAs ng/m3 2.8 336.9 58.9 ± 79.2 8.4 201.6 62.2 ± 57.2 

Other CAs ng/m3 5.6 177.5 34.1 ± 43.0 2.5 105.4 36.6 ± 27.1 
% oxCAs  32.2 81.7 60.9 ± 14.3 31.4 81.0 59.9 ± 15.1 

C3/C4  0.03 5.19 1.27 ± 1.43 0.06 2.14 0.73 ± 0.60 
C6/C9    
Ph/C9    

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Vanillin ng/m3 1.0 2.0 1.2 ± 0.4 <LOD 8.4 1.3 ± 1.8 
Vanillic acid ng/m3 <LOD 1.1 0.4 ± 0.3 <LOD 0.4 0.1 ± 0.1 

Acetovanillone ng/m3 n.d. n.d. 
Syringaldehyde ng/m3 <LOD 0.6 0.54 ± 0.04 <LOD 8.6 1.0 ± 1.9 
Syringic acid ng/m3 <LOD 0.2 0.1 ± 0.1 <LOD 1.4 0.2 ± 0.3 

Acetosyringone ng/m3 <LOD 0.2 0.03 ± 0.08 <LOD 3.6 0.4 ± 0.8 
Tot phenols ng/m3 2.9 63.8 11.6 ± 15.0 2.8 47.4 9.3 ± 11.1 

S/V  0.23 0.73 0.52 ± 0.18 0.76 1.63 1.04 ± 0.30 



 

150 
 

Sugars  

 

 

Alkanes 

 

 

 

 

 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Galactosan ng/m3 0.8 2.1 1.1 ± 0.3 0.8 9.7 1.5 ± 2.0 
Mannosan ng/m3 <LOD 2.8 1.1 ± 0.6 <LOD 2.5 1.0 ± 0.5 

Levoglucosan ng/m3 1.7 13.6 6.5 ± 3.6 1.7 11.4 6.2 ± 2.6 
Erithrytol ng/m3 <LOD 3.5 0.9 ± 0.7 <LOD 3.3 1.1 ± 0.8 

Xylitol ng/m3 n.d. n.d. 
Ribitol ng/m3 <LOD 24.4 4.4 ± 6.3 <LOD 23.6 6.8 ± 6.0 

Mannitol ng/m3 3.3 33.1 10.5 ± 6.7 1.1 72.5 13.1 ± 15.6 
Arabinose ng/m3 <LOD 3.9 0.9 ± 0.8 <LOD 6.5 1.0 ± 1.4 
Mannose ng/m3 <LOD 8.5 1.6 ± 2.1 <LOD 5.7 2.3 ± 1.4 
Glucose ng/m3 0.9 9.2 4.0 ± 2.2 <LOD 15.6 4.8 ± 3.2 

Galactose ng/m3 <LOD 8.5 2.6 ± 2.3 <LOD 9.7 1.5 ± 2.4 
Sucrose ng/m3 <LOD 48.4 20.1 ± 15.0 <LOD 206.4 30.5 ± 45.8 
Mycose ng/m3 <LOD 12.1 5.6 ± 3.5 <LOD 22.1 6.0 ± 5.1 

Tot sugars ng/m3 14.2 136.0 58.5 ± 28.2 8.0 380.2 75.8 ± 79.7 
Anhydrosugars ng/m3 3.0 17.2 8.7 ± 4.3 <LOD 20.5 7.1 ± 5.0 
Primary sugars ng/m3 10.1 118.8 49.9 ± 27.5 4.9 359.7 67.0 ± 76.4 

% anhydrosugars  6.2 59.2 18.4 ± 14.7 5.4 38.5 15.7 ± 8.2 
% primary sugars  40.8 93.8 81.6 ± 14.7 61.5 94.6 84.3 ± 8.2 

L/M  1.73 9.26 6.25 ± 2.19 3.34 29.67 8.32 ± 7.50 

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

C22 ng/m3 <LOD 0.42 0.18 ± 0.16 <LOD 3.54 0.56 ± 0.92 
C23 ng/m3 <LOD 0.39 0.19 ± 0.15 <LOD 2.66 0.51 ± 0.62 
C24 ng/m3 0.28 0.78 0.54 ± 0.14 <LOD 2.50 0.40 ± 0.68 
C25 ng/m3 0.00 0.67 0.29 ± 0.14 0.28 6.64 1.11 ± 1.27 
C26 ng/m3 0.25 1.30 0.65 ± 0.30 <LOD 5.76 0.86 ± 1.25 
C27 ng/m3 <LOD 0.70 0.35 ± 0.14 0.35 9.30 1.90 ± 1.78 
C28 ng/m3 0.67 4.68 1.49 ± 1.06 <LOD 7.53 0.96 ± 1.69 
C29 ng/m3 <LOD 0.60 0.18 ± 0.23 0.42 10.19 2.48 ± 1.99 
C30 ng/m3 0.92 4.30 1.73 ± 0.91 <LOD 6.20 0.77 ± 1.42 
C31 ng/m3 <LOD 0.46 0.02 ± 0.10 <LOD 7.53 1.82 ± 1.62 
C32 ng/m3 0.74 2.43 1.30 ± 0.48 <LOD 2.78 0.26 ± 0.63 
C33 ng/m3 n.d. <LOD 1.83 0.26 ± 0.47 

Tot alkanes ng/m3 3.66 16.20 7.52 ± 3.50 1.51 62.44 14.16 ± 14.15 
CPI  0.07 0.43 0.23 ± 0.1 0.6 9.9 3.7 ± 2.9 
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PAHs 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  Main Site San Pietro Capofiume 
  Min Max Average  S.D. Min Max Average  S.D. 

Phenanthrene ng/m3 <LOD 0.02 0.01 ± 0.01 <LOD 0.06 0.004 ± 0.012 
Anthracene ng/m3 n.d. n.d. 

Fluoranthene ng/m3 <LOD 0.04 0.01 ± 0.01 <LOD 0.31 0.02 ± 0.07 
Pyrene ng/m3 <LOD 0.04 0.01 ± 0.01 <LOD 0.26 0.02 ± 0.06 

Benzo (a) 
anthracene ng/m3 <LOD 0.01 0.003 ± 0.003 <LOD 0.01 0.002 ± 0.002 

Chrysene ng/m3 <LOD 0.02 0.01 ± 0.01 <LOD 0.12 0.01 ± 0.02 
Benzo (b+j) 
fluoranthene ng/m3 <LOD 0.04 0.02 ± 0.01 <LOD 0.03 0.02 ± 0.01 

Benzo (k) 
fuoranthene ng/m3 <LOD 0.01 0.006 ± 0.004 <LOD 0.03 0.01 ± 0.01 

Benzo(e)pyrene ng/m3 <LOD 0.02 0.01 ± 0.01 <LOD 0.02 0.008 ± 0.004 
Benzo(a)pyrene ng/m3 <LOD 0.02 0.01 ± 0.01 <LOD 0.01 0.005 ± 0.003 

Perylene ng/m3 n.d. n.d. 
Indeno (1,2,3-c,d,) 

pyrene ng/m3 <LOD 0.01 0.008 ± 0.005 <LOD 0.03 0.01 ± 0.01 

Benzo (g,h,i) 
perylene ng/m3 <LOD 0.03 0.02 ± 0.01 <LOD 0.03 0.01 ± 0.01 

Tot PAHs ng/m3 <LOD 0.24 0.12 ± 0.08 0.03 0.96 0.13 ± 0.19 
BaP/(Bap+BeP)  0.11 0.45 0.36 ± 0.08 0.29 1.00 0.40 ± 0.15 

BaP/BeP  0.13 0.81 0.57 ± 0.16 0.40 1.00 0.59 ± 0.15 
IcdP/IcdP+BghiP  0.27 0.38 0.33 ± 0.03 0.34 1.00 0.41 ± 0.14 

∑BFs/BghiP  0.76 2.77 1.92 ± 0.48 1.17 7.83 2.48 ± 1.55 
BaPbb ng/m3 0.001 0.011 0.005 ± 0.003 0.001 0.009 0.005 ± 0.002 

BaPbb%  33.2 100* 55.9 ± 27.4 25.0 100* 61.1 ± 26.5 
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abstract

In the framework of the“Supersito”project, three intensive experimental campaigns were conducted in

the Po Valley (Northern Italy) in cold seasons, such as late autumn, pre-winter and deep-winter, over

three years from 2011 to 2013. As a part of a study on polar marker compounds, including carboxylic

acids, sugar derivatives and lignin phenols, the present study reports a detailed discussion on the at-

mospheric concentrations of 14 low molecular weight carboxylic acids, mainly dicarboxylic and oxo-

hydroxy carboxylic acids, as relevant markers of primary and secondary organic aerosols.

PM2.5samples were collected in two monitoring sites, representing urban and rural background sta-

tions. The total quantities of carboxylic acids were 262, 167 and 249 ng m3at the urban site and 308,

115, 248 ng m3at the rural site in pre-winter, fall and deep-winter, respectively. These high concen-

trations can be explained by the large human emission sources in the urbanized region, combined with

the stagnant atmospheric conditions during the cold seasons that accumulate the organic precursors and

accelerate the secondary atmospheric reactions.

The distribution profiles of the investigated markers suggest the dominant contributions of primary

anthropogenic sources, such as traffic, domestic heating and biomass burning. These results are

confirmed by comparison with additional emission tracers, such as anhydro-saccharides for biomass

burning and fatty acids originated from different anthropogenic sources. In addition, some secondary

constituents were detected in both sites, as produced by in situ photo-chemical reactions from both

biogenic (e.g. pinonic acid) and anthropogenic precursors (e.g. phthalic and adipic acids).

The impact of different sources from human activities was elucidated by investigating the week pattern

of carboxylic and fatty acid concentrations. The weekly trends of analytes during the warmer campaign (fall

2012; mean temperature: 12 C) may be related to emissions from motor vehicle traffic and industrial

activities. Otherwise, the random pattern of the markers suggests the prevalent contribution of primary

emissions from residential heating in the colder deep-winter (mean temperature: 5C).

2013 Elsevier Ltd. All rights reserved.
All rights reserved.
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1. Introduction

Po Valley, which extends over a great part of Northern Italy and

is the most industrialized and populated region of Italy, is recog-

nized as one of the most worrying air pollution situations in

Europe, where high air pollution may cause serious risks for human

health. There is evidence that low wind speeds and stable atmo-

spheric stratification are meteorological factors leading to air

pollution episodes (Balducci and Cecinato, 2010; Bigi and

Ghermandi, 2011; Squizzato et al., 2012; Larsen et al., 2012). This

is particularly true in cold seasons, when enhanced anthropogenic

emissions from residential heating combined with stagnant at-

mospheric conditions result into the accumulation of pollution

near the source locations (Viana et al., 2008; Carbone et al., 2010;

Perrone et al., 2013).

Under this complicated meteorological condition in Po Valley, it

is worthy of interest to improve knowledge on chemical charac-

teristics and sources of atmosphere particulate material and its

effects on human health, in order to decide effective abatement

strategies. This is one of the aims of the“Supersito”project, which

was supported and financed by Emilia-Romagna Region and

Regional Agency of Prevention and Environment (ARPA-ER), for a

detailed study of some chemical, physical and toxicological pa-

rameters in the atmosphere of Emilia-Romagna Region and their

assessments by epidemiological, environmental and health models

(www.supersito-er.it).

In the framework of this project, this study is focused on the

chemical characterization of polar organic compounds, including

carboxylic acids (CAs), sugar derivatives and lignin phenols. Such

polar species are emitted directly into the atmosphere by a mul-

tiplicity of sources including power plants, vehicular circulation,

biomass burning and meat cooking operations (Ho et al., 2006;

Rogge et al., 2006; Oliveira et al., 2007; Hsieh et al., 2008; Bi

et al., 2008; Wang et al., 2011; Huang et al., 2012; Giannoni

et al., 2012). They are also secondarily produced by photochem-

ical reactions with volatile precursors including anthropogenic

and biogenic hydrocarbons (Fisseha et al., 2004; Wang et al.,

2006; Oliveira et al., 2007; Bi et al., 2008; Huang et al., 2012).

Although constituting only a small fraction of the total aerosol

mass, these highly water-soluble compounds may significantly

enhance the hygroscopicity of aerosol particles and thereby in-

fluence cloud microphysical processes that affect the nucleation of

clouds, acid precipitation and atmosphere optical properties,

contributing to global climate change (Ruiz-Jimenez et al., 2012;

Gierlus et al., 2012). In addition, studying polar compounds in

atmospheric particulate matter (PM) may give additional insight

into the effects of air pollution, since the increased polarity is

thought to amplify the uptake and retention offine particles

within the respiratory system leading to undesirable effects

(Perrone et al., 2013).

As thefirst part of this study, this paper presents a detailed

discussion on atmospheric concentrations of 14 low molecular

weight acids, mainly dicarboxylic (DCA) and oxo-hydroxy carbox-

ylic acids (oxCA), that constitute a substantial fraction of polar or-

ganics. They have been proposed as useful markers to differentiate

between primary emissionseincluding biomass burning, indus-

trial activity and direct vehicle emissionseand secondary organic

aerosol (SOA) production through photo-chemical reactions

(Fisseha et al., 2004; Wang et al., 2006; Ho et al., 2006; Hsieh et al.,

2008; Bi et al., 2008; Yang et al., 2008; Wang et al., 2011; Hyder

et al., 2012). The study also includes characterization of anhydro-

saccharides as specific tracers of biomass burning and n-fatty

acids emitted from different anthropogenic sources (Rogge et al.,

2006; Oliveira et al., 2007; Ho et al., 2011; Wang et al., 2011;

Giannoni et al., 2012; Yang et al., 2013).
The atmospheric PM2.5samples were collected in two locations

representing an urban (Main Site, MS) and a rural background (San

Pietro Capofiume, SP) sites in the Po Valley. Three intensivefield

campaigns were carried out in cold seasons in subsequent years

from 2011 to 2013. The obtained results were related to meteoro-

logical parameters in order to give insight into the emission sources

and fate of organic components in atmospheric aerosol in the heavy

polluted cold seasons.

2. Materials and methods

2.1. Aerosol sampling

The urban background site MS is located in the city of Bologna

which is the most populous city in the region (w400,000 in-

habitants) characterized by significant agricultural and industrial

activities and the presence of main arterial roads. Thefield station

of San Pietro Capofiume is a rural background site located about

30 km northeast from the city of Bologna (map shown inFig. 1).

The present study concerns three sampling intensive campaigns

in cold seasons to be representative of different meteorological

scenarios in cold periods: late autumn, from 23rd October up to

10th November 2012, pre-winter, from 15th November up to 7th

December 2011, and deep-winter from 30th January up to 19th

February 2013.

Meteorological data were collected at the meteorological sta-

tions of San Pietro Capofiume and Bologna by Hydro-Meteo-

Climate Service of ARPA-ER. Mixing layer height at both sites was

estimated using the pre-processor CALMET by ARPA Emilia-

Romagna (Scire et al., 2000; Deserti et al., 2001).

The PM2.5samples were collected on a quartzfiberfilter (4.5 cm

diameter) with low volume automatic outdoor samplers (Skypost

PM, TCRTECORA Instruments, Corsico, Milan, Italy) operating at a

flow rate of 38.3 Lmin1for 24 h. After sampling, the procedure

outlined in European Standard EN 12341 (CEN, 1998) was applied

for equilibration and weighing.

2.2. Analytical procedure

The analytical procedure has been described elsewhere

(Pietrogrande et al., 2013) and briefly summarized in the following.

PM samples were extracted for 15 min in an ultrasonication bath

with 15 mL of methanol:dichloromethane, 9:1 solvent mixture.

Then the extracts werefiltered using a teflonfilter (25 mm,

0.45mm, Supelco, Bellefonte, PA) to remove insoluble particles and
then thefiltrates were evaporated to dryness in a centrifugal vac-

uum concentrator (miVac Duo Concentrator, Genevac Ltd, Ipswich,

UK). Prior to GC/MS analysis, the sample extracts were submitted to

a silylation reaction for 70 min at 75 C: 40mL of N,O-bis-
(trimethylsilyl)trifluoroacetamide (BSTFA) containing 1% of trime-

thylchlorosilane (TMCS) and 15mL of pyridine were added to 5mLof
Internal Standard (the deuterated C12H26, injected quantity:

127.5 ng) and 40mL of iso-octane.

The GC/MS system was a Scientific Focus-GC (Thermo-Fisher

Scientific, Milan, Italy) coupled to PolarisQ Ion Trap Mass Spec-

trometer (Thermo-Fisher Scientific, Milan, Italy). The column used

was a DB-5MS column (L¼30 m, I.D.¼0.25 mm, df¼0.25mmfilm
thickness; J&W Scientific, Rancho Cordova, CA, USA). High purity

helium was the carrier gas with a velocity of 1.5 ml min1. Tem-

perature program conditions were optimized for analysis of a wide

range of target polar organic compounds, including low molecular

weight carboxylic acids: an initial temperature of 70 C was raised

to 125C at 2.5C min1, followed by an isothermal hold for 7 min;

after that, the temperature was increased to 145Cat2C min1,an

isothermal hold for 5 min; then further raised to 170 Cat

http://www.supersito-er.it


Fig. 1.Location of the sampling sites. Site symbols: MS: main site; SP: San Pietro.
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2.5 C min1andfinally led to 300 Cat7 C min1; this temper-

ature was maintained for 1 min. All samples were injected in

splitless mode (splitless time: 60 s); the injector temperature was

250 C.

The mass spectrometer operated in Electron Ionization mode

(positive ion, 70 eV). Ion source and transfer-line temperatures

were 250 C and 280 C, respectively. The mass spectra were ac-

quired in full scan mode from 50 to 650m/zin 0.58 s. For identi-

fication and quantification of the target analytes, the SIM (selected-

ion monitoring) chromatograms were extracted from the acquired

signal by selecting either the base peak ion or the most abundant

characteristic fragments atm/z¼147 andm/z¼149 (Pietrogrande

et al., 2010; Pietrogrande and Bacco, 2011). Chromatographic peaks

of CAs were identified by comparison of the retention time and

mass spectrum with standard compounds, literature and library

data; quantitative analysis was performed using calibration curves

determined using authentic standards.

Quality assurance and quality control were assessed by preci-

sion, accuracy and sensitivity for polar organic tracers. The proce-

dure provides low detection limits (0.3e1ng m3) and good

reproducibility (RSD% 7%) suitable for applicability in environ-

mental monitoring. Good procedure recoveries ranging from 78 to

104% were evaluated on PM samples spiked with surrogate stan-

dards (Pietrogrande et al., 2013).

3. Results and discussion

Six linear dicarboxylic acids with 3e9 carbon atoms as well as

maleic and phthalic acids were analyzed in all the campaigns. In

addition, four hydroxy carboxylic acids, namely glycolic, malic, and

3- and 4-hydroxy benzoic acids, and two oxo carboxylic acids,

pinonic and 2-ketoglutaric acids, were investigated in this study.

They have been found in the atmospheric aerosol as intermediate

products of secondary photo-oxidation reactions (Kawamura and

Yasui, 2005; Lee et at., 2006; Yang et al., 2008). It must be under-

lined that oxalic acid is not detectable with the used analytical

procedure, and malonic acid may be somewhat underestimated

because of the volatility of silyl derivatives (Pietrogrande et al.,

2010; Pietrogrande and Bacco, 2011).

The results obtained for each campaign in the investigated sites

are summarized inTable 1, which reports the observed concen-

tration ranges, mean values and standard deviations (the term n.d.
indicates that less than 10% of the measured values are above the

detection limit). In general, the data obtained in pre-winter 2011

and deep-winter 2013 show similar levels in comparison with re-

sults of the campaign in late fall 2012.

The total sum of acid concentrations (total carboxylic acid

concentration, TCA) was computed from the values of each

analyzed acid: the values (mean values SD inTable 1andFig. 2)

ranged from 167 ng m3in fall to 262 ng m3in pre-winter in MS

site and from 115 ng m3in fall to 308 ng m3in pre-winter 2011 in

rural SP site. These results were very similar with those found in

Lombardia region (Milan and Oasi Bine) and comparable with

those reported in atmospheric aerosols collected from different

cities in the world (Rome, Algiers, Beijing and Helsinki) but

significantly lower than those from other megacities (Tokio,

Nanjing and Hong Kong), as listed in the literature overview re-

ported inTable 2.

Another peculiarity of the obtained data is the close similarity

between the PM composition of the urban and rural sites, reflecting

the regional nature of the emission sources and photochemical

processes and their similar impact across the airshed (see com-

parison between two sites inFig. 2).

In the investigated cold seasons, PM2.5levels were close to

40mgm3up to a maximum of 59mgm3for urban site in winter
2011 (Table 1). These high values are consistent with other data

found in the Po Valley in winter, because of the enhanced man-

made emissions, mainly road traffic exhausts and domestic heat-

ing, combined with stagnant atmospheric conditions characterized

by low vertical mixing and cold temperatures (Bigi and Ghermandi,

2011; Perrone et al., 2012; Larsen et al., 2012).

3.1. Molecular distributions of aliphatic/aromatic dicarboxylic acid

The concentration values of the target acids obtained in the 3

campaigns (Table 1) were compared with the levels found in urban

and rural sites in the world (Table 3reports an overview of litera-

ture data of selected CAs).

A detailed investigation of CA distribution profile may provide

information on the origin and fate of organics in the atmosphere. In

general, chain length distributions of dicarboxylic acids show a

decrease of the concentration of the individual species with the

increase in carbon chain length, as reported in most cities

(Kawamura and Yasui, 2005; Ho et al., 2006; Ladji et al., 2009;



Table 1
Concentration values of each carboxylic acid measured in the three campaigns. The observed concentration ranges (ngm�3), mean values and standard deviations are reported
for the two sampling sites. Meteorological parameters were measured for each campaign in the investigated sites. The term ‘n.d.’ indicates the analytes showing less than 10%
of the measured data values above the detection limit.

Pre-winter 2011 Main site San Pietro

Acids Minimum
(ng m�3)

Maximum
(ng m�3)

Average
(ng m�3)

S.D.
(ng m�3)

Minimum
(ng m�3)

Maximum
(ng m�3)

Average
(ng m�3)

S.D.
(ng m�3)

Malonic 6.2 77.4 21.7 24.1 12.4 130.6 41.5 37.5
Succinic 60.9 162.5 112.1 36.6 44.1 218.1 110.7 44.1
Glutaric 8.8 31.6 18.4 7.2 6.3 30.3 17.4 7.8
Adipic n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Pimelic n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Azelaic n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Maleic 9.6 107.3 30.3 27.4 10.1 661.5 90.8 182.4
Malic 5.4 92.5 40.9 24.2 6.4 63.3 33.8 17.3
Phthalic 2.6 4.6 3.3 0.5 2.6 5.1 4.3 0.7
Glycolic 7.6 42.6 20.1 8.3 5.9 37.0 19.0 8.1
2-ketoglutaric 0.7 15.4 8.7 3.4 3.4 13.3 8.9 3.2
3-OH benzoic 3.5 13.4 7.5 2.1 3.1 10.3 7.5 2.1
4-OH benzoic 4.3 25.7 9.7 4.8 4.3 12.1 7.6 2.8
Pinonic n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Daily TCA 126.8 525.6 262.0 111.2 84.1 1010.0 308.3 220.2
Daily ToxCA 20.4 184.0 84.4 41.4 16.2 124.8 70.2 31.7
Burning Sugars 291 2807 1216 553 525 1833 1064 443
PM2.5 (mg m�3) 33.1 91.3 59.0 17.4 22.2 84.9 46.2 18.0
C3/C4 0.07 0.45 0.17 0.14 0.15 0.74 0.33 0.24
ToxA/TCA % 12.2 36.6 31.7 6.0 7.8 37.1 25.8 8.4
Meteorological parameters
Mixing height (m) 95 559 230 78 51 520 169 48
Daily solar radiation (W m�2) 16.4 88.9 61.0 23.0 17.5 117.5 64.7 30.2
Daily temperature (�C) 3.9 10.1 6.5 2.0 0.4 9.2 4.0 1.8
Precipitations (mm) 0.8 5.2

Fall 2012 Main site San Pietro

ACIDS Minimum
(ng m�3)

Maximum
(ng m�3)

Average
(ng m�3)

S.D.
(ng m�3)

Minimum
(ng m�3)

Maximum
(ng m�3)

Average
(ng m�3)

S.D.
(ng m�3)

Malonic 2.4 100.8 29.7 33.1 4.6 65.0 33.3 25.7
Succinic 5.7 49.9 26.8 14.3 6.2 49.8 22.2 12.6
Glutaric 3.9 35.9 17.1 9.0 0.5 13.2 5.9 3.9
Adipic 1.3 7.1 3.5 1.9 1.2 7.3 3.0 1.7
Pimelic 1.4 7.9 3.2 1.6 0.9 4.0 2.0 1.1
Azelaic 2.9 25.3 10.0 7.1 0.4 22.4 8.3 5.9
Maleic n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Malic 3.4 66.9 25.7 22.5 5.2 56.1 22.1 17.1
Phthalic 1.7 11.4 5.3 3.0 1.0 5.0 3.2 1.2
Glycolic 3.7 43.4 16.3 12.4 3.9 42.9 13.6 11.7
2-ketoglutaric 4.8 67.7 27.4 19.2 5.9 91.8 22.3 22.4
3-OH benzoic 0.4 2.9 2.0 0.6 0.1 2.0 1.9 0.5
4-OH benzoic 0.4 5.3 2.2 1.3 0.6 3.1 2.2 0.6
Pinonic 1.3 5.1 2.6 0.9 2.5 3.4 2.8 0.4
Daily TCA 35.5 330.3 167.4 109.6 29.8 316.3 114.8 89.5
Daily ToxCA 15.1 147.4 74.8 50.4 16.3 165.7 61.1 47.8
Burning Sugars 69 676 382 199 96 550 304 153
Fatty acids 102 290 200 52 69 221 150 54
PM2.5 (mg m�3) 6.2 70.7 31.0 17.2 10.2 64.4 27.7 16.2
ToxCA/TCA % 36.4 50.4 44.0 4.7 44.5 60.9 53.1 5.3
C3/C4 0.13 2.87 0.92 0.78 0.32 1.75 0.95 0.62
Phthalic/Adipic 0.93 3.12 1.58 0.53 0.64 2.07 1.07 0.44
C6/C9 0.20 0.78 0.40 0.15 0.26 3.04 0.65 0.73
Phthalic/C9 0.93 3.13 1.58 0.53 0.22 2.27 0.61 0.54
Meteorological parameters
Mixing height (m) 99 857 365 153 50 817 257 96
Daily solar radiation
(W m�2)

5.3 121.0 70.6 37.7 5.7 148.5 85.4 46.0

Daily temperature (�C) 10.0 15.9 12.6 2.7 6.8 16.2 11.1 2.5
Precipitations (mm) 65.0 75.0

Deep-winter 2013 Main site San Pietro

ACIDS Minimum
(ng m�3)

Maximum
(ng m�3)

Average
(ng m�3)

S.D.
(ng m�3)

Minimum
(ng m�3)

Maximum
(ng m�3)

Average
(ng m�3)

S.D.
(ng m�3)

Malonic 4.3 63.6 26.8 21.1 2.9 92.0 32.7 25.7
Succinic 13.4 49.4 32.3 12.6 11.1 61.2 35.1 14.5
Glutaric 4.7 35.2 19.5 12.8 2.5 52.6 24.3 17.4
Adipic 0.9 9.6 4.7 1.9 1.7 8.5 4.6 1.8
Pimelic 3.3 4.7 4.1 0.5 1.4 7.6 5.3 2.3

(continued on next page)
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Table 1 (continued )

Deep-winter 2013 Main site San Pietro

ACIDS Minimum
(ng m�3)

Maximum
(ng m�3)

Average
(ng m�3)

S.D.
(ng m�3)

Minimum
(ng m�3)

Maximum
(ng m�3)

Average
(ng m�3)

S.D.
(ng m�3)

Azelaic 10.5 34.1 17.2 7.0 5.7 29.0 16.0 6.9
Maleic 14.3 158.6 67.8 37.8 8.4 134.2 57.4 39.3
Malic 3.9 38.8 20.3 11.5 2.9 46.2 22.5 15.0
Phthalic 2.3 28.5 11.8 6.7 2.3 35.5 11.8 8.5
Glycolic 5.9 32.0 14.2 6.5 4.3 34.4 16.9 9.5
2-ketoglutaric 11.1 97.0 46.8 28.4 2.3 137.8 45.4 33.7
3-OH benzoic 0.5 3.9 2.4 0.8 0.1 5.1 2.9 1.0
4-OH benzoic 0.9 5.3 3.1 1.4 0.6 7.5 3.7 1.7
Pinonic n.d. n.d. n.d. n.d. 2.9 6.4 3.9 1.2
Daily TCA 51.6 458.3 249.3 122.3 44.0 527.5 247.9 139.2
Daily ToxCA 15.5 149.0 83.4 43.0 15.6 161.2 87.7 55.7
Burning Sugars 169 598 355 133 149 637 346 151
Fatty acids 141 384 245 68 170 362 249 53
PM2.5 (mg m�3) 12.5 71.7 32.8 13.7 14.7 86.5 34.6 19.4
ToxA/TCA % 12.7 54.9 34.4 9.9 18.7 50.2 34.1 9.2
C3/C4 0.14 1.99 0.81 0.51 0.15 2.30 0.87 0.64
Phthalic/Adipic 1.09 5.39 2.89 1.25 1.01 5.60 2.32 1.19
C6/C9 0.12 0.43 0.29 0.09 0.20 0.78 0.38 0.17
Phthalic/C9 0.32 1.90 0.87 0.50 0.37 2.13 0.96 0.62
Meteorological parameters
Mixing height (m) 102 1085 413 99 51 943 314 120
Daily solar radiation (W m�2) 13.7 130.0 80.8 34.5 9.2 160.3 92.0 48.4
Daily temperature (�C) 1.4 6.9 3.9 1.6 �0.8 7.5 2.6 1.0
Precipitations (mm) 48.6 40.6
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Hyder et al., 2012). Accordingly, the highest concentrations were
observed for C3eC4 dicarboxylic acids with the most abundant
succinic (32e112 ng m�3), maleic (30e91 ng m�3) and malic acids
(20e41 ngm�3) inwinter 2011 and 2013 campaigns. In fall 2012 the
most abundant species was malonic acid (30e33 ng m�3), followed
by 2-ketoglutaric, succinic and malic acids (each 22e27 ng m�3).

3.2. Source attribution to the acidic contents of organic aerosol

To give insight into the origin of CAs, the correlation among
carboxylic acids has been studied since strong correlation co-
efficients among these compounds may suggest a similar source or
involvement in the same photo-oxidation processes (Ho et al.,
2011; Hyder et al., 2012).

Table 4 shows a comprehensive picture of the correlation co-
efficients among the studied CAs (the study included only the
analytes showing at least 50% of the measured values above the
detection limit). If we look at the correlations among the CA con-
centrations, it is clear that most of the values obtained in fall 2012
(39 pairs) are nicely correlated (r > 0.7, values in bold), suggesting
that the concentrations of these species are mainly controlled by
the same atmospheric processes in this period (Table 4). Otherwise,
only a limited number of acid pairs measured in 2011 and 2013
winter periods (14 and 12 pairs, respectively, Table 4a, c) show
significant correlations (r > 0.7, values in bold), which strongly
suggested the combined contribution of primary emissions and
secondary reactions.

As a general trend, in the three campaigns, among the acids
detected, succinic acid was the most correlated with the others,
since it showed significant correlations with glycolic, malic, gluta-
ric, adipic and phthalic acids: this result was consistent with the
finding that succinic acid is originated from different sources, like
the direct emissions from solid fuel burning (at least from wood
burning) and the oxidation of unsaturated fatty acids, emitted from
both anthropogenic and biogenic sources (Wang et al., 2006; Lee
et al., 2006; Oliveira et al., 2007; Bi et al., 2008; Hsieh et al., 2008).

The limited correlation between succinic (C4) and malonic (C3)
acids observed in all the campaigns (r ¼ 0.6e0.7) suggested that
malonic acid was only in part produced from oxidation atmo-
spheric processes, with succinic as a precursor. These results were
confirmed by computing the diagnostic ratio C3/C4 as indicator of
photochemical production of dicarboxylic acids in the atmosphere:
values ranging from 0.2 to 0.9 were obtained (Table 1). In com-
parison, the C3/C4 ratio was 0.35 for fresh emissions in Los Angeles,
approximately 1.0 for urban Tokyo and 3.9 for the remote Pacific
aerosol (Kawamura and Yasui, 2005; Li et al., 2006; Oliveira et al.,
2007; Wang et al., 2011). This suggested that primary emissions
largely control the atmospheric concentrations of diacids in cold
seasons, yielding relatively fresh PM.

Significant amounts of pimelic (C7) and azelaic (C9) acids were
detected in autumn 2012 (mean 3 and 9 ng m�3, respectively) and
in winter 2013 (mean 4 and 17 ng m�3, respectively). These acids
are believed to be produced from photo-oxidation of unsaturated
carboxylic acids, such as oleic and linoleic acids having unsatura-
tion at carbon 9 position (Ho et al., 2011; Hyder et al., 2012). The C7
and C9 concentrations are very nicely correlated each other, with
r z 0.84, which strongly suggests the common involvement in the
same photo-oxidation processes of biogenic precursors. In fact,
pimelic is produced either directly from the same sources as those
of azelaic acid or by further oxidation of azelaic acid down to lower
carbon numbered dicarboxylic acids (Ho et al., 2011; Hyder et al.,
2012). The presence of these acids is consistent with the emission
of biogenic unsaturated fatty acids from the vegetation activity,
although it is limited in the cold seasons. This hypothesis is
confirmed by the presence of significant amount of pinonic acid in
this period (z3 ng m�3) since this oxo carboxylic acid is one of the
major products of the ozonolysis or OH-initiated oxidation of
biogenic volatile organic compounds, like pinenes (Hyder et al.,
2012; Ruiz-Jimenez et al., 2012).

Phthalic acid has been proposed as a surrogate for the contri-
bution of SOA to an environmental sample, since it mainly derives
from the oxidation of naphthalene and other polycyclic aromatic
hydrocarbons or phthalates. In minor quantities, it may also have
origin from primary sources like biomass burning or vehicle
exhaust (Oliveira et al., 2007; Ho et al., 2011). If we look at its
correlation with aliphatic dicarboxylic acids, we find a different



pattern in winter campaigns in comparison with fall. In fall 2012
phthalic acid shows a good correlation with all C4eC9 dicarboxylic
acids (r z 0.8), which suggests that it is mainly originated by the
photo-oxidation of anthropogenic precursors. In winter phthalic
acid is well correlated with the succinic acid (r ¼ 0.76e0.78) but
very poorly with other C6eC9 DCAs (r < 0.6), which is consistent
with the concomitant contribution of primary emissions combined

with photochemical processes in these colder seasons. These con-
clusions are also supported by the increase in phthalic acid quan-
tities from fall and pre-winter (z4 ng m�3, similar to Toronto or
Ljubljana, Table 3) to deep-winter 2013 (z12 ng m�3). Accordingly,
the ratio of phthalic acid to adipic acid increases from fall (z1.3) to
deep-winter (z2.5), which may be due to enhanced primary
emissions of phthalic acid from motor vehicles and domestic
heating using fossil fuels (Wang et al., 2006; Hyder et al., 2012).

As phthalic and adipic acids are produced by the atmospheric
oxidation of anthropogenic hydrocarbons, their ratios to azelaic
have been proposed as indicators of the impact of anthropogenic
and biogenic precursors to SOA production (Wang et al., 2006). The
phthalic/C9 and C6/C9 ratios were found to be lower to unity in
either 2012 or 2013 campaigns: mean values were 0.6e1.6 and 0.3e
0.6, respectively (Table 1). This result suggests that the photo-
oxidation of anthropogenic precursors largely control the atmo-
spheric reactions in cold seasons, that is consistent with the limited
vegetation activity inwintertime (Wang et al., 2006; Li, et al., 2006;
Oliveira et al., 2007; Huang et al., 2012).

Among the oxo and hydroxy acids, malic acid was found the
dominant marker (41, 26 and 20 ng m�3 in pre-winter, fall and
deep-winter, respectively in MS), followed by 2-ketoglutaric (9, 27
and 47 ng m�3 in pre-winter, fall and deep-winter, respectively in
MS). The measured levels were in the range of concentrations
found in suburban and urban sites reported elsewhere (Table 3). In
particular, in addition to succinic acid, malic acid has been found as
the most abundant C4 diacid during air pollution episodes (Hsieh
et al., 2008; Van Drooge et al., 2012). In the three campaigns, the
concentrations of malic and succinic acids were well correlated
(r z 0.8, Table 4), indicating their involvement in common
photochemical reactions. In fact, because of the similarity between
their molecular structures, malic acid was thought to be produced
by the hydroxylation reaction of succinic acid in the atmosphere
(Kawamura and Yasui, 2005). Malonic acid is strongly correlated
with malic acid only in the warmer period; suggesting that the
higher temperature facilitates the conversion of oxidized acids into
smaller dicarboxylic acids.

3.3. Relationship between carboxylic acids and meteorological
conditions

In order to explain the trend of the obtained results, they were
related to the weather conditions during the three campaigns,

Fig. 2. Seasonal evolution of concentrations of dicarboxylic (empty bars) and oxo-hydroxy carboxylic acids (full bars) in monitoring campaigns: effect of the daily mean tem-
perature, associated with the right axis (�C). A bar indicates 1 standard error.

Table 2
Total concentration values of carboxylic acids in atmospheric aerosols measured in
different locations during autumn and winter (average concentrations, ng m�3):
comparison among literature data and this work.

Site Total acids
(ng m�3)

Season References

Montelibretti (Italy),
semi-rural

111 Winter Balducci and
Cecinato (2010)

Roma (Italy), urban 115 Winter
Alpe san Colombano

(Italy), remote
16 Winter Perrone et al. (2012)

Oasi Bine (Italy), rural 152 Winter
Milan (Italy), urban 240 Winter
Melpitz (Germany), rural 34 Summer/

Autumn
Van Pinxteren and
Herrman, 2007

Philadephia (USA), urban 14
22

Winter
Autumn

Li et al. (2006)

Beijing (China), urban 42
16

Autumn
Winter

Huang et al. (2006)

Algiers (Algeria), urban 118
193

Autumn
Winter

Ladji et al. (2009)

Algiers (Algeria), suburban 63
93

Autumn

Tokio (Japan), urban 438 Winter Kawamura and
Yasui (2005)

Beijing (China), urban 269
231

Autumn
Winter

Huang et al. (2005)

Hong Kong, urban 858 Winter Ho et al. (2006)
Nanjing (China), urban 506 Autumn Wang et al. (2011)
Shenzhen (China), urban 35

31
Autumn
Winter

Huang et al. (2012)

Vavihill (Sweden), background 33 One year Hyder et al. (2012)
Hong Kong, urban 644 Winter Ho et al. (2011)
Hong Kong, rural 656 Winter
Guangzhou (China), urban 384 Winter
Zhaoqing (China), semirural 490 Winter
Bologna (Italy), urban 167

266
Autumn
Winter

This work

San Pietro Capofiume
(Italy), rural

115
278

Autumn
Winter
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Table 3
Concentration values of selected carboxylic acids in atmospheric aerosols measured in different locations during autumn and winter (average concentrations, ng m�3):
comparison among literature data and this work.

Acid Site Range (ng m�3) Average (ng m�3) Season

Malonic Tokio (Japan), urban 18e88 40 Winter Kawamura and Yasui (2005)
Toronto (Canada), urban 1e51 9 Winter Dabek-Zlotorzynska (2005)
Philadelphia (USA), urban 1.2

0.7
Winter
Autumn

Li et al. (2006)

Tokio (Japan), urban 6e190 270 One year Kawamura et al. (1993)
Hong Kong, urban 10e145 68

89
One year
Winter

Ho et al. (2006)

Ljubljana (Slovenia), semi rural 5.9e19 12 Winter Kitanovski et al. (2011)
Beijing (China), urban 34

28
Autumn
Winter

Huang et al. (2005)

Bologna (Italy), urban 2.4e100.8
4.3e77.4

29.7
24.2

Autumn
Winter

This work

San Pietro Capofiume (Italy), rural 4.6e65.0
2.9e130.6

33.3
37.1

Autumn
Winter

Succinic Tokio (Japan), urban 22e79 73 Winter Kawamura and Yasui (2005)
Toronto (Canada), urban 1e46 12 Winter Dabek-Zlotorzynska (2005)
Philadelphia (USA), urban 4.4

7.7
Winter
Autumn

Li et al. (2006)

Taiwan, suburban 77 Autumn Hsieh et al. (2008)
Hong Kong, urban 13e121 52

72
One year
Winter

Ho et al. (2006)

Nanjing (China), urban 87 Autumn Wang et al. (2011)
Ljubljana (Slovenia), semi rural 4.8e12 10 Winter Kitanovski et al. (2011)
Beijing (China), urban 40

24
Autumn
Winter

Huang et al. (2005)

Algiers (Algeria), urban 11
113

Autumn
Winter

Ladji et al. (2009)

Algiers (Algeria), suburban 123
68

Autumn
Winter

Bologna (Italy), urban 5.7e49.9
13.4e162.5

26.8
72.2

Autumn
Winter

This work

San Pietro Capofiume (Italy), rural 6.2e49.8
11.1e218.1

22.2
72.9

Autumn
Winter

Glutaric Tokio (Japan), urban 9e26 18 Winter Kawamura and Yasui (2005)
Toronto (Canada), urban 2e9 4 Winter Dabek-Zlotorzynska (2005)
Philadelphia (USA), urban 1.5

1.6
Winter
Autumn

Li et al. (2006)

Hong Kong, urban 2.8e28 13.5
20

One year
Winter

Ho et al. (2006)

Nanjing (China), urban 40 Autumn Wang et al. (2011)
Ljubljana (Slovenia), semi rural 6e20 11.5 Winter Kitanovski et al. (2011)
Beijing (China), urban 9.2

10
Autumn
Winter

Huang et al. (2005)

Algiers (Algeria), urban 3.9
9

Autumn
Winter

Ladji et al. (2009)

Algiers (Algeria), suburban 12
92

Autumn
Winter

Bologna (Italy), urban 3.9e35.9
4.7e35.2

17.1
18.9

Autumn
Winter

This work

San Pietro Capofiume (Italy), rural 0.5e13.2
2.5e52.6

5.9
10.8

Autumn
Winter

Adipic Tokio (Japan), urban 8e23 14 Winter Kawamura and Yasui (2005)
Toronto (Canada), urban 1e33 9 Winter Dabek-Zlotorzynska (2005)
Philadelphia (USA), urban 0.9

1.7
Winter
Autumn

Li et al. (2006)

Hong Kong, urban 3.8e32 12
11

One year
Winter

Ho et al. (2006)

Berlin (Germany), urban 1.7 One year Wagener et al. (2012)
Ljubljana (Slovenia), semi rural 3.1e9.2 5.8 Winter Kitanovski et al. (2011)
Algiers (Algeria), urban 13

80
Autumn
Winter

Ladji et al. (2009)

Algiers (Algeria), suburban 48
158

Autumn
Winter

Bologna (Italy), urban 1.3e7.1
0.9e9.6

3.5
4.7

Autumn
Winter

This work

San Pietro Capofiume (Italy), rural 1.2e7.3
1.7e8.5

3.0
4.6

Autumn
Winter

Pimelic Tokio (Japan), urban 2e14 10 Winter Kawamura and Yasui (2005)
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Table 3 (continued )

Acid Site Range (ng m�3) Average (ng m�3) Season

Hong Kong, urban 0.7e9.7 2.3
3.2

One year
Winter

Ho et al. (2006)

Ljubljana (Slovenia), semi rural 1.3e5.1 2.9 Winter Kitanovski et al. (2011)
Bologna (Italy), urban 1.4e7.9

3.3e4.7
3.2
4.1

Autumn
Winter

This work

San Pietro Capofiume (Italy), rural 0.9e4.0
1.4e7.6

2.0
5.3

Autumn
Winter

Azelaic Tokio (Japan), urban 11e36 21 Winter Kawamura and Yasui (2005)
Philadelphia (USA), urban 2.6

5.1
Winter
Autumn

Li et al. (2006)

Hong Kong, urban 6e28 13
17

One year
Winter

Ho et al. (2006)

Nanjing (China), urban 94 Autumn Wang et al. (2011)
Ljubljana (Slovenia), semi rural 1.6e9.4 4.4 Winter Kitanovski et al. (2011)
Bologna (Italy), urban 2.9e25.3

10.5e34.1
10.0
17.2

Autumn
Winter

This work

San Pietro Capofiume (Italy), rural 0.4e22.4
5.7e29.0

8.3
16.0

Autumn
Winter

Maleic Tokio (Japan), urban 5e14 8 Winter Kawamura and Yasui (2005)
Taiwan, suburban 13 Autumn Hsieh et al. (2008)
Hong Kong, urban 2.2e37 16

20
One year
Winter

Ho et al. (2006)

Nanjing (China), urban 2.2 Winter Wang et al. (2011)
Ljubljana (Slovenia), semi rural 2.9e6.9 4.6 Winter Kitanovski et al. (2011)
Bologna (Italy), urban n.d.

9.6e158.6
n.d.
49.0

Autumn
Winter

This work

San Pietro Capofiume (Italy), rural n.d.
8.4e661.5

n.d.
110.8

Autumn
Winter

Phthalic Tokio (Japan), urban 13e36 24 Winter Kawamura and Yasui (2005)
Dabek-Zlotorzynska (2005)Toronto (Canada), urban 2e9 3 Winter

Hong Kong, urban 40e105 84
78

One year
Winter

Ho et al. (2006)

Nanjing (China), urban 69 Winter Wang et al. (2011)
Ljubljana (Slovenia), semi rural 3.2e10 5.6 Winter Kitanovski et al. (2011)
Algiers (Algeria), urban 16

516
Autumn
Winter

Ladji et al. (2009)

Algiers (Algeria), suburban 159
1020

Autumn
Winter

Kitanovski et al. (2011)

Bologna (Italy), urban 1.7e11.4
2.3e28.5

5.3
7.5

Autumn
Winter

This work

San Pietro Capofiume (Italy), rural 1.0e5.0
2.6e34.4

3.2
8.0

Autumn
Winter

Malic Tokio (Japan), urban 3e15 9 Winter Kawamura and Yasui (2005)
Toronto (Canada), urban 1e51 10 Winter Dabek-Zlotorzynska (2005)
Philadelphia (USA), urban 0.3

1.1
Winter
Autumn

Li et al. (2006)

Taiwan, suburban 36 Autumn Hsieh et al. (2008)
Hong Kong, urban 1.1e10 4.5

6.5
One year
Winter

Ho et al. (2006)

Berlin (Geramny), urban 50 One year Wagener et al. (2012)
Nanjing (China), urban 56 Autumn Wang et al. (2011)
Beijing (China), urban 20

13
Autumn
Winter

Huang et al. (2005)

Bologna (Italy), urban 3.4e66.9
3.9e92.5

25.7
30.6

Autumn
Winter

This work

San Pietro Capofiume (Italy), rural 5.6e52.1
2.9e63.3

26.1
28.1

Autumn
Winter

Glycolic Toronto (Canada), urban 1e10 4 Winter Dabek-Zlotorzynska (2005)
Ljubljana (Slovenia), semi rural 1.2e8.4 4.2 Winter Kitanovski et al. (2011)
Bologna (Italy), urban 3.7e43.2

5.9e42.6
16.3
17.1

Autumn
Winter

This work

San Pietro Capofiume (Italy), rural 3.9e42.9
4.3e37.0

13.6
17.9

Autumn
Winter

Pinonic Berlin (Berlin), urban 9.4 One year Wagener et al. (2012)
Ljubljana (Slovenia), semi rural 1.6e2.4 1.9 Winter Kitanovski et al. (2011)
Toronto (Canada), urban 2.3

2.8
Autumn
Winter

Cheng et al. (2011)

Bologna (Italy), urban 1.3e5.1
n.d.

2.6
n.d.

Autumn
Winter

This work

San Pietro Capofiume (Italy), rural 2.5e3.4
2.9e6.4

2.8
3.9

Autumn
Winter
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Table 4
Correlation coefficients of carboxylic acid concentrations measured in the 3 monitoring campaigns at the MS site: pre-winter 2011, fall 2012 data and deep-winter 2013 data.
Computations were performed only on the analytes showing at least 50% of the measured data above the detection limit. Bold values indicate significant correlations (r > 0.7).

Pre-winter 2011 Malonic Succinic Glutaric Malic Phthalic Glycolic Keto glutaric 3-OH benzoic 4-OH benzoic

Malonic 1 0.734 0.772 0.531 0.693 0.445 0.442 �0.006 0.001
Succinic 1 0.946 0.747 0.780 0.721 0.679 0.244 0.313
Glutaric 1 0.853 0.724 0.790 0.725 0.416 0.463
Malic 1 0.529 0.812 0.852 0.639 0.678
Phthalic 1 0.301 0.382 �0.086 �0.049
Glycolic 1 0.761 0.643 0.732
Ketoglutaric 1 0.675 0.648
3-OH benzoic 1 0.913
4-OH benzoic 1

Fall 2012 Malonic Succinic Glutaric Adipic Pimelic Azelaic Malic Phthalic Glycolic Keto glutaric 3-OH benzoic 4-OH benzoic Pinonic

Malonic 1 0.644 0.206 0.577 0.421 0.586 0.900 0.578 0.898 0.337 0.142 �0.038 0.058
Succinic 1 0.729 0.916 0.825 0.859 0.856 0.764 0.860 0.877 0.722 0.562 0.471
Glutaric 1 0.748 0.854 0.730 0.564 0.812 0.521 0.651 0.808 0.794 0.648
Adipic 1 0.840 0.915 0.859 0.758 0.834 0.790 0.855 0.662 0.647
Pimelic 1 0.839 0.726 0.824 0.699 0.736 0.818 0.751 0.677
Azelaic 1 0.805 0.857 0.794 0.715 0.814 0.650 0.587
Malic 1 0.734 0.961 0.652 0.600 0.403 0.418
Phthalic 1 0.689 0.599 0.661 0.595 0.507
Glycolic 1 0.641 0.545 0.363 0.343
Ketoglutaric 1 0.625 0.474 0.537
3OH benzoic 1 0.863 0.686
4OH benzoic 1 0.603
Pinonic 1

Deep-winter 2013 Malonic Succinic Glutaric Adipic Pimelic Azelaic Maleic Malic Phthalic Glycolic Keto glutaric 3-OH benzoic 4-OH benzoic Pinonic

Malonic 1 0.581 0.675 0.482 0.407 0.452 0.347 0.693 0.619 0.662 0.528 0.492 0.498 �0.574
Succinic 1 0.543 0.728 0.283 0.121 0.263 0.840 0.765 0.749 0.734 0.428 0.461 �0.739
Glutaric 1 0.493 0.602 0.374 0.642 0.560 0.481 0.436 0.761 0.505 0.467 �0.084
Adipic 1 0.542 0.286 0.182 0.816 0.595 0.680 0.530 0.715 0.761 �0.400
Pimelic 1 0.543 �0.088 0.532 0.178 0.430 0.427 0.545 0.553 �0.682
Azelaic 1 �0.156 0.355 0.178 0.407 0.155 0.666 0.632 0.473
Maleic 1 0.140 0.219 �0.019 0.578 0.070 0.036 �0.032
Malic 1 0.748 0.827 0.687 0.592 0.667 L0.833
Phthalic 1 0.682 0.638 0.284 0.299 L0.878
Glycolic 1 0.511 0.657 0.703 �0.498
Keto glutaric 1 0.330 0.347 0.230
3-OH benzoic 1 0.945 �0.266
4-OH benzoic 1 �0.379
Pinonic 1
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which were the typical atmospheric conditions in cold seasons in
the Po Valley. The mixing layer heights were nearly continuously
low, withmean values in the 169e314m and 230e413m ranges for
the rural and urban sites, respectively: these are reduced heights in
comparisonwith summer data (about 900m during summer 2012).
Also daily solar radiation was nearly constant in all the periods,
characterized by low values (mean values of 61e81Wm�2 and 65e
92 W m�2 in MS and SP, respectively) in comparison with summer
values (i.e., nearly 300Wm�2 during summer 2012). Precipitations
were nearly absent (winter 2011) or present only in few days,
yielding total precipitation values with the maximum of 75 mm in
SP during fall 2012 (Table 1, last 4 lines).

These meteorological conditions might explain the high con-
centrations of carboxylic acids, since the low mixing layer height
and weak amount of wet deposition confined vertical distribution
of pollutants to the first hundred meters of the atmosphere,
contributing to the accumulation of organic precursors and thereby
promoting the secondary production of acids (Balducci and
Cecinato, 2010; Carbone et al., 2010; Bigi and Ghermandi, 2011;
Perrone et al., 2012; Pietrogrande et al., 2013). In addition, the
organic pollutants emitted by specific local sources were homo-
genously accumulated and persist all over the investigated area, so
that the PM2.5 mass and CA concentrations showed background
profiles slightly affected by the distance from source locations (see
comparison between two sites in Fig. 2).
Temperature showed significant variation in the three periods
ranging from 6.5 to 3.9 �C (mean values in Main Site in winter 2011
and 2013, respectively) to 12.6 �C in fall 2012. Consequently, it is
possible to relate the higher amounts of acids with the lower
temperature in the winter campaigns (Fig. 2, which reports the
seasonal evolution of total concentrations of carboxylic acids in the
three monitoring campaigns in both sites). This behavior may be
likely attributed to the enhanced emission and accumulation of
anthropogenic precursors associated with domestic heating in
colder pre- and deep-winter in comparison with warmer autumn.
This temperature dependence also explained the similarity be-
tween the data obtained during the pre- and deep-winter periods
characterized by similar temperatures.

As consequence of the reduced solar radiation, limited photo-
chemical processes are expected in all the investigated periods. The
impact of the secondary photo-oxidation reactions can be esti-
mated by the total amount of oxo and hydroxy carboxylic acids
(ToxCA, in Table 1) (Kawamura and Yasui, 2005; Ho et al., 2006; Lee
et al., 2006; Yang et al., 2008). Similar values were obtained in all
the campaigns ranging from 61 ng m�3 in fall to 88 ng m�3 in
winter (seasonal evolution of ToxCA is shown in Fig. 2). However,
these data yield different values of their relative contribution to the
total acids, estimated as the percent ratio of ToxCA to the total
amount of CAs (ToxCA/TCA%, Table 1). They increased from about
30% in winter periods up to 44% and 53% in fall, in MS and SP,



respectively: this trend may be likely due to the concomitant
temperature increase in fall from 3.9 �C to 12.6 �C in MS and from
2.6 �C to 11.1 �C in SP.

3.3. Relationship between carboxylic acids and markers of primary
emission sources

In addition to carboxylic acids, two relevant tracers of primary
emissions were determined, in particular anhydro-sugars and n-
fatty acids, that can be quantified by the used multi-residue GC/MS
method (Pietrogrande et al., 2013).

Levoglucosan, mannosan and galactosan, are significant tracers
for primary biomass burning (BB) emissions, as they are produced
from cellulose and hemicellulose combustion (Oliveira et al., 2007;
Wang et al., 2011; Giannoni et al., 2012; Yang et al., 2013). These
burning sugars showed the highest concentration (total concen-
tration in Table 1) in comparison with the other target markers,
suggesting that wood burning is a major source for particulate
matter in Emilia Romagna region in cold seasons. In fall 2012 and

winter 2013 anhydro-sugars had average total concentrations of
z350 ng m�3, similar to the levels generally found in European
urban and rural areas (5e500 ng m�3, Oliveira et al., 2007; Wang
et al., 2011; Giannoni et al., 2012). In winter 2011 exceptionally
high values of z1100 ng m�3 were found, indicating the large
contribution of biomass burning in this period. It is difficult to
explain this behavior that cannot be directly related to domestic
heating, since the temperature in this period (z5 �C) is similar with
that in deep-winter (z4 �C), when anhydro-sugar levels are lower.
Direct emissions from wood burning may explain the enhanced
TCA levels in pre-winter, mainly due to higher concentrations of
succinic acid which has been found specifically originated from
wood burning (Wang et al., 2006; Lee et al., 2006; Oliveira et al.,
2007; Bi et al., 2008; Hsieh et al., 2008). This conclusion is sup-
ported by the excellent correlation (r ¼ 0.98) found between suc-
cinic acid and BB sugars. However, the concentrations of BB sugars
were not significantly correlated with the total CA concentration
(r z 0.3), although literature papers report that biomass burning
emissions are enriched in low molecular weight dicarboxylic acids

a

b

Fig. 3. Day-of-week pattern of carboxylic acid concentrations (ng m�3) averaged by day of week for three weeks in the urban MS site: concentrations of 2-ketoglutaric, succinic,
malic and malonic acids and total carboxylic acids are shown (a bar indicates 1 standard error). Points indicate concentrations of fatty acids. a: data of fall 2012 campaign; b: data of
deep-winter 2013 campaign.
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(Claeys et al., 2010; Yang et al., 2013). This result suggests that

biomass burning contributes to emission of dicarboxylic acids only

partially, in combination with other different sources. This point

may be elucidated by a detailed investigation on the chemical

composition of burning smoke (work in progress, forthcoming part

2).

In fall 2012 and winter 2013 campaigns also n-fatty acids were

determined using an extension of the GC/MS method. Only palmitic

(C16:0) and stearic (C18:0) acids were found, with dominant C16

acid (concentrations: 51e83 ng m3). The sum of their concentra-

tions ranged from 85 to 134 ng m3, confirming that they are very

abundant tracers in PM. These fatty acids are known to be emitted

directly into the atmosphere by a multiplicity of sources, including

power plants, vehicular circulation, combustion of fossil fuels,

biomass burning and meat cooking operations (Rogge et al., 2006;

Oliveira et al., 2007; Ho et al., 2011). The obtained values are

strongly correlated with the total concentrations of carboxylic acids

(r¼0.98), confirming the main contribution of emissions from

primary sources of diacids in the investigated campaigns.

The ratio of C18/C16 has been used as a qualitative tool for

source assessment. Ratios lower than 0.25 have been obtained in

atmospheric PM2.5resulting from foliar vegetation combustion,

waxy leaf surface abrasions, and wood smoke; values between 0.25

and 0.5 were registered for car and diesel truck exhausts; pro-

portions in the interval 0.5e1 were achieved for paved and unpaved

road dust and for hamburger charbroiling (Rogge et al., 2006). The

C18/C16 ratio had average value of 0.6 in both the sites, indicating

the dominant contribution of anthropogenic emissions, i.e., vehic-

ular emissions and combustion of fossil fuels.

3.5. Day-of-week trends of dicarboxylic acids

The investigation of weekly trends in CA concentrations can

help to elucidate the impact of various emission sources and

photochemical transformations on atmospheric pollutant concen-

trations. In fact, day-of-week trends can be directly related to

contributions of different sources from human activities, since no

weekly trends were seen in meteorological properties, which

usually played a major role in environment PM concentrations

(Lough et al., 2006; Oliveira et al., 2007). Since each campaign went

on in general for three weeks, samples were composited by day of

week at each site and three-week averages were used to investigate

day-of-week trends.

In fall 2012, the total CA concentration showed a significant

dependence on the day of week at each site, since it increased from

Monday through Friday and fell over the weekend to the lowest

levels on Monday (e.g. bars inFig. 3a shows the trend of TCA levels

in fall 2012 in the urban site). This behavior might be a consequence

of the accumulation throughout the weekdays of volatile organic

precursors emitted from sources with weekly activity patterns,

such as motor vehicle traffic, that are higher on weekdays (Lough

et al., 2006; Oliveira et al., 2007; Bigi and Ghermandi, 2011).

Accordingly, the highest levels of total CAs were mainly associated

with the largest contributions of 2-ketoglutaric, succinic and malic

acids (bars inFig. 3a), which have been identified as specific tracers

of secondary organic aerosol originated from traffic exhaust (Hsieh

et al., 2008; Van Drooge et al., 2012).

This conclusion is supported by the same weekly trend showed

by the concentration of C16 and C18 n-fatty acids throughout the

week, with minimum on Monday and maximum on Friday (e.g.

points inFig. 3a shows the trend in fall 2012 in the urban site).

Total CAs show a random pattern during the week in either 2011

or 2013 winter seasons (e.g.Fig. 3b shows the trend of CA

composition in winter 2013 in the urban site): this behavior sug-

gested that in these colder winter periods the main contribution to
CAs concentrations derived from civil heating, that is an anthro-

pogenic source without clear weekly pattern. The strong impact of

such sources was also suggested by the approximately two time

increase in TCA levels in the colder weeks, pre-winter 2011 and

deep-winter 2013, in comparison with fall 2012 (Table 1). Accord-

ingly, also the concentration of C16 and C18 n-fatty acids showed a

random pattern throughout the week (e.g. points inFig. 3b shows

the trend in winter 2013 in the urban site), confirming that the

anthropogenic primary emissions are mainly dominated by the

domestic heating in this period.

For each monitored periods, the same weekly trends were found

in the urban and rural sites, which further confirmed the homo-

geneous impact of the different sources all over the investigated

area.

4. Conclusions

Our study indicates that air pollution problems in Po Valley in

wintertime were principally due to high anthropogenic emissions

combined with stagnant atmospheric conditions, which favored

pollutant accumulation.

The obtained results suggested that the molecular distributions

of low molecular weight carboxylic acids provide essential infor-

mation on emission sources and atmospheric chemical processes.

Biomass burning appears to be the most important contributor to

the aerosols in wintertime, followed by the emission from other

anthropogenic sources, such as combustion of fossil fuels, resi-

dential heating and vehicular sources. In addition, it was observed

that photo-oxidation is likely an important chemical process that

contributes to SOA formation in the investigated area, although

photochemical activity was limited due to low temperature and

reduced solar radiation.

All these preliminary observations will be integrated by more

detailed investigation of other polar and apolar organic tracers in

atmospheric aerosol, provided by the measurement campaigns of

the Supersito project. Further investigations focusing on Principal

Component Analysis (PCA) and source apportionment studies by

performing Positive Matrix Factorization (PMF) are planned to

discuss the analytical results and study the influence of potential

sources, processes and meteorological conditions on the air quality

of the investigated area.
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highlights
Saccharides are emitted from biomass burning and primary bio aerosol.

Emissions are dominated by biomass burning in the cold periods.

Primary biogenic emissions are dominant in summer and spring.
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abstract

Four intensive experimental campaigns were conducted in the Po Valley (Northern Italy) in different

seasons through the years 2012 and 2013, in the framework of the“Supersito”project. As a part of a

study on polar tracers in atmospheric PM2.5, the present paper describes the abundances and temporal

variations of sugars, as primary biogenic biomarkers, being the major form of photosynthetically

assimilated carbon in the biosphere. The study includes primary saccharides (glucose, sucrose, arabinose,

galactose and mycose), sugar alcohols (arabitol and mannitol) and anhydrosugars (levoglucosan, gal-

actosan and mannosan).

Strong seasonality was observed with total sugars concentration nearly 10 times higher in the cold

seasons (mean 377 ng m3) than in summer/spring (mean 36 ng m3). Also sugar composition profiles

varied seasonally, being dominated by anhydrosugars in fall and winter, i.e., levoglucosan (mean

271 ng m3), followed by mannosan (mean 53 ng m3) and galactosan (mean 29 ng m3). These data

indicate that in the cold seasons the biomass combustion for domestic heating is the main sugar source

representing nearly 94% of the total saccharides mass measured in PM2.5. Accordingly, glucose, arabinose

and galactose show the highest concentrations, since these saccharides are also emitted during the

burning process as uncombusted biomass materials. In spring/summer the primary saccharides are

dominant in PM2.5, with mannitol as the most abundant, followed by mycose, glucose and ribitol that are

emitted by the terrestrial biomass, reflecting the higher sugar production and utilization by the

ecosystem in the warm seasons.

These results were confirmed by investigating other molecular markers, such as low-molecular-weight

carboxylic acids and n-alkane homologs. Principal Component Analysis was applied to the data to extract

three PCs that may be attributed to different saccharide sources, such as biomass burning and primary

bio aerosol.

©2014 Published by Elsevier Ltd.
1. Introduction

Several intensive experimental campaigns were conducted at an

urban site (Bologna) and at a rural background station (San Pietro)

in the Po Plain (Northern Italy) in the framework of the“Supersito”

project, developed andfinanced by Emilia-Romagna Region and

mailto:mpc@unife.it
http://crossmark.crossref.org/dialog/?doi=10.1016/j.atmosenv.2014.07.056&domain=pdf
www.sciencedirect.com/science/journal/13522310
http://www.elsevier.com/locate/atmosenv
http://dx.doi.org/10.1016/j.atmosenv.2014.07.056
http://dx.doi.org/10.1016/j.atmosenv.2014.07.056
http://dx.doi.org/10.1016/j.atmosenv.2014.07.056
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Regional Agency of Prevention and Environment (ARPA-ER) (www.
supersito-er.it). Po Valley, which is the most industrialized and
populated region of Italy, is recognized as one of the most worrying
air pollution situations in Europe, where high anthropogenic
emissions and meteorological factors may cause air pollution epi-
sodes and serious risks for human health (Balducci and Cecinato,
2010; Carbone et al., 2010; Bigi and Ghermandi, 2011; Larsen
et al., 2012; Perrone et al., 2013).

In the framework of this project, as the continuation of the
previous study on carboxylic acids (Pietrogrande et al., 2014), this
paper is focused on the chemical characterization of sugars, as
relevant tracers for describing the contribution of biogenic sources
(Simoneit et al., 2004; Medeiros et al., 2006).

These markers were found in substantial concentrations in at-
mospheric aerosols over the continental regions (Rogge et al., 2007;
Bi et al., 2008; Jia et al., 2010; Wang et al., 2011; Tominaga et al.,
2011; Wagener et al., 2012; Fu et al., 2012) and have a significant
impact on climate effects by altering the cloud condensation nuclei
activity of aerosol and playing an important role in the aqueous
phase chemistry occurring within cloud droplet nucleated smoke
(Fuzzi et al., 2007; Martin et al., 2010; Wang et al., 2011).

The saccharides present in aerosols are comprised of three
main groups: (1) primary saccharides consisting of mono- and
disaccharides, (2) saccharide polyols (reduced sugars), and (3)
anhydrosaccharide derivatives, mainly levoglucosan. Their pres-
ence in aerosol particles derived from two major sources that are
admixed depending on environmental conditions: natural
biogenic detritus and biomass burning (natural and anthropo-
genic) (Simoneit et al., 2004; Medeiros et al., 2006; Jia et al., 2010;
Holden et al., 2011; Tominaga et al., 2011; Fu et al., 2012; Li et al.,
2013).

Levoglucosan e with minor quantities of its isomers man-
nosan, galactosan e is primarily produced during biomass com-
bustion as the pyrolytic decomposition product of cellulose and
hemicellulose. Therefore, it is the key tracer for biomass burning
to estimate the contribution of both open and residential
biomass combustion to fine particle (Simoneit et al., 2004; Wang
et al., 2011; Giannoni et al., 2012; Li et al., 2013; Tsai et al., 2013;
Sang et al., 2013).

The other sources of saccharides in aerosols are primary
biological particles, including microorganisms, pollen, vegeta-
tive debris, bacteria and viruses, since sugars represent the
major form of photosynthetically assimilated carbon in the
biosphere (Simoneit et al., 2004; Medeiros et al., 2006). Glucose,
sucrose and mycose (trehalose), as the most common saccha-
rides present in vascular plants and microorganisms, have been
proposed as source-specific tracers for soil biota released into
the atmosphere by farmland soil suspension and natural soil
erosion (Rogge et al., 2007; Jia et al., 2010; Tominaga et al., 2011;
Fu et al., 2012; Tsai et al., 2013). Sugar alcohols, including
mannitol and eritrytol, have been used as biomarkers to esti-
mate atmospheric fungal spore abundance (Medeiros et al.,
2006; Jia et al., 2010).

Size partitioning of sugars showed that the emissions from
primary bio aerosols and soil resuspension are generally most
associated with coarse fraction (Medeiros et al., 2006; Yttri et al.,
2007; Bauer et al., 2008; Ma et al., 2009; Jia and Fraser, 2011;
Wang et al., 2011; Tominaga et al., 2011), whereas those from
biomass burning present higher concentrations in the fine mode
range, with different size distributions depending on sampling sites
and seasonality (Medeiros et al., 2006). Although the comprehen-
sive apportionment of biogenic emissions would require investi-
gation of coarse and fine PM samples (Medeiros et al., 2006; Bauer
et al., 2008; Wang et al., 2011: Tominaga et al., 2011), the concen-
tration and seasonal variation of major saccharides in PM2.5
samples may give helpful information to track aerosols of biologi-
cally derived origin (Jia et al., 2010; Jia and Fraser, 2011).

Even if the atmospheric composition of sugars has been inves-
tigated in various regions and source profiles for open and resi-
dential biomass combustion have been characterized (Mazzoleni
et al., 2007; Puxbaum et al., 2007; Holden et al., 2011), different
sugar species were surveyed among these studies and seasonal and
spatial distributions of the sugars have not yet been sufficiently
clarified (Simoneit et al., 2004; Medeiros et al., 2006).

The main purpose of this study is to investigate the abundances
and temporal variations of sugars and sugar alcohols in atmo-
spheric PM2.5, in order to isolate the sources of biological origins, as
a part of the general study for characterize primary emissions and
secondary processes that contribute to the ambient PM2.5 levels in
Emilia Romagna region (Pietrogrande et al., 2014).

Additional information were obtained by investigating other
organic markers, such as low-molecular-weight carboxylic acids
(CAs), to differentiate between primary emissions and secondary
organic aerosol (Lee et al., 2006; Wang et al., 2006; Ho et al., 2011;
Hsieh et al., 2008; Bi et al., 2008; Wang et al., 2011; Hyder et al.,
2012; Yang et al., 2013; Pietrogrande et al., 2014), and n-alkane
homologs to assess biogenic signatures of epicuticular plant waxes
(Zheng et al., 2002; Jia et al., 2010; Pietrogrande et al., 2010).

Atmospheric PM2.5 samples were collected in two locations
representing an urban (Main Site, MS) and a rural background (San
Pietro Capofiume, SP) site in the Po Valley. Four intensive field
campaigns were carried out in all the seasons in 2012 and 2013
years (Pietrogrande et al., 2014).

2. Materials and methods

2.1. Aerosol sampling

The sampling protocol was described elsewhere (Pietrogrande
et al., 2014). Briefly, the urban background site MS is located in
the city of Bologna (~400,000 inhabitants) and the rural back-
ground station is located at San Pietro Capofiume about 30 km
northeast from the city.

As part of the Supersito project, four sampling intensive cam-
paigns were performed to represent different meteorological sce-
narios throughout the year: early-summer, from 14th June up to
11th July 2012, late-autumn, from 23rd October up to 10th
November 2012, deep-winter from 30th January up to 19th
February 2013 and late-spring from 7th up to 27th May 2013.

PM2.5 samples were collected on quartz fiber filters (Whatman,
47 mm diameter) by low volume automatic outdoor samplers
(Skypost PM, TCRTECORA Instruments, Corsico, Milan, Italy) at an
airflow rate of 38.3 L min�1 for 24 h (z55 m3 day�1). In spring,
higher air volumes (z283 m3 day�1) were sampled on quartz fiber
filters (Munktell, 100 mm diameter) using an Hi-Vol sampler (Echo
Hi-Vol, TECORA Instruments, Corsico, Milan, Italy) operating at a
flow rate of 11.7 m3 h�1 for 24 h. This choice was motivated by the
need of assuring PM amounts compatible with the analytical
sensitivity, since the target analytes are expected at low concen-
tration levels in spring in the investigated region (Carbone et al.,
2010; Bigi and Ghermandi, 2011; Perrone et al., 2013;
Pietrogrande et al., 2013a).

After sampling, the procedure outlined in European Standard EN
12341 (CEN, 1998) was applied for equilibration and weighing. The
filters were stored in a freezer at �20 �C before analysis.

Meteorological data were collected at the meteorological sta-
tions of San Pietro Capofiume and Bologna by Hydro-Meteo-
Climate Service of ARPA-ER. Mixing layer height at both sites was
estimated using the pre-processor CALMET by ARPA Emilia-
Romagna (Scire et al., 2000; Deserti et al., 2001).

http://www.supersito-er.it
http://www.supersito-er.it
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2.2. Analytical procedure for sugar analysis

The analytical procedure has been described elsewhere

(Pietrogrande et al., 2013b, 2014). Briefly, PM samples were

extracted with 15 mL of methanol:dichloromethane (9:1 solvent

mixture) in an ultrasonication bath for 15 min and then filtered

using a teflonfilter (45 mm, 0.45mm, Supelco, Bellefonte, PA). A
solvent volume of 20 mL was used for extracting the larger quartz

fiberfilters (100 mm diameter) in the spring campaign. Thefiltrates

were evaporated to dryness in a centrifugal vacuum concentrator

(miVac Duo Concentrator, Genevac Ltd, Ipswich, UK). Then the

sample extracts were submitted to silyl derivatization with N,O-bis-

(trimethylsilyl)trifluoroacetamide (BSTFA) containing 1% of trime-

thylchlorosilane (TMCS) at 75C for 70 min: 40mL of BSTFA-TMCS
reagent and 15mL of pyridine were added to 40mL of iso-octane as
solvent and 5mL of Internal Standard (deuterated n-dodecane,
C12D26, injected quantity: 127.5 ng).

The GC/MS system was a Scientific Focus-GC (Thermo-Fisher

Scientific, Milan, Italy) coupled to PolarisQ Ion Trap Mass Spec-

trometer (Thermo-Fisher Scientific, Milan, Italy). The column used

was a DB-5ms column (L¼30 m, I.D.¼0.25 mm,df¼0.25mmfilm
thickness; J&W Scientific, Rancho Cordova, CA, USA). High purity

helium was the carrier gas with a linearflow rate of 1.5 mL min1.

Temperature program conditions were optimized for analysis of a

wide range of target polar organic compounds, including low mo-

lecular weight carboxylic acids: an initial temperature of 70Cwas

raised to 125C at 2.5C min1, followed by an isothermal hold for

7 min; after that, the temperature was increased to 145 Cat

2 C min1, an isothermal hold for 5 min; then further raised to

170C at 2.5 C min1andfinally led to 300 Cat7 C min1; this

temperature was maintained for 1 min. All samples were injected

in splitless mode (splitless time: 60 s); the injector temperature

was 250 C.

The mass spectrometer operated in Electron Ionization mode

(positive ion, 70 eV). Ion source and transfer-line temperatures

were 250 C and 280 C, respectively. The mass spectra were ac-

quired in full scan mode from 50 to 650m/zin 0.58 s. For identi-

fication and quantification of the target analytes, the SIM (selected-

ion monitoring) chromatograms were extracted from the acquired

signal by selecting either the base peak ion or the most abundant

characteristic fragments (Pietrogrande et al., 2013b). Quality

assurance and quality control were assessed by precision, accuracy

and sensitivity for polar organic tracers. The procedure provides

low detection limits (0.1e3ngm3with low volume samplers, and

0.1e1ng m3in spring, with higher air volume sampler, LOD in

Table 1) and good reproducibility (RSD%7%). The procedure re-

coveries were evaluated on PM samples spiked with surrogate

standards submitted to extraction and derivatization prior to GC/

MS analysis. Good recoveries ranging from 78% to 104% were ob-

tained for the target analytes, assuring reliable results for the real

samples (Pietrogrande et al., 2013b).

2.3. Analytical procedure for n-alkane analysis

The analysis of n-alkanes (C20eC33) was performed in the ARPA

laboratory in Ravenna, as a part of the Supersito project activities

(www.supersito.it). PM samples were extracted in an ultrasonic

bath for 20 min with 15 mL of dichloromethane and then evapo-

rated to dryness. Before extraction, 5-a-androstane (C19H32,200ml
of a standard solution at 10 ngml1) was spiked into all samples for
recovery determination. Interfering compounds were removed by

solideliquid chromatography using a glass column (0.6 10 cm)

packed with 3 g of deactivated silica gel and eluting with 25 mL of

n-exane, following the procedure of the EPA 3630C method. The

elution solvent was evaporated until dryness under a gentle stream
of nitrogen, then the residue was dissolved in 200mL of isooctane
containing 10 ngml1of deuterated n-tetracosan (C24D50) as In-
ternal Standard.

The extracts were analyzed by gas chromatography coupled

with quadrupole mass spectrometry. An Agilent 6850 GC/MS

(Agilent Technologies Italia, SpA, Milan, Italy) was used. The sepa-

ration was performed on a DB-XLB capillary column (L¼60 m,

I.D.¼0.25 mm,df¼0.25mmfilm thickness; J&W Scientific, Rancho
Cordova, CA, USA). Helium was used as carrier gas with a constant

linearflow of 1 mL min1. An autosampler was installed with a

split/splitless injector. The injector was kept at 300C and 2mLof
extract were injected in splitless mode. The n-alkane analysis was

performed under the following temperature program: temperature

ramp from 60to 300 at 6C min1, then isothermal hold at 300C

for 20 min. The transfer line was kept at 305C.

The MS operated at 70 eV in EI mode. The chromatograms were

acquired in SIM (single ion monitoring) mode operating at 57, 71,

and 85m/zvalues during the whole chromatographic run.

The n-alkanes were identified by matching the retention times

of each peak in the sample chromatogram with those of standard

solutions and by comparing mass spectra of the samples with those

of the standards as well as with those from the NIST mass spectra

library (NIST MS Searchr. 2.0).

The internal standard method was used for n-alkane quantifi-

cation based on the GC/MS signal obtained from the sum of three

m/zvalues (57, 71, and 85). For all the investigated n-alkanes the

detection limits were 0.9 ng m3with low volume samplers, and

0.1 ng m3in spring, with higher air volume sampler (last column

inTable 1).

2.4. PCA computation

The Principal Component Analysis was performed using the

statistical programMATLAB©(The Mathworks, Inc. 2008) and run

on a 1.53 GHz (256 RAM), AMDAthlonpersonal computer.

3. Results and discussion

12 saccharides were determined in PM2.5 samples: they

included 4 monosaccharideseglucose, arabinose, mannose and

galactosee as well as 3 sugar polyols (ribitol, erythritol and

mannitol), 2 disaccharides (sucrose and mycose) and 3 anhy-

drosugars (levoglucosan, galactosan and mannosan).

3.1. Ambient concentrations and seasonal variation

Table 1reports the mean values of the concentrations observed

for each campaign and integrated onz3 weeks: minimum,

maximum and mean values ±standard deviation (SD) (the term

n.d. indicates that more than 90% of the measured values were

below the detection limit). These individual concentrations were

summed to compute the total sugar concentrations (tot sugars), the

sum of the 3 anhydrosugars (tot burning) and the total concen-

tration of the primary biomass sugars emitted by the ecosystem

(tot bio), computed by excluding anhydrosaccharides, that are in-

dependent of biota living cycle.

In general, total concentrations of sugars were one order of

magnitude higher in the cold seasons than those in summer/spring

(13th row inTable 1). In fact, total sugar concentrations ranged from

401 ng m3in fall to 378 ng m3in winter at MS site and from

335 ng m3in fall to 368 ng m3in winter at rural SP site. Minimum

concentrations were observed in summer (6e39 ng m3) and

spring (28e53 ng m3).

As expected, PM2.5levels were higher in the cold seasons (mean

values close to 32mg m3, 25th row inTable 1.) with respect to

http://www.supersito.it


Table 1
Concentration values of each sugar and marker and meteorological parameters measured in the four seasons. For each campaign, the observed minimum and maximum
concentration values (ng m�3), average values and standard deviations are reported for the two sampling sites. The term ‘n.d.’ indicates the analytes showingmore than 90% of
the measured data values below the detection limit (<LOD).

Main site San Pietro LOD (ng m�3)

Minimum
(ng m�3)

Maximum
(ng m�3)

Average
(ng m�3)

S.D.
(ng m�3)

Minimum
(ng m�3)

Maximum
(ng m�3)

Average
(ng m�3)

S.D.
(ng m�3)

Summer 2012
Erythritol n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1.3
Arabinose n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.8
Galactosan n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.9
Mannosan n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1.4
Levoglucosan <LOD 5.3 2.2 1.9 n.d. n.d. n.d. n.d. 0.5
Ribitol <LOD 21.0 4.0 7.0 <LOD 22.7 4.3 7.0 1.4
Mannose n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1.1
Galactose n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1.7
Mannitol <LOD 12.8 3.1 3.9 3.9 50.7 27.0 5.7 1.0
Glucose <LOD 2.7 0.9 0.8 <LOD 22.2 3.3 4.6 1.5
Sucrose n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.6
Mycose n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1.7
Tot sugars 0.6 16.4 6.2 5.3 0.9 200.4 38.8 52.7
Tot burning 0.6 5.3 2.2 1.9 0 57.0 5.4 11.2
Tot bio 0.2 14.5 4.0 4.4 0.3 187.9 33.4 45.1
%Burning 11.7 89.3 46.2 26.5 0 61.7 17.2 18.1
%Bio 10.7 88.3 53.8 26.5 38.3 96.3 82.8 18.1
C29 <LOD 2.6 0.9 0.6 1.5 19.9 4.2 3.6 0.9
C20e27 0.9 5.0 2.1 1.8 0.9 16.4 11.5 9.2
C28e33 0.9 5.4 2.2 1.8 0.9 15.0 12.9 9.8
Tot alkanes C20e33 1.2 10.2 4.1 1.8 9.6 87.8 22.9 17.8
CPI C20e33 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Tot CA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Tot oxoCA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
PM2.5 8.4 26.6 15.1 4.3 9.5 29.0 17.7 4.4
Mixing height(m) 816 1252 974 132 668 1120 854 109
Daily temperature (�C) 20.4 31.9 27.5 2.6 18.6 29.6 25.7 2.6
Daily solar radiation (W m�2) 213 328 295 27 246 366 324 32
Malonic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.2
Succinic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.4
Glutaric acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.1
Adipic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.7
Pimelic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.6
Azelaic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.9
Maleic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.8
Malic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.8
Phthalic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.3
Glycolic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.6
2-Ketoglutaric acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.7
3-OH benzoic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.4
4-OH benzoic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.6
Pinonic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.3

Fall 2012
Erythritol <LOD 3.6 1.7 1.1 n.d. n.d. n.d. n.d. 1.0
Arabinose <LOD 5.9 2.4 1.6 n.d. n.d. n.d. n.d. 4.2
Galactosan 3.4 62.1 29.8 18.3 6.7 49.4 23.7 13.8 2.0
Mannosan 15.2 152.7 63.5 38.4 14.8 103.6 47.0 25.6 2.0
Levoglucosan 57.4 498.1 288.9 143.9 75.1 454.1 233.2 114.6 2.4
Ribitol n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 3.0
Mannose n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Galactose <LOD 5.1 2.8 1.2 <LOD 6.6 2.6 1.4 1.6
Mannitol <LOD 10.4 3.4 3.8 <LOD 23.2 4.3 6.0 2.6
Glucose <LOD 12.4 6.9 2.9 <LOD 8.6 4.9 1.9 2.3
Sucrose <LOD 15.8 4.6 4.3 <LOD 46.1 6.2 11.0 1.9
Mycose n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 2.2
Tot sugars 84.7 718.2 400.6 205.7 104.5 654.9 335.2 165.0
Tot burning 69.4 675.8 382.2 198.7 96.4 550.1 303.9 153.3
Tot bio 6.2 42.3 18.4 9.6 7.9 64.5 31.3 16.8
%Burning 81.9 97.9 94.5 3.6 78.8 93.8 90.4 4.2
%Bio 2.1 18.1 5.5 3.6 6.2 21.2 9.6 4.2
C29 <LOD 10.0 4.2 3.5 1.0 277.3 13.9 60.9 0.9
C20e27 2.8 32.2 16.4 8.2 3.8 33.7 23.54 33.4
C28e33 1.5 20.9 10.3 9.4 5.5 54.2 76.88 86.8
Tot alkanes C20e33 3.2 59.4 25.4 16.2 3.7 1598.3 105.0 351.9
CPI C20e33 1.2 3.1 1.8 0.44 1.6 3.5 2.2 0.61
Tot CA 35.5 330.3 167.4 109.6 29.8 316.3 114.8 89.5
Tot oxoCA 15.1 147.4 74.8 50.4 16.3 165.7 61.1 47.8
PM2.5 6.2 70.7 31.0 17.2 10.2 64.4 27.7 16.2
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Table 1 (continued )

Main site San Pietro LOD (ng m�3)

Minimum
(ng m�3)

Maximum
(ng m�3)

Average
(ng m�3)

S.D.
(ng m�3)

Minimum
(ng m�3)

Maximum
(ng m�3)

Average
(ng m�3)

S.D.
(ng m�3)

Mixing height (m) 99 857 365 153 50 817 257 96
Daily temperature (�C) 10.0 15.9 12.6 2.7 6.8 16.2 11.1 2.5
Daily solar radiation (W m�2) 5.3 121 70.6 37.7 5.7 148 85.4 46.0
Malonic acid 2.4 100.8 29.7 33.1 4.6 65.0 33.3 25.7 0.2
Succinic acid 5.7 49.9 26.8 14.3 6.2 49.8 22.2 12.6 0.4
Glutaric acid 3.9 35.9 17.1 9.0 0.5 13.2 5.9 3.9 0.1
Adipic acid 1.3 7.1 3.5 1.9 1.2 7.3 3.0 1.7 0.7
Pimelic acid 1.4 7.9 3.2 1.6 0.9 4.0 2.0 1.1 0.6
Azelaic acid 2.9 25.3 10.0 7.1 0.4 22.4 8.3 5.9 0.9
Maleic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.8
Malic acid 3.4 66.9 25.7 22.5 5.2 56.1 22.1 17.1 0.8
Phthalic acid 1.7 11.4 5.3 3.0 1.0 5.0 3.2 1.2 0.3
Glycolic acid 3.7 43.4 16.3 12.4 3.9 42.9 13.6 11.7 0.6
2-ketoglutaric acid 4.8 67.7 27.4 19.2 5.9 91.8 22.3 22.4 0.7
3-OH benzoic acid 0.4 2.9 2.0 0.6 0.1 2.0 1.9 0.5 0.4
4-OH benzoic acid 0.4 5.3 2.2 1.3 0.6 3.1 2.2 0.6 0.6
Pinonic acid 1.3 5.1 2.6 0.9 2.5 3.4 2.8 0.4 0.3

Winter 2013
Erythritol <LOD 10.2 2.8 2.4 <LOD 7.3 2.1 1.9 1.0
Arabinose <LOD 15.9 9.5 5.5 <LOD 21.6 8.9 6.1 4.2
Galactosan 7.9 50.9 31.6 12.3 8.7 57.0 32.0 15.4 2.0
Mannosan 29.8 104.6 63.6 23.7 23.2 110.7 61.5 27.2 2.0
Levoglucosan 125.5 438.1 259.4 98.9 114.4 427.2 252.9 110.7 2.4
Ribitol n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 3.0
Mannose n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Galactose 1.8 6.0 3.0 1.1 <LOD 4.8 3.1 1.3 1.6
Mannitol n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 2.6
Glucose 3.6 11.2 5.6 1.7 3.6 8.7 5.4 1.4 2.3
Sucrose <LOD 14.0 3.1 3.0 <LOD 4.9 2.6 1.2 1.9
Mycose n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 2.2
Tot sugars 181.6 642.3 378.5 140.0 161.7 670.2 368.5 158.4
Tot burning 169.5 598.2 355 133.3 149 637 346 151
Tot bio 12.1 44.1 23.9 8.2 10.2 38.6 22.1 8.2
%Burning 89.0 95.3 93.5 1.5 90.9 95.5 93.7 1.3
%Bio 4.7 11.0 6.5 1.5 4.5 9.1 6.3 1.3
C29 1.2 8.1 4.5 1.8 <LOD 17.1 3.1 4.1 0.9
C20e27 4.7 34.7 23.6 14.2 10.4 36.3 16.4 4.0
C28e33 4.2 17.7 14.9 8.2 5.6 25.4 9.9 3.7
Tot alkanes C20e33 9.7 68.2 37.4 17.1 4.4 91.0 23.9 21.9
CPI C20e33 1.1 1.7 1.32 0.26 1.2 1.7 1.4 0.23
Tot CA 51.6 458.3 249.3 122.3 44.0 527.5 247.9 139.2
Tot oxoCA 15.5 149.0 83.4 43.0 15.6 161.2 87.7 55.7
PM2.5 12.5 71.7 32.8 13.7 14.7 86.5 34.6 19.4
Mixing height (m) 102 1085 413 99 51 943 314 120
Daily temperature (�C) 1.4 6.9 3.9 1.6 �0.8 7.5 2.6 1.0
Daily solar radiation (W m�2) 13.7 130 80.8 34.5 9.2 160 92.0 48.4
Malonic acid 4.3 63.6 26.8 21.1 2.9 92.0 32.7 25.7 0.2
Succinic acid 13.4 49.4 32.3 12.6 11.1 61.2 35.1 14.5 0.4
Glutaric acid 4.7 35.2 19.5 12.8 2.5 52.6 24.3 17.4 0.1
Adipic acid 0.9 9.6 4.7 1.9 1.7 8.5 4.6 1.8 0.7
Pimelic acid 3.3 4.7 4.1 0.5 1.4 7.6 5.3 2.3 0.6
Azelaic acid 10.5 34.1 17.2 7.0 5.7 29.0 16.0 6.9 0.9
Maleic acid 14.3 158.6 67.8 37.8 8.4 134.2 57.4 39.3 0.8
Malic acid 3.9 38.8 20.3 11.5 2.9 46.2 22.5 15.0 0.8
Phthalic acid 2.3 28.5 11.8 6.7 2.3 35.5 11.8 8.5 0.3
Glycolic acid 5.9 32.0 14.2 6.5 4.3 34.4 16.9 9.5 0.6
2-Ketoglutaric acid 11.1 97.0 46.8 28.4 2.3 137.8 45.4 33.7 0.7
3-OH benzoic acid 0.5 3.9 2.4 0.8 0.1 5.1 2.9 1.0 0.4
4-OH benzoic acid 0.9 5.3 3.1 1.4 0.6 7.5 3.7 1.7 0.6
Pinonic acid n.d. n.d. n.d. n.d. 2.9 6.4 3.9 1.2 0.3

Spring 2013
Erythritol n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.4
Arabinose n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.7
Galactosan <LOD 10.6 1.3 2.7 n.d. n.d. n.d. n.d. 0.3
Mannosan 0.4 12.4 2.0 3.0 <LOD 1.7 0.7 0.4 0.3
Levoglucosan 2.1 69.3 13.5 17.2 <LOD 8.1 3.8 2.5 0.8
Ribitol n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.6
Mannose <LOD 35.6 4.0 9.2 <LOD 35.6 4.0 9.2 0.8
Galactose <LOD 9.4 1.2 2.4 n.d. n.d. n.d. n.d. 0.7
Mannitol <LOD 72.1 14.7 17.6 <LOD 14.6 6.3 4.9 0.8
Glucose <LOD 40.4 6.7 9.9 <LOD 29.0 7.3 9.2 0.7

(continued on next page)
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those in spring/summer campaigns (8e18 mg m�3 range). In cold
seasons, total sugars strongly contribute to the PM mass,
comprising nearly 1.2% of the PM2.5 mass (expressed as ratio tot
sugars/PM%), while these percentages decreased to 0.3% during
warmer seasons.

The increased level of atmospheric pollution during the cold
seasons can be explained by the combination of higher anthropo-
genic emissions from domestic heating and weather conditions in
the Po Valley (Balducci and Cecinato, 2010; Carbone et al., 2010;
Bigi and Ghermandi, 2011; Perrone et al., 2012; Pietrogrande
et al., 2013a, 2014). Temperature showed significant variation
from the colder winter (3.9 and 2.6 �C mean values at MS and SP,
respectively) to the warmer summer (z26 �C) through interme-
diate fall and spring (z12 and 17 �C, respectively). Also daily solar
radiation showed strong seasonality with nearly constant low
values in the cold periods (mean values of 71÷81 W m�2 and
85÷92 W m�2 at MS and SP, respectively) in comparison with high
values in spring (z230 W m�2) and summer (z310 W m�2, 28th
row in Table 1).

Fall/winter were characterized by low mixing layer with mean
values in the 257e413 m range, and summer/spring by higher
values, i.e., on average 964 m in MS and 823 in SP sites (26th row in
Table 1). As a consequence, the stagnant conditions in fall/winter
accumulate the pollutants that are confined to the first hundred
meters of the atmosphere; otherwise the high mixing layer height
promotes dispersion of the organic compounds in the atmosphere
in the warmer seasons (Balducci and Cecinato, 2010; Carbone et al.,
2010; Bigi and Ghermandi, 2011; Perrone et al., 2012; Pietrogrande
et al., 2013a). This dependence is supported by the good correlation
(r ¼ 0.94) found between total sugar concentrations and mixing
layer heights and may explain the similarity between the data

obtained during the winter and fall periods, that are characterized
by similar atmospheric conditions.

3.2. Contribution of biomass burning

The contribution of biomass burning was evaluated in the
different seasons by computing the total concentrations of burning-
sugars and investigating their seasonal evolution (Fig. 1).

Anhydrosugars were by far the dominant sugars in fall and
winter, both on a relative and an absolute basis: higher levels were
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Fig. 1. Seasonal evolution of concentrations of total burning-sugars (dashed bars) and
total biosystem sugars (gray bars) in monitoring campaigns: a bar indicates 1 standard
deviation of the mean values.

Table 1 (continued )

Main site San Pietro LOD (ng m�3)

Minimum
(ng m�3)

Maximum
(ng m�3)

Average
(ng m�3)

S.D.
(ng m�3)

Minimum
(ng m�3)

Maximum
(ng m�3)

Average
(ng m�3)

S.D.
(ng m�3)

Sucrose <LOD 7.0 1.7 1.9 n.d. n.d. n.d. n.d. 1.0
Mycose 2.0 15.8 7.3 5.1 <LOD 6.0 5.3 5.6 0.9
Tot sugars 10.0 253.2 52.9 60.2 7.0 73.8 28.3 21.0
Tot burning 2.7 92.3 16.8 22.8 1.8 9.7 4.5 2.9
Tot bio 1.4 160.9 36.2 38.3 6.0 66.5 23.8 20.1
%Burning 12.2 66.3 32.5 14.4 4.7 55.6 20.4 13.9
%Bio 33.7 27.8 67.5 14.4 44.4 95.3 79.6 13.9
C29 1.4 3.9 2.7 0.7 0.8 1.9 1.4 0.4 0.1
C20e27 0.9 10.9 5.7 1.9 0.5 3.2 1.6 0.9
C28e33 4.0 14.4 9.1 5.1 2.0 4.9 3.1 1.4
Tot alkanes C20e33 9.1 20.1 14.5 3.1 2.4 4.8 4.3 1.1
CPI C20e33 2.2 9.5 5.6 2.2 2.4 9.7 6.9 2.69
Tot CA 5.3 22.4 45.2 10.1 3.2 17.8 11.3 4.2
Tot oxoCA 3.8 36.8 11.1 8.4 1.3 14.5 7.3 4.0
PM2.5 4.2 16.6 8.3 4.3 4.5 19.0 8.5 4.4
Mixing height (m) 679 1348 955 197 566 1145 793 148
Daily temperature (�C) 10.6 21.8 17.2 2.5 9.8 20.6 16.2 2.6
Daily solar radiation (W m�2) 113 317 228 59.6 86.6 345 245 71.7
Malonic acid <LOD 2.0 0.9 0.6 <LOD 2.0 0.8 0.6 0.2
Succinic acid <LOD 4.7 2.0 1.4 <LOD 5.3 2.8 1.5 0.4
Glutaric acid <LOD 1.7 0.5 0.4 <LOD 1.4 0.5 0.4 0.1
Adipic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.7
Pimelic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.6
Azelaic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.9
Maleic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.8
Malic acid <LOD 29.1 6.9 7.1 0.7 7.6 3.0 1.8 0.8
Phthalic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.3
Glycolic acid 1.0 7.7 4.2 2.0 0.6 10.6 3.8 2.6 0.6
2-Ketoglutaric acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.7
3-OH benzoic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.4
4-OH benzoic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.6
Pinonic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.3
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found for levoglucosan in fall/winter (mean 271 ng m3), followed

by mannosan (mean 53 ng m3) and galactosan (mean 29 ng m3).

These data clearly indicate that biomass burning is nearly the only

source for particulate saccharides in fall/winter, comprising nearly

94% of the total sugars at both sites (16th row inTable 1). At our

knowledge, these data are thefirst results concerning the Emilia

Romagna region, that is the Eastern part of the Po Plain as densely

populated as the Lombardia region located at the Western side of

the plain. This conclusion is consistent with other studies in Lom-

bardia which demonstrated that wood burning for domestic heat-

ing is a diffuse regional source during fall and winter, that produces

25e30% of PM2.5(Perrone et al., 2012) and contributes with more

than 75% of the benzo(a)pyrene pollution (Belis et al., 2011). Similar

levels of burning-sugars (100e500 ng m3) were measured in ur-

ban and rural areas in Central and Northern Europe, where resi-

dential wood combustion has been identified as an important

source of air pollution (Oliveira et al., 2007; Puxbaum et al., 2007;

Caseiro et al., 2009; Wang et al., 2011; Giannoni et al., 2012; Yang

et al., 2013). A strong season trend is evident, since the impact of

biomass burning is strongly reduced in summer (nearly 32%) and

spring (z25%,Table 1andFig. 1). This trend was also observed in

several urban and rural sites where the contribution of biomass

burning to total sugars decreased form nearly 90% during winter to

10% during summer (Jia et al., 2010; Holden et al., 2011; Fu et al.,

2012; Giannoni et al., 2012).

3.2.1. Relationship with low molecular weight carboxylic acids

To further investigate the contribution of biomass burning, low

molecular weight carboxylic acids were studied as an extension of

the previous paper concerning cold seasons (Pietrogrande et al.,

2014). In fact, it has been reported that biomass burning emis-

sions are enriched in carboxylic acids that can be directly emitted

from the combustion process or secondarily produced by photo-

chemical oxidation of organic precursors (Mazzoleni et al., 2007; Jia

et al., 2010; Wang et al., 2011; Van Drooge et al., 2012; Yang et al.,

2013). The investigated acids were C3eC9 linear dicarboxylic

acids, maleic and phthalic acids, oxo-hydroxy carboxylic acids,

namely glycolic, malic, and 3- and 4-hydroxy benzoic acids, pinonic

and 2-ketoglutaric acids (29the42nd rows inTable 1).

These acids were not detected in summer (more than 90% of the

measured data values were below the detection limit) and showed

low concentrations in spring (mean total concentration, tot CA

z30 ng m3). This result may be explained by the high mixing layer

that probably diluted the pollutants generated by the urban activ-

ities and therefore reduced secondary aerosol formation, despite

the high solar radiation (z250 W m2). On the other hand, the

highest levels were observed in fall (mean tot CA: 141 ng m3) and

winter (mean tot CA: 249 ng m 3) when the stagnant atmospheric

conditions and the high anthropogenic emissions favored accu-

mulation of anthropogenic precursors that promoted their photo-

oxidation. Thisfinding of higher DCA concentrations in winter-

time than in summer is inconsistent with the observations in most

other cities in the world (Carvalho et al., 2003; Wang et al., 2006;

Lee et al., 2006; Oliveira et al., 2007; Ho et al., 2011; Wang et al.,

2011; Hyder et al., 2012;Yang et al., 2013).

Throughout the year, the total CA concentrations show good

correlation (rz0.92) with those of burning-sugars, confirming the

common involvement in emissions from wood burning (Mazzoleni

et al., 2007; Jia et al., 2010; Wang et al., 2011; Van Drooge et al.,

2012; Yang et al., 2013).

Among the measured carboxylic acids, malic and glycolic acids

were the most abundant in the spring samples (z2ngm3), fol-

lowed by succinic acid. On contrast, 2-ketoglutaric, malonic and

maleic acids (z30 ng m3) showed the highest concentration in

fall/winter, followed by succinic acid. These most abundant C3eC4
acids are specific chemical markers of secondary photo-oxidation

reactions in the atmosphere (Kawamura and Yasui, 2005; Lee

et al., 2006). Therefore, their strong enrichment (>10 time) from

spring to winter suggests strong contribution of photochemical

oxidation of anthropogenic precursors. This conclusion is also

supported by the excellent correlations (r 0.97) found throughout

the year between burning-sugars and the individual acids that have

been found the most abundant acids in biomass smoke, i.e., glycolic,

malonic, malic and succinic acids (Wang et al., 2006; Lee et al.,

2006; Oliveira et al., 2007; Bi et al., 2008; Hsieh et al., 2008; Tsai

et al., 2013).

Accordingly, the concentrations of burning-sugars were very

well correlated (r¼0.97) with the total concentrations of oxo-

hydroxy carboxylic acids (tot oxoCA, 24th row inTable 1), which

are intermediates in the oxidation of organic precursors originated

from both biogenic and anthropogenic sources (Kawamura and

Yasui, 2005; Lee et al., 2006; Li et al., 2013; Pietrogrande et al.,

2014).

3.3. Season variation of primary biological sugars

The ambient concentration, seasonal variation, and urban/rural

comparison of bio-sugars were separately investigated to single out

the contribution of emissions associated with primary biological

particles (Fig. 1). It must be underlined that these contributions

could be influenced by the fact that bio-sugars are generally more

represented by the coarse than by thefine particles of atmospheric

aerosol, in variable fractions from 10% to 30% in PM2.5(Simoneit

et al., 2004; Fuzzi et al., 2007; Yttri et al., 2007; Pio et al., 2008;

Bauer et al., 2008), with the exception of some sugars displaying

an enrichment in thefine mode over the coarse mode (Medeiros

et al., 2006; Ma et al., 2009; Jia et al., 2010; Jia and Fraser, 2011;

Wang et al., 2011; Fu et al., 2012). Therefore, their concentrations

in the present study may represent only a fraction of the total

primary biologically derived carbon present in atmospheric PM.

In general, the bio-sugars show nearly constant absolute

abundance thought the year at both the sites (mean 24±11 ng m3,

15th row inTable 1). However, the data clearly show that the

relative contribution to PM2.5mass strongly varies with seasons

increasing from nearly 0.1% in cold seasons to 0.3% in summer/

spring. The low absolute values of sugar concentrations in warm

season may be partially explained by the general contaminant

dispersion into the atmosphere occurring during the warm seasons

as a consequence of the high mixing layer heights (mean values

964 m at MS and 823 at SP, 26th row inTable 1).

Over all the sampling periods, mannitol was the major bio-sugar

found in the aerosols with concentrations ranging from approxi-

mately 3 to 27 ng m 3(9th row inTable 1). Glucose was the second

most abundant saccharide (mean 5 ng m 3, 10th row inTable 1),

followed by the disaccharides sucrose and mycose (z2ng m3,

11th and 12th rows inTable 1). The monosaccharides galactose,

mannose and arabinose and the polyols ribitol and erythritol were

also present in lower concentrations in most samples (Table 1).

A detailed investigation of the distribution profile of bio-sugars

shows clear seasonality to indicate the contribution of the different

sources of the saccharides (Fig. 2a,b).

In the colder seasons, the sugar distribution profiles are domi-

nated by monosaccharides, mainly glucose (z6ngm3), followed

by arabinose and galactose (eachz3ngm3)(Fig. 2a). The prev-

alence of these compounds may be related to wood combustion,

since they have been found in large quantity in wood smoke, as

hemicellulose polysaccharides emitted as uncombusted material

during the burning process (Medeiros et al., 2006; Wang et al.,

2011). Glucose, in particular, is commonly present at higher levels

in vascular plants, while arabinose and galactose are predominant



sugars in pectin, a polysaccharide contained in nonwoody tissues,
such as leaves and needles (Medeiros et al., 2006). Similar results
were found in smoke-impacted samples in many other locations in
the world (Simoneit et al., 2004; Medeiros et al., 2006; Pio et al.,
2008; Jia et al., 2010).

The other sugars were nearly absent in fall/winter (Fig. 2b), that
is consistent with the finding that the concentrations of sugar
polyols and disaccharides are not significantly influenced by
biomass burning (Medeiros et al., 2006). The exception is sucrose
that is present at z5 ng m�3 level in late autumn (11th row in
Table 1), likely reflecting the enhanced agricultural activities that
release soil biota from farmland soils (Simoneit et al., 2004; Tsai
et al., 2013). In fact, sucrose was found in some fungi and spores
(Jia et al., 2010), though it is usually considered a tracer for airborne
pollen in atmospheric PM (Fu et al., 2012). Also the reduced sugars
mannitol and erythritol were detected in late autumn (z1 ngm�3),
this result may be related with the contribution from microbially
degraded materials during the period of leaf senescence and decay
(Simoneit et al., 2004; Tsai et al., 2013).

In the warmer seasons, the sugar distribution profiles indicate
the major contribution of bio-sugars than can be related to primary
biological aerosol particles (Fig. 2b). In fact, the dominating sugar is

mannitol, with amaximum of 27 ngm�3 in summer at the rural site
(9th row in Table 1). Mannitol has been found as the major sugar
polyol in bacteria, fungi, lower plants and invertebrates, serving as
storage or transport carbohydrate and cell protectant against
external stresses (Elbert et al., 2007). The highest concentration of
mannitol in summer has been explained by the increased emissions
from vegetation detritus and fungal spores as a result of external
stressors of heat (Medeiros et al., 2006; Burshtein et al., 2011).

Concentration of mannitol is strongly covaried with that of
ribitol, the pentose alcohol formed by the reduction of ribose, with
maximum values observed in summer (6th row in Table 1, Fig. 2b).

Glucose was found as the second most abundant species
throughout the growing season, with higher abundance in spring
(mean 7 ng m�3, 10th row in Table 1), in comparison with summer
(mean 2 ng m�3). It is the most common monosaccharide present
in vascular plants and is an important source of carbon for soil
microorganisms (Tominaga et al., 2011; Fu et al., 2012). Since its
presence in the atmospheric PM2.5 can be originated from primary
biological aerosol particles (fresh leaf surfaces, pollen, spores,
fungi) and fugitive soil, the increase with the growing season par-
allels carbon cycling in plant growth and the enhanced agricultural
activity that promotes exposure to the air of soil containing wheat
root (Simoneit et al., 2004; Medeiros et al., 2006; Wang et al., 2011;
Fu et al., 2012). It must be underlined that such a bio-sugar is also
emitted as uncombusted material during wood combustion and for
this reason it is abundant also in the colder seasons (Medeiros et al.,
2006; Wang et al., 2011).

Mycose is one of the dominating sugars in spring (mean
7 ng m�3, 12th row in Table 1): this may be related to the major
synthesis of primary sugars early in the growing season. In fact,
mycose, as the most common disaccharide in symbiotic fungal
tissues, is present in a large variety of microorganisms (fungi,
bacteria, yeast), higher plants and invertebrates (Simoneit et al.,
2004). Also mannose, a monosaccharide present in hemicellulose
polysaccharides, was found in spring (mean 4 ng m�3, 7th row in
Table 1) (Medeiros et al., 2006).

Finally, the urban and rural sites were compared by subjecting
themeasured concentrations to the Student's t test for verifying the
statistically significant differences at confidence level of 95% (in
Fig. 2a,b error bars are standard deviations of the mean values). In
general, the sites show a close similarity in sugar concentrations,
which indicates small influence of specific local sources yielding a
common background regional profile homogenously distributed all
over the investigated area. Such a similarity between the urban and
rural sites has been already found in a previous study in a local area
around Bologna (Pietrogrande et al., 2013a).

The only exception is summer, when the concentrations of
mannitol and ribitol are significantly higher at the rural site, that is
consistent with enhanced emissions from vegetation, soil dust and
associated biota in the farmland (Simoneit et al., 2004; Rogge et al.,
2007; Fu et al., 2012).

3.3.1. Relationship with n-alkanes
In order to further investigate the contribution of biogenic

emissions, the study was extended to n-alkane homologous series,
as biogenic biomarkers especially suited for discriminating be-
tween the contribution of biogenic and anthropogenic sources
(Standley and Simoneit, 1987; Zheng et al., 2002; Jia et al., 2010;
Pietrogrande et al., 2010; Van Drooge et al., 2012).

These compounds are emitted into the atmosphere by a large
variety of sources, including biogenic sources from epicuticular
waxes of vascular plants, anthropogenic combustion of fossil fuels
and resuspension of deposited material from these sources. A
specific bio signature can be identified for n-alkanes emitted from
primary biogenic sources, since they reflect the biochemical
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Fig. 2. Seasonal evolution of concentrations of primary bio-sugars in monitoring
campaigns: a bar indicates 1 standard deviation of the mean values of each investi-
gated sugar. 2a: concentrations of bio-saccharides related to wood burning: glucose,
galactose and arabinose; 2b: concentrations of bio-saccharides related to primary
biological aerosol particles: mannitol, ribitol, mannose, mycose, erythritol and sucrose.
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Table 2

Principal components' loading values and percentage of variance explained by three

PCs explaining cumulative variance of 81%. The bold font refers to the loading (ab-

solute) values 0.3 included in PC interpretations. Rotation method is Varimax with

Kaiser normalization.

Variables PCA1 PCA2 PCA3

Erythritol 0.20 0.21 0.28

Arabinose 0.32 0.12 0.02

Galactosan 0.33 0.04 0.02

Mannosan 0.32 0.02 0.03

Levoglucosan 0.32 0.02 0.05

Ribitol 0.03 0.09 0.54

Mannose 0.14 0.58 0.08

Galactose 0.33 0.20 0.07

Mannitol 0.02 0.22 0.43

Glucose 0.29 0.12 0.02

Sucrose 0.05 0.04 0.19

Mycose 0.21 0.19 0.42

Tot alkanes 0.29 0.16 0.01

CPI 0.31 0.18 0.03

Tot CA 0.32 0.05 0.15

Mixing height (m) 0.36 0.03 0.16

Daily temperature (C) 0.31 0.03 0.18

Daily solar radiation (W m 2) 0.32 0.03 0.20

Variance (%) 58% 13 10%

Cumulative variance (%) 71 81%
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specificity of the biosystem metabolism characterized by higher

concentrations of C29eC31terms with a strong odd carbon number

predominance (Standley and Simoneit, 1987). Consequently, the

carbon preference index (CPI, i.e., the relative abundance of odd

versus even isomers) assumes high values for vegetation detritus

and low values close to 1 for traffic emissions (Standley and

Simoneit, 1987; Zheng et al., 2002; Jia et al., 2010; Pietrogrande

et al., 2010; Van Drooge et al., 2012).

In this study the C20eC33terms of n-alkane series were inves-

tigated, as the most commonly found in atmospheric PM (e.g.,

Standley and Simoneit, 1987; Zheng et al., 2002; Jia et al., 2010). The

concentrations of each C20eC33term were added together to obtain

the total alkane content in PM2.5samples (tot alkanes, 21st row in

Table 1). It must be underlined that the reported values measured

in PM2.5samples may represent only a fraction of the total n-al-

kanes, since the n-alkanes emitted from biological sources may

concentrate more in the coarse than in thefine fraction of atmo-

spheric aerosol (Simoneit et al., 2004; Fuzzi et al., 2007; Yttri et al.,

2007; Pio et al., 2008; Wang et al., 2011; Fu et al., 2012).

The n-alkane concentrations were low in the warmer seasons:

most terms were below the detection limit in summer and the total

concentration values were in the 4e14 ng m3range in spring. This

behavior parallels the trend of the other pollutants, as a conse-

quence of the general contaminant dispersion into the atmosphere

due to the high mixing layer heights during the warm seasons

(Table 1, 26th row). The concentrations increased in fall/winter,

characterized by stagnant atmospheric conditions and enhanced

anthropogenic emissions, to reach values ranging from 24 to

37 ng m3and a maximum of 105 ng m3in fall in the rural site.

In addition, a clear seasonal trend can be observed in the dis-

tribution profile of the series terms, described by the C29concen-

tration, total concentration of C20eC27 and C28eC33 n-alkanes

(18the20th rows inTable 1) and CPI values (22nd row).

In spring the most abundant term is C29and the terms C>C25
exhibit odd carbon number predominance, yielding elevated CPI

values (z6). This pronounced plant wax signature is a good indi-

cation of the predominance of biogenic sources from terrestrial

higher plants and supports the above reported results on the

dominating role of primary biogenic emissions, that parallels the

vegetation activity in the ecosystem in warmer seasons.

In contrast, in fall/winter samples nearly 60% of the total

measured n-alkanes was accounted by the n-alkanes with less than

C27, known mainly as emitted from fossil fuel combustion sources,

particularly motor vehicle exhaust (z4ngm3, 19th row inTable 1)

(Zheng et al., 2002). Accordingly, the measured CPI values were

close to unity (1.3e2.2, 22nd row inTable 1), confirming the greater

contribution from fossil carbon sources relative to biogenic sources.

3.4. Seasonal variation using Principal Component Analysis

The Principal Component Analysis was applied to the dataset in

order to summarize the obtained results and make the differences

and similarities in the sugar profiles more visible. In fact, the use of

PCA could compress the original matrix and extract useful infor-

mation by removing redundant information and determining the

factors that account for the greatest variance (Vandeginste et al.,

1998; Brinkman et al., 2009).

The data set comprised the concentrations of the quantified

analytes in all the samples collected in the 4 seasons at the two sites

(n¼148). 18 variables were chosen for the PCA model, including

individual sugar concentrations, total quantities of carboxylic acids

and n-alkanes, CPI values and meteorological parameters (Table 2).

In this study, the Varimax rotation was used to redistribute the

variance in order to create more interpretable factor loadings and

scores (Vandeginste et al., 1998). The PCA factor loadings, which
represent the correlation between the factors and variables, are

given inTable 2for the main PCAs in descending order of the cor-

responding eigenvalues. Three components were retained for

further interpretation, since they accounted for 81% of the vari-

ability in the original data. Only loading (absolute) values greater

than or equal to±0.3 were included in PC interpretations (bold

values inTable 2).

Component 1, explaining most of the variance (58%), clearly

indicates biomass burning source, since it has high positive load-

ings of anhydrosugars, arabinose, galactose and glucose, total car-

boxylic acids and total alkanes, that are organic markers emitted

during the burning process (Medeiros et al., 2006; Wang et al.,

2011). In addition, PC1 has negative loadings of the meteorolog-

ical parameters and CPI values (0.3), that assume higher values in

spring/summer. Therefore, this component may be associated to

biomass burning in cold seasons.

Component 2 (explaining 12% of variance) is mainly loaded by

mannose (z 0.6) that was found nearly exclusively in spring.

Component 3 (explaining 10% of variance) has high loadings of

primary bio-sugars, namely ribitol and mannitol (z 0.5), which

are the most abundant biogenic sugars in summer, and mycose

(0.5) that is a dominant sugar in spring.

The two-dimensional score plot in the PC1 and PC3 coordinates

clearly shows discrimination of the PM samples according to sea-

sonality (Fig. 3): the main separation is along the PC1 axis based on

the emissions from biomass burning, with fall/winter samples

having high PC1 values and summer/spring samples located at the

far left, negative end of PC1 axis. PC3 axis discriminates between

summer and spring samples, since it reflects the seasonality of bio-

sugar production, with greater contributions of ribitol and

mannitol in summer and high levels of mycose in spring.

The samples collected at the two sites cluster closely in the score

plot, indicating close similarity between their PM2.5composition

that suggests a homogeneous impact of sugar sources all over the

region. The only exceptions are summer samples that are some-

what separated, with SP samples characterized by lower PC3 values

indicating higher levels of erythritol, ribitol and mannitol (Fig. 3):

this behavior is consistent with the enhanced release from vege-

tation physiological activities and from farmland soils during the

agricultural activities in the rural area.



4. Conclusions

This study on the PM chemical composition of sugars indicates
strong seasonality of emission sources with fall/winter aerosols
being dominated by emissions from wood burning for domestic
heating. The strong impact of biomass burning on air quality is
further enhanced by the significant production of secondary
organic aerosols from primary smoke precursors, as suggested by
high concentrations of low molecular weight carboxylic acids.

Spring/summer samples are characterized by primary biological
aerosols such as plant debris, fungal spores and biologically active
surface soils due to enhanced sugar production and utilization by
the ecosystem in the warm seasons.

The investigated saccharides by themselves cannot provide
exhaustive information to differentiate biogenic inputs, since they
can derive from primary emissions from the biosystem and from
the burning processes as uncombusted material. Consequently,
future research is needed to determine the concentration patterns
of sugars and other compounds in order to obtain additional
source-specific profiles that are needed for source receptor
modeling for atmospheric samples. In particular, other polar and
apolar organic tracers of primary combustion sources are under
investigation in the framework of the Supersito project. They
include lignin phenols, polycyclic aromatic hydrocarbons and
aliphatic hydrocarbons to give more insight on local contributions
from biomass burning on air quality of the polluted Po Plain
(forthcoming part 3 of the present paper).
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Nearly 650 daily PM2.5samples were collected at 2 sampling sites in cold months.

58 organic compounds related to biomass burning were determined.

Wood burning contributed nearly 77% to BaP concentration in the winter months.

Wood burning contributed roughly 35% to OC during the cold NovembereFebruary.
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abstract

This paper investigates the influence of wood combustion on PM in fall/winter that are the most

favorable seasonal periods with presumed intense biomass burning for residential heating due to low

temperatures. As a part of the Supersito project, nearly 650 PM2.5samples were daily collected at urban

and rural sites in Emilia Romagna (Northern Italy) infive intensive experimental campaigns throughout

the years from 2011 to 2014.

From specific compounds related to wood combustion a set of 58 organic compounds was determined,

such as anhydrosugars, primary biological sugars, low-molecular-weight carboxylic acids, methoxylated

phenols, PAHs and carbonaceous components (EC/OC).

Levoglucosan was by far the most dominant anhydrosugar, both on a relative and an absolute basis (35

e1043 ng m3), followed by mannosan (7e121 ng m3) and galactosan (4e52 ng m3), indicating that

wood burning for domestic heating is a diffuse regional source during the seasons studied. Different

diagnostic ratios between anhydrosugars and methoxylated phenols were computed to discriminate the

prevalent contribution of hardwood as combustion fuel.

The investigated 19 high molecular weight PAHs were more abundant at the urban than at the rural

site, with mean total value of 4.3 and 3.2 ng m3at MS and SP, respectively. The strong contribution of

wood combustion to atmospheric PAHs was indicated by the positive correlation between levoglucosan

and the most abundant PAHs (R2¼0.71÷0.79) and individually with benzo(a)pyrene (R2¼0.79). By

using this correlation, it was estimated that wood burning contributed nearly 77% to BaP concentration

in the winter months.

Based on the ratio between levoglucosan and OC data, it could be concluded that the wood burning

contributed about 35% to OC during the cold NovembereFebruary periods and the contribution was

similar at both sampling sites.

©2015 Elsevier Ltd. All rights reserved.
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1. Introduction

There is general consensus that the impact of residential wood

combustion is globally much higher than assumed in the past,

especially during winter season, when the domestic burning of

wood logs, briquettes, chips and pellet represents an important

renewable energy source (Bernardoni et al., 2011;Caseiro and

Oliviera, 2012; Perrone et al., 2012; Calvo et al., 2013; Viana et al.,

2013; Herich et al., 2014; Fountoukis et al., 2014). In fact,

numerous studies have demonstrated that emissions from biomass

combustion in domestic appliances are significant contributors of

the total PM2.5and PM10emitted, and these particles may contain

numerous toxic/carcinogenic components with a potentially high

impact on human health (Oliveira et al., 2007; Puxbaum et al.,

2007; Caseiro et al., 2009; Giannoni et al., 2013;Perrone et al.,

2013; Piazzalunga et al., 2013). In addition, the budget of the

organic compounds emitted by combustion sources often includes

a non-negligible fraction of secondary products formed in the

plume by photoreactions (Simoneit, 2002; Hallquist et al., 2009;

Paglione et al., 2014).

For these reasons, the primary and secondary contribution of

biomass burning to organic aerosols has been investigated in Emilia

Romagna region (Po Valley, Northern Italy), as a part of the

Supersito project developed by ARPA-ER (Emilia-Romagna Region

and Regional Agency for Prevention and Environment,www.

supersito-er.it). To extend the previous studies (Pietrogrande

et al., 2014a, 2014b), the aim of the present paper was to exploit

a larger data set of samples collected during four years period and

characterized by a larger number of analytes.

By knowing that the molecular composition of organic matter in

smoke particles is highly complex, the emphasis of this study was

put mainly on the determination of specific tracer compounds of

biomass burning caused by degradation of biopolymers, such as

sugar derivativesewhich have been identified as major products of

cellulose and hemicellulose pyrolysis (e.g.Simoneit, 2002;Wang

et al., 2011;Giannoni et al., 2012)eand substituted methox-

yphenols, as primary products of lignin breakdown (Mazzoleni

et al., 2007; Schmid et al., 2008; Kuo et al., 2011; Caseiro and

Oliviera, 2012). In addition, the study includes other solvent-

extractable compounds related to biomass burning, such as low-

molecular-weight carboxylic acids, to help the differentiation be-

tween primary emissions and secondary organic aerosols (Ho et al.,

2011; Hsieh et al., 2008; Wang et al., 2011; Hyder et al., 2012; Yang

et al., 2013; Pietrogrande et al., 2013a, 2014a), and polycyclic aro-

matic hydrocarbons (PAHs), that are typical thermal degradation

products of fuels (Fabbri et al., 2009). Further, the carbonaceous

components were characterized and quantified as organic and

elemental carbon.

To our knowledge, though the impact of biomass burning to

aerosol composition has been quite extensively investigated in the

Western part of the Po Valley in recent years eLombardia region

(i.e.,Bernardoni et al., 2011; Perrone et al., 2012;Belis et al., 2011;

Larsen et al., 2012; Perrone et al., 2013; Piazzalunga et al., 2013)e

there are actually no papers providing such a detailed study in

other locations of the same valley, such as Emilia Romagna region.

2. Materials and methods

2.1. Aerosol sampling

The sampling protocol was developed for the Supersito project,

as described elsewhere (Pietrogrande et al., 2014a, 2014b). Briefly,

the PM2.5samples were collected in two locations representing an

urban site (Main Site, MS) located in the city of Bologna (~400,000

inhabitants) and a rural background station located at San Pietro
Capofiume (SP) about 30 km northeast from the city, on aflat,

homogeneous terrain of harvestedfields.

As part of the Supersito project,five sampling intensive cam-

paigns were performed from 2011 to 2014 to represent different

meteorological scenarios in cold seasons: from 18th November up

to 6th December 2011 (November 2011), from 23rd October up to

10th November 2012 (November 2012), from 30th January up to

17th February 2013 (February 2013), from 27th September up to

25th October 2013 (October 2013) and from 28th January up to 27th

February 2014 (February 2014).

PM2.5samples were collected by automatic outdoor samplers

(Skypost PM, TCRTECORA Instruments, Corsico, Milan, Italy) on

quartzfiberfilters (Whatman, 47 mm diameter) at an airflow rate of

38.3 Lmin1for 24 h (z55 m3day1). After sampling, the proce-

dure outlined in European Standard EN 12341 (CEN, 1998) was

applied for equilibration and weighing.

Meteorological data were collected at the meteorological sta-

tions of San Pietro Capofiume and Bologna by Hydro-Meteo-

Climate Service of ARPA-ER. Mixing layer height at both sites was

estimated using the pre-processor CALMET by ARPA Emilia-

Romagna (Deserti et al., 2001).

2.2. Analytical procedure for polar organic compounds

The analytical procedure has been described elsewhere

(Pietrogrande et al., 2013b, 2014a, 2014b). Briefly, PM2.5samples

were extracted for 15 min in an ultrasonication bath with 15 mL of

methanol:dichloromethane (9:1) solvent mixture and thenfiltered

using a teflonfilter (25 mm, 0.45mm, Supelco, Bellefonte, PA). The
filtrates were evaporated to dryness in a centrifugal vacuum

concentrator (miVac Duo Concentrator, Genevac Ltd, Ipswich, UK).

Then the sample extracts were submitted to silyl derivatization

with N,O-bis-(trimethylsilyl)trifluoroacetamide (BSTFA) containing

1% of trimethylchlorosilane (TMCS) at 75 C for 70 min: 40mLof
BSTFA-TMCS reagent and 15mL of pyridine were added to 40mLof
isooctane and 5mL of Internal Standard (deuterated C12H26,injected
quantity: 127.5 ng).

The GC/MS system was a Scientific Focus-GC (Thermo-Fisher

Scientific, Milan, Italy) coupled to PolarisQ Ion Trap Mass Spec-

trometer (Thermo-Fisher Scientific, Milan, Italy). The column used

was a DB-5MS column (L¼30 m, I.D.¼0.25 mm, df¼0.25mmfilm
thickness; J&W Scientific, Rancho Cordova, CA, USA). High purity

helium was the carrier gas with aflow rate of 1.5 ml min1. Tem-

perature program conditions were optimized for analysis of a wide

range of target polar organic compounds, including low molecular

weight carboxylic acids.

The mass spectrometer operated in Electron Ionization mode

(positive ion, 70 eV). Ion source and transfer-line temperatures

were 250 C and 280 C, respectively. The mass spectra were ac-

quired in full scan mode from 50 to 650m/zin 0.58 s. For identi-

fication and quantification of the target analytes, the extracted-ion

chromatograms (EICs) were recovered from the entire data set for

each chromatographic run by selecting the most abundant char-

acteristic fragments (Pietrogrande et al., 2013b). The procedure

provides low detection limits (0.1e3ngm3, LOD inTable 1) and

good reproducibility (RSD% 7%) suitable for applicability in envi-

ronmental monitoring.

In addition, a tandem MS/MS analysis was applied for target

analytes present at lower concentration, i.e., low-molecular-weight

carboxylic acids and methoxyphenols (Visentin and Pietrogrande,

2014). The multiple reaction monitoring mode was applied, by

setting the isolation window at 1.5m/z. Precursor ions were stored

with a Paul stability parameter (qz) of 0.30 and fragmented by

collision-induced dissociation (CID) using the resonant excitation

mode. This method reduces detection limits for standard solutions

http://www.supersito-er.it
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Table 1

Concentration values of each marker measured and parameters computed in thefive monitoring campaigns. For each campaign the average values and standard deviations

(ng m3) are reported for the two sampling sites. Meteorological parameters were measured for each campaign in the investigated sites. The term‘n.d.’indicates the analytes

showing more than 90% of the measured data values below the detection limit.

November 2011 Main site San Pietro

Average

(ng m3)

S.D.

(ng m3)

Average

(ng m3)

S.D.

(ng m3)

Levoglucosan 1042.9 490.4 916.0 389.3

Mannosan 120.7 45.1 105.7 39.6

Galactosan 52.0 20.0 42.8 16.5

Arabinose 5.0 0.8 6.4 2.4

Galactose 4.8 1.7 4.4 0.9

Glucose 10.0 12.3 6.6 1.6

Sucrose 35.4 16.6 36.1 12.2

Tot sugars 1287.9 559.6 1129.8 452.1

Lev/Man 8.5 1.1 8.6 0.9

Lev/GalþMan 6.0 0.7 6.1 0.6

tot Burning Sugars, TotBB 1215.6 552.8 1064.5 443.4

tot Bio Sugars, TotBS 72.2 24.1 65.3 18.9

spruce% 58.0 6.3 63.4 19.8

Vanillin 0.7 0.3 0.6 0.4

Acetosiringone 1.3 1.1 0.8 0.6

Syringaldeide n.d. n.d.

Vanillic acidþacetovanillone 8.6 3.9 6.4 3.3

Syringic acid 2.1 0.9 1.5 0.8

Tot phenols 13.3 6.2 9.2 5.3

Tot syringic phenols, Syr 3.4 2.0 1.7 1.5

Tot vanillic phenols, Van 9.3 4.1 5.1 4.4

Syr/Van 0.36 0.08 0.35 0.09

Malonic acid 21.7 24.1 41.5 37.5

Maleic acid 30.3 27.4 90.8 182.4

Succinic acid 112.1 36.6 110.7 44.1

Malic acid 40.9 24.2 33.8 17.3

Glyoxylic acid n.d. n.d.

3-hydroxy benzoic acid 7.5 2.1 7.5 2.1

4-hydroxy benzoic acid 9.7 4.8 7.6 2.8

2-ketoglutaric acid 8.7 3.4 8.9 3.2

Tot CAs 262.0 111.2 308.3 220.2

chrysene 1.18 0.52 0.62 0.36

benzo[b]fluoranthene 2.36 0.77 1.82 0.95

benzo[k]fluoranthene 0.58 0.19 0.400 0.21

benzo[e]pyrene 1.01 0.37 0.72 0.36

benzo[a]pyrene 1.12 0.48 0.72 0.45

indeno[1,2,3ec,d]pyrene 1.15 0.50 0.65 0.33

benzo[g,h,i]perylene 1.44 0.58 0.75 0.36

Tot PAHs 12.98 4.68 7.80 4.26

BaPBB 0.83 0.39 0.73 0.31

BaPBB% 61.6 23.5 89.0 31.2

OC (mgm3)
EC (mgm3)
TC (mgm3) 11.9 3.1 8.6 3.2

OC/EC

Lev/OC

OCBB 6.5 3.6 6.1 2.6

OCBB%

PM2.5(mgm
3) 59.1 17.3 46.2 18.0

TotBB/PM2.5% 2.2 1.6 2.5 1.1

TC/PM2.5% 20.4 5.8 18.4 4.7

Meteorological parameters

Mixing height (m) 230 78 169 48

Daily temperature (C) 6.5 2.0 4.0 1.8

Daily solar radiation (W m 2) 61.0 23.0 64.7 30.2

Precipitations (mm) 0.8 5.2

November 2012 Main site San Pietro

Average

(ng m3)

S.D.

(ng m3)

Average

(ng m3)

S.D.

(ng m3)

Levoglucosan 288.9 143.9 233.2 114.6

Mannosan 63.5 38.4 47.0 25.6

Galactosan 29.8 18.3 23.7 13.8

Arabinose 2.4 1.6 n.d.

Galactose 2.8 1.2 2.6 1.4

Glucose 6.9 2.9 4.9 1.9

Sucrose 4.6 4.3 6.2 11.0

Tot sugars 400.6 205.7 335.2 165.0

(continued on next page)
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Table 1(continued)

November 2012 Main site San Pietro

Average

(ng m3)

S.D.

(ng m3)

Average

(ng m3)

S.D.

(ng m3)

Lev/Man 4.9 0.8 5.1 0.5

Lev/GalþMan 3.4 0.6 5.1 0.6

tot Burning Sugars, TotBB 382.2 198.7 303.9 153.3

tot Bio Sugars, TotBS 18.4 9.6 31.3 16.8

spruce% 72.3 10.8 70.5 6.3

Vanillin 1.8 0.3 1.2 0.2

Acetosiringone n.d. n.d.

Syringaldeide 4.2 1.5 3.4 0.9

Vanillic acid 2.3 1.1 1.1 0.1

Acetovanillone 1.9 2.1 1.5 0.8

Syringic acid 3.6 1.2 3.2 1.0

Tot phenols 13.8 4.8 8.0 4.0

Tot syringic phenols, Syr 7.8 2.6 5.6 2.7

Tot vanillic phenols, Van 6.0 2.7 3.0 1.1

Syr/Van 1.4 0.3 1.9 0.6

Malonic acid 29.7 33.1 33.3 25.7

Maleic acid n.d. n.d.

Succinic acid 26.8 14.3 22.2 12.6

Malic acid 25.7 22.5 22.1 17.1

Glyoxylic acid n.d. n.d.

3-hydroxy benzoic acid 2.0 0.6 1.9 0.5

4-hydroxy benzoic acid 2.2 1.3 2.2 0.6

2-ketoglutaric acid 27.4 19.2 22.3 22.4

Tot CAs 167.4 109.6 114.8 89.5

chrysene 0.28 0.19 0.13 0.08

benzo[b]fluoranthene 0.79 0.47 0.48 0.34

benzo[k]fluoranthene 0.23 0.13 0.13 0.09

benzo[e]pyrene 0.37 0.20 0.24 0.16

benzo[a]pyrene 0.40 0.26 0.22 0.19

indeno[1,2,3ec,d]pyrene 0.32 0.17 0.082 0.12

benzo[g,h,i]perylene 0.44 0.23 0.18 0.12

Tot PAHs 3.68 2.10 1.94 1.31

BaPBB 0.25 0.13 0.20 0.10

BaPBB% 67.0 21.9 77.0 19.6

OC (mgm3) 6.4 4.2 4.9 1.2

EC (mgm3) 2.4 1.4 1.1 0.2

TC (mgm3) 9.0 4.6 6.0 1.4

OC/EC 2.7 1.7 4.7 1.1

Lev/OC 0.07 0.04 0.04 0.02

OCBB 2.1 1.1 1.7 0.8

OCBB% 43.9 27.7 25.1 11.2

PM2.5(mgm
3) 31.0 17.2 27.7 16.2

TotBB/PM2.5% 1.5 0.6 1.2 0.6

TC/PM2.5% 30.2 5.9 25.5 5.6

Meteorological parameters

Mixing height (m) 365 153 257 96

Daily temperature (C) 12.6 2.7 11.1 2.5

Daily solar radiation (W m 2) 70.6 37.7 85.4 46.0

Precipitations (mm) 65.0 75.0

February 2013 Main site San Pietro

Average (ng m3) S.D. (ng m3) Average (ng m3) S.D. (ng m3)

Levoglucosan 259.4 98.9 252.9 110.7

Mannosan 63.6 23.7 61.5 27.2

Galactosan 31.6 12.3 32.0 15.4

Arabinose 9.5 5.5 8.9 6.1

Galactose 3.0 1.1 3.1 1.3

Glucose 5.6 1.7 5.4 1.4

Sucrose 3.1 3.0 2.6 1.2

Tot sugars 378.5 140.0 368.5 158.4

Lev/Man 4.1 0.4 4.2 0.5

Lev/GalþMan 2.7 0.3 2.8 0.5

tot Burning Sugars, TotBB 354.6 133.3 346.3 151.3

tot Bio Sugars, TotBS 23.9 8.2 22.1 8.2

spruce% 85.5 8.3 84.6 10.1

Vanillin 0.6 0.6 1.0 0.5

Acetosiringone n.d. n.d.

Syringaldeide 4.2 4.3 4.5 4.8

Vanillic acid 4.2 1.9 4.5 2.9

Acetovanillone 2.2 2.1 2.6 3.3

Syringic acid 5.8 2.8 5.3 3.1

Tot phenols 17.0 9.5 17.9 11.3
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Table 1(continued)

February 2013 Main site San Pietro

Average (ng m3) S.D. (ng m3) Average (ng m3) S.D. (ng m3)

Tot syringic phenols, Syr 10.0 6.3 9.8 6.8

Tot vanillic phenols, Van 7.0 3.9 8.1 6.2

Syr/Van 1.52 0.81 1.33 0.58

Malonic acid 26.8 21.1 32.7 25.7

Maleic acid 67.8 37.8 57.4 39.3

Succinic acid 32.3 12.6 35.1 14.1

Malic acid 20.3 11.5 22.1 17.1

Glyoxylic acid n.d. n.d.

3-hydroxy benzoic acid 2.4 0.8 2.0 1.9

4-hydroxy benzoic acid 3.1 1.4 3.1 2.2

2-ketoglutaric acid 46.8 28.4 45.4 33.7

Tot CAs 249.3 122.3 247.9 139.2

chrysene 0.42 0.32 0.32 0.32

benzo[b]fluoranthene 0.84 0.62 0.98 0.69

benzo[k]fluoranthene 0.22 0.17 0.28 0.20

benzo[e]pyrene 0.39 0.29 0.44 0.31

benzo[a]pyrene 0.39 0.48 0.47 0.41

indeno[1,2,3ec,d]pyrene 0.27 0.14 0.30 0.22

benzo[g,h,i]perylene 0.36 0.18 0.37 0.27

Tot PAHs 3.51 2.41 4.15 2.81

BaPBB 0.21 0.08 0.20 0.09

BaPBB% 74.2 35.7 60.2 34.3

OC (mgm3) 7.2 2.2 8.3 3.6

EC (mgm3) 2.0 0.8 1.4 0.3

TC (mgm3) 9.2 2.9 10.2 3.9

OC/EC 3.7 1.0 5.9 1.6

Lev/OC 0.03 0.02 0.03 0.01

OCBB 1.8 0.7 1.7 0.7

OCBB% 22.5 11.9 20.2 10.1

PM2.5(mgm
3) 32.8 13.7 34.6 19.4

TotBB/PM2.5% 1.2 0.4 1.1 0.5

TC/PM2.5% 19.1 14.0 32.0 10.8

Meteorological parameters

Mixing height (m) 413 99 314 120

Daily temperature (C) 3.9 1.6 2.6 1.0

Daily solar radiation (W m 2) 80.8 34.5 94.2 48.4

Precipitations (mm) 48.6 40.6

October 2013 Main site San Pietro

Average (ng m3) S.D. (ng m3) Average (ng m3) S.D. (ng m3)

Levoglucosan 34.6 23.8 38.8 25.9

Mannosan 8.3 8.5 6.9 5.6

Galactosan 5.0 3.1 4.3 2.9

Arabinose 0.6 0.6 0.7 0.6

Galactose n.d. n.d.

Glucose 4.1 1.7 4.3 2.3

Sucrose 4.1 6.0 2.9 1.9

Tot sugars 75.9 29.7 75.7 32.0

Lev/Man 7.1 5.1 7.4 3.8

Lev/GalþMan 3.5 2.1 4.0 1.5

tot Burning Sugars, TotBB 47.1 31.1 50.1 33.0

tot Bio Sugars, TotBS 28.0 18.4 25.6 12.5

spruce% 57.1 17.0 65.2 33.9

Vanillin n.d. n.d.

Acetosiringone n.d. n.d.

Syringaldeide n.d. n.d.

Vanillic acid n.d. n.d.

Acetovanillone n.d. n.d.

Syringic acid n.d. n.d.

Tot phenols n.d. n.d.

Tot syringic phenols, Syr n.d. n.d.

Tot vanillic phenols, Van n.d. n.d.

Syr/Van n.d. n.d.

Malonic acid 10.3 8.8 10.6 9.5

Maleic acid 3.6 6.6 3.1 4.6

Succinic acid 8.6 5.3 9.9 6.9

Malic acid 9.5 4.4 11.2 6.0

Glyoxylic acid 0.9 0.8 0.7 0.8

3-hydroxy benzoic acid n.d. n.d.

4-hydroxy benzoic acid 0.7 1.1 n.d.

2-ketoglutaric acid 1.8 1.7 2.7 2.0

Tot CAs 52.6 27.7 55.5 34.3

(continued on next page)
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Table 1(continued)

October 2013 Main site San Pietro

Average (ng m3) S.D. (ng m3) Average (ng m3) S.D. (ng m3)

chrysene 0.04 0.03 0.03 0.02

benzo[b]fluoranthene 0.15 0.15 0.13 0.07

benzo[k]fluoranthene 0.04 0.03 0.03 0.02

benzo[e]pyrene 0.07 0.05 0.06 0.03

benzo[a]pyrene 0.07 0.07 0.05 0.03

indeno[1,2,3ec,d]pyrene 0.04 0.03 0.04 0.02

benzo[g,h,i]perylene 0.06 0.03 0.04 0.02

Tot PAHs 0.59 0.48 0.56 0.33

BaPBB 0.03 0.02 0.03 0.02

BaPBB% 53.6 33.5 56.0 28.8

OC (mgm3) 4.3 1.9 4.9 1.3

EC (mgm3) 1.3 0.3 0.8 0.2

TC (mgm3) 7.1 2.6 5.7 1.4

OC/EC 3.3 0.7 6.1 0.9

Lev/OC 0.009 0.006 0.007 0.002

OCBB 0.3 0.2 0.3 0.2

OCBB% 6.0 4.1 5.0 1.4

PM2.5(mgm
3) 20.2 10.0 16.5 10.3

TotBB/PM2.5% 0.3 0.1 0.6 0.7

TC/PM2.5% 32.9 10.0 41.5 28.7

Meteorological parameters

Mixing height (m) 468 188 402 133

Daily temperature (C) 16.0 2.6 15.3 2.5

Daily solar radiation (W m 2) 81.4 47.2 89.0 57.0

Precipitations (mm) 4.5 4.1

February 2014 Main site San Pietro

Average (ng m3) S.D. (ng m3) Average (ng m3) S.D. (ng m3)

Levoglucosan 300.8 117.8 341.9 129.6

Mannosan 26.4 16.8 32.1 18.8

Galactosan 14.9 6.2 16.3 6.4

Arabinose 1.5 1.0 1.8 0.9

Galactose n.d. n.d.

Glucose 8.2 4.6 8.0 2.4

Sucrose 8.5 9.6 9.6 9.4

Tot sugars 372.9 147.4 421.4 165.6

Lev/Man 15.0 7.9 12.4 4.3

Lev/GalþMan 8.2 2.1 7.9 2.1

tot Burning Sugars, TotBB 342.1 140.4 390.4 154.3

tot Bio Sugars, TotBS 30.9 14.9 31.1 15.4

spruce% 34.6 16.4 36.5 16.7

Vanillin 1.8 0.5 1.8 0.5

Acetosiringone 1.1 0.3 1.1 0.3

Syringaldeide 4.2 1.2 4.4 1.5

Vanillic acid 0.7 0.6 0.9 1.0

Acetovanillone 1.6 0.6 1.8 1.2

Syringic acid 1.8 1.6 2.3 2.2

Tot phenols 11.3 4.2 12.4 6.5

Tot syringic phenols, Syr 7.1 2.6 7.7 3.9

Tot vanillic phenols, Van 4.1 1.6 4.5 2.6

Syr/Van 1.8 0.3 1.8 0.2

Malonic acid 2.0 3.1 2.9 2.4

Maleic acid 34.6 45.2 15.1 6.3

Succinic acid 22.4 13.6 25.3 15.2

Malic acid 22.5 12.6 25.9 12.2

Glyoxylic acid n.d. n.d.

3-hydroxy benzoic acid 0.5 0.4 0.6 0.6

4-hydroxy benzoic acid 0.8 0.9 1.1 1.0

2-ketoglutaric acid 9.2 13.4 6.3 8.2

Tot CAs 118.0 72.4 103.6 34.0

chrysene 0.22 0.23 0.09 0.10

benzo[b]fluoranthene 0.39 0.28 0.42 0.28

benzo[k]fluoranthene 0.11 0.08 0.11 0.07

benzo[e]pyrene 0.22 0.11 0.20 0.13

benzo[a]pyrene 0.21 0.14 0.15 0.14

indeno[1,2,3ec,d]pyrene 0.18 0.09 0.15 0.15

benzo[g,h,i]perylene 0.27 0.14 0.21 0.17

Tot PAHs 2.07 1.14 1.68 1.06

BaPBB 0.24* 0.10 0.27* 0.10

BaPBB% 100* 100*

OC (mgm3) 4.7 2.1 4.6 1.8

EC (mgm3) 1.3 0.5 0.8 0.4

TC (mgm3) 6.0 2.5 5.7 1.4
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Table 1(continued)

February 2014 Main site San Pietro

Average (ng m3) S.D. (ng m3) Average (ng m3) S.D. (ng m3)

OC/EC 3.6 1.0 5.8 1.9

Lev/OC 0.06 0.02 0.08 0.03

OCBB 2.0 0.9 2.3 0.9

OCBB% 38.1 17.6 52.3 19.4

PM2.5(mgm
3) 19.1 11.3 15.9 8.3

TotBB/PM2.5% 2.0 0.9 2.6 1.0

TC/PM2.5% 34.0 9.3 36.8 11.6

Meteorological parameters

Mixing height (m) 417 142 309 94

Daily temperature (C) 8.2 2.2 7.2 1.9

Daily solar radiation (W m 2) 71.1 43.8 78.7 52.6

Precipitations (mm) 4.3 3.9
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from 1 to 2.6 to 0.1e0.4 ngmL1ranges (concentrations in the
injected solution).

The procedure provides good reproducibility (RSD% 7%) and

recovery (78e104%) useful for environmental monitoring

(Pietrogrande et al., 2013a).

2.3. Analytical procedure for polycyclic aromatic hydrocarbons

The analysis of polycyclic aromatic hydrocarbons was per-

formed in the ARPA laboratory in Ravenna, as a part of the Supersito

project activities (www.supersito.it).

The PAHs were analyzed on Thermo Scientific DFS High Reso-

lution GC/MS system formed by a gas chromatograph equipped

with a capillary column (TR-5MS-Thermo 60 m, 0.25 mm, 0.25mm)
coupled with a Magnetic Sector high resolution mass spectrometer.

Each extract (1mL) was injected in splitless mode with a 10 min
solvent delay time. High purity helium was used as the carrier gas,

with aflow rate of 1.2 mL min1. The temperature of the injector

and transfer line was 280 C and 300 C, respectively. The initial

oven temperature was set at 100C for 1 min, raised to 300Cata

rate of 10C min1and then held for 50 min.

Isotope labeled (deuterated) PAH standards were used for

quantification.

2.4. Analytical procedure for carbonaceous aerosol

The carbonaceous aerosol fractions (OC and EC) were quantified

in the ARPA laboratory in Ferrara as a part of the Supersito project

activities (www.supersito.it). A thermo-optical-transmission

analyzer by Sunset (Laboratory Inc.) was used. The punchedfil-

ters (1.5 cm2) were submitted to volatilization using the EUSAAR2

thermal protocol (Cavalli et al., 2010; Sandrini et al., 2014).

3. Results and discussion

3.1. Meteorological conditions

The fall and winter seasons with low temperatures with pre-

sumed intense biomass burning for residential heating were

selected for the present study as the most favorable periods for the

clarification of the impact of residential wood burning on the

concentrations of organic compounds studied.

During the monitoring campaigns, typical winter meteorolog-

ical conditions of Po Valley occurred, characterized by atmospheric

stability with shallow Planetary Boundary Layer (PBL) depths

(Hmix mean values in the 169e468 m ranges), low temperature

(3e16 C), weak amount of wet deposition (maximum

precipitationsz 70 mm during fall 2012) and low wind velocity.

Such atmospheric conditions favored the accumulation of
pollutants to thefirst hundred meters of the atmosphere and

condensation of semi-volatile species, causing high PM episodes. In

addition, the low solar radiation (61e94 W m2) limited atmo-

spheric photochemical processing of the accumulated organic

precursors (Balducci and Cecinato, 2010; Belis et al., 2011; Bigi and

Ghermandi, 2011; Perrone et al., 2012; Pietrogrande et al., 2013a,

2014b; Paglione et al., 2014).

Among the investigated seasonal periods, the atmospheric

conditions of October 2013 were more typical for late summer than

fall, with the highest Hmix (468 m), solar radiation (89 W m2) and

temperature (16C).

3.2. Concentrations of organic markers impacted by biomass

burning

A set of 58 different tracers of biomass burning was investigated

in order to provide useful information on emissions from wood

combustion, although it is known that chemical composition of

wood smoke depends largely on fuel composition and burning

conditions. The investigated indicators included anhydrosugars,

primary biological sugars, low-molecular-weight carboxylic acids,

phenols, PAHs and carbonaceous components (Simoneit, 2002;

Szidat et al., 2006; Schmid et al., 2008; Alves et al., 2010; Holden

et al., 2011; Katsoyiannis et al., 2011; Wang et al., 2011; Morville

et al., 2011; Maenhaut et al., 2012; Viana et al., 2013;Sandrini

et al., 2014).

For each investigated indicator the concentration values were

averaged over the campaign duration ofz3 weeks and reported in

Table 1(mean values and standard deviations; the term n.d. in-

dicates that more than 90% of the measured values are below the

detection limit).

In general, all the parameters demonstrated the presence of

high level of atmospheric pollution, as indicated by high PM2.5close

to 35mgm3measured in all the monitoring campaigns, with the
exception of October 2013 (PM2.5,Table 1). The results ofTable 1are

in agreement with those obtained earlier for the Po Valley in cold

seasons (Balducci and Cecinato, 2010; Bigi and Ghermandi, 2011;

Perrone et al., 2012; Giannoni et al., 2012; Perrone et al., 2013;

Pietrogrande et al., 2013a, 2014a; Perrino et al., 2014).

3.2.1. Anhydrosugars

Levoglucosan - with minor quantities of its isomers mannosan

and galactosan - has been commonly used as an excellent source-

specific tracer for both open and residential biomass burning,

since it is exclusively produced during biomass combustion as the

thermal alteration product of cellulose and hemicellulose, and it

highly resists to degradation in the atmosphere (Simoneit, 2002;

Puxbaum et al., 2007; Munchak et al., 2011; Wang et al., 2011;

Giannoni et al., 2012; Sang et al., 2013).
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Table 1 reports the concentrations of each anhydrosugar and
their sum (TotBB, total biomass burning) at the investigated sites, as
average values of each campaign. As expected, levoglucosanwas by
far the most dominant anhydrosugar, evaluated both on a relative
and an absolute basis (35e1043 ng m�3), followed by mannosan
(7e121 ng m�3) and galactosan (4e52 ng m�3). In general, a total
anhydrosugar mean value close to 450 ng m�3 was found at the
both sites, with the exception of high values in fall 2011 (1216 and
1064 ng m�3 at MS and SP, respectively) and low values in fall 2013
(48 and 50 ng m�3 MS and SP, respectively). These results prove
that wood burning for domestic heating is a diffuse regional source
during fall and winter, since the total amount of BB sugars repre-
sents on average z 1.5% of the total PM2.5 mass (expressed as ratio
TotBB/PM%, Table 1), with similar contribution at both sites.

These burning sugar levels (300e500 ng m�3) are consistent
with the results obtained in other studies dealing with anhy-
drosugars measured in urban and rural areas in Central and
Northern Europe, where residential wood combustion has been
identified as an important source of air pollution (Oliveira et al.,
2007; Puxbaum et al., 2007; Schmid et al., 2008; Caseiro et al.,
2009; Maenhaut et al., 2012; Van Drooge et al., 2012; Viana et al.,
2013). As to Italy, levoglucosan levels close to 400 ng m�3 have
been found in the same seasonal periods at other urban-back-
ground sites located in the plains (Florence, Mantova) (Piazzalunga
et al., 2010; Giannoni et al., 2012), while higher levoglucosan con-
centrations close to 1000 ng m�3 have been measured during
winter in Milan and at other sites in Northern Italy closest to the
Alps (Schmidl et al., 2008; Perrone et al., 2012; Piazzalunga et al.,
2011; Belis et al., 2011; Larsen et al., 2012; Piazzalunga et al.,
2013; Herich et al., 2014).

In this study both the urban and the rural background sites
showed similar levels of burning sugars, indicating a homogeneous
impact of wood combustion in all the investigated regions. The
reasonmay be the use of wood for residential and domestic heating
in both the areas in combinationwith the homogenous distribution
of organic pollutants due to atmospheric stratification.

Then the effect of meteorological conditions on the levogluco-
san levels was elucidated. A significant negative correlation
(although quite scattered R2 z 0.6) was found with the boundary
layer depth, suggesting that accumulation of BB sugars is related to
the stagnant atmospheric situation. In addition, a significant
negative correlation was seen with solar radiation (R2 z 0.6),
indicating a significant effect of photo-oxidation atmospheric pro-
cesses that deplete anhydrosugars primarily emitted by biomass
burning (Hallquist et al., 2009; Saarikoski et al., 2012; Paglione
et al., 2014).

The correlation between the concentrations of the 3 anhy-
drosugars was exploited in order to give insights into the compo-
sition of wood fuels. In general, the concentrations of all the
anhydrosugars were very highly correlated with each other
(0.87 < R2 < 0.96) at both sites in each campaign, indicating that
residential wood burning was always the common source. The ra-
tios between the concentrations of anhydrosugars (Lev/Man and
Man/Gal) were utilized as useful diagnostic indicators for the
possible biomass burning categories (Puxbaum et al., 2007; Fabbri
et al., 2009; Alves et al., 2010; Kuo et al., 2011; Kourtchev et al.,
2011; Munchak et al., 2011; Piazzalunga et al., 2011; Giannoni
et al., 2012; Sang et al., 2013).

As an example, the scatter plots of mannosan versus levoglu-
cosan (Fig. 1) may be valuable indicators to distinguish the smoke
emissions from different wood types. Although the overall corre-
lation between levoglucosan and mannosan data is strong
(R2 ¼ 0.83), Fig. 1 demonstrates that the measured data are largely
scattered in the Lev/Man space yielding a wide range of Lev/Man
ratio values (Lev/Man, Table 1), suggesting a large variability in
wood categories and burning conditions. It has been found that
generally smoke samples from conifer wood have an average Lev/
Man ratios in the range of 2e5, while emissions from hardwood
exhibit ratio values higher than 15 (Schmidl et al., 2008; Caseiro
et al., 2009; Fabbri et al., 2009; Alves et al., 2010; Kuo et al., 2011;
Giannoni et al., 2012; Herich et al., 2014). The measured Lev/Man
ratios cover a wide range from 4 to 15 (shown by the lines in Fig. 1)
with amean value ofz8 (Lev/Man, Table 1). These are intermediate
values from which we can infer that in the investigated region
wood smoke is produced by combustion of a mixture of hard- and
softwood. The limit cases are maximum values (on average 15)
measured in winter 2014 indicating nearly exclusive combustion of
hard wood type (oak, beech and walnut), and minimum values in
winter 2013 (on average 4) suggesting an increased contribution of
soft wood.

The proportion of soft- and hardwood to ambient wood smoke
level can be estimated from the Lev/Man ratios in ambient PM by
applying a simple equation derived by Schmidl on the basis of the
data obtained for the combustion of common hardwoods (beech
and oak) and softwoods (spruce and larch) in wood stoves in
Austria (Schmidl et al., 2008). When the Austrian approach is
transferred to Emilia Romagna region, it can be estimated that
wood fuel used in the investigated seasonal periods is generally
formed by a 70% softwood e 30% hardwood mixture, with lower
percentages of softwood in winter 2014 (spruce% in Table 1).

As to our knowledge, information on the wood types burnt in
the region is lacking. The only available information is an inventory
of thewood consumption, compiled in 2010 by the Emilia Romagna
Regional Agency for Environmental and Sustainable Development
(Deserti and Tugnoli, 2010). They reported that 90% of the wood
burnt in domestic heating systems is common firewood collected in
the local woodland and only 10% consists of logs or pellets. As a
consequence, the prevalence of hardwood combustion would be
likely expected, due to the highest local availability of these kinds of
wood types in Emilia Romagna, such as poplar, beech, hornbeam,
black locust, ash, oak.

However, caution should be takenwhen anhydrosugar ratios are
exploited in the interpretations, since the strong dependence of
anhydrosugar yields on combustion condition limits the compa-
rability of values obtained across diverse studies (Simoneit, 2002;
Kuo et al., 2011; Orasche et al., 2012). Thus, the conclusions made
should take into consideration a more complex suite of parameters,
such as the combination with galactosan and mannosan, that has
been suggested as an even more discriminating markers (Simoneit,
2002 and citations therein; Fabbri et al., 2009; Kuo et al., 2011;
Maenhaut et al., 2012).

Accordingly, the Lev/(Man þ Gal) ratio is another diagnostic
ratio that has been suggested to distinguish the smoke emissions
caused by different fuel types: the diagnostic values are 1.5 ± 0.3 for
softwood and 3.9 ± 2.1 for hardwood (Fabbri et al., 2009; Kuo et al.,
2011; Kourtchev et al., 2011). The values computed for the inves-
tigated samples ranged from 3 to 8 (Lev/Man þ Gal, Table 1), that
suggest the prevalence of hardwood in the mixed wood fuel.

However, further arguments or data must be provided for sub-
stantiating this conclusion.

3.2.2. Methoxylated phenols
In addition to themost abundant anhydrosaccharides, a number

of aromatic species carrying hydroxyl, carbonyl and carboxyl
functional groups have been identified as lignin breakdown prod-
ucts and proposed as tracers for wood smoke pollution. They are
mostly constituted by methoxyphenols arising from pyrolysis of
wood lignin that is an important constituent of themacromolecular
matter in wood. In addition, functionalized aromatic compounds e
phthalic acid, 3-hydroxybenzoic acid, 4-hydroxy benzoic acid e are



Fig. 1.Levoglucosan versus mannosan concentrations during 5 monitoring campaigns at MS (full symbols) and SP (empty symbols) sites.
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also known to be produced during the pyrolysis of polysaccharides

(Simoneit, 2002; Fine et al., 2004; Mazzoleni et al., 2007; Fabbri

et al., 2009; Alves et al., 2010).

In the present study 11 lignin derivatives were determined,

including three products derived from coniferyl alcohol vanillin,

acetovanillone and vanillic acid , four compounds derived from

sinapyl alcohol syringaldehyde, acetosyringone, syringol and

syringic acid and four compounds derived from coumaryl

alcohol catecol, pyrogallol, coumaryc and ferrulic acids. The

concentrations of individual compounds were added together to

obtain the total concentration of all the investigated phenols (Tot

phenols,Table 1). Overall, each methoxylated phenol occurred at

low level in the 0.1e5.8 ng m3range, yielding a total average level

ofz13 ng m3, with the exception of low values close to 1 ng m3

in Fall 2013. It must be underlined that the concentration levels of

several target phenols were close to the detection limit of the

analytical procedure, yielding large measurement uncertainties.

For this reason the more sensible GC/MS/MS method was applied

during the last campaign in February 2014 to assure the accurate

quantification of the less abundant target tracers (Visentin and

Pietrogrande, 2014).

Although with much lower concentration values, the

methoxylated phenol data resembles closely those of sugars, even if

relative abundances of methoxy phenols were not found to corre-

late with those of BB sugars. This observation is not surprising since

the two classes of biomarkers originate from distinct biopolymers

dhemicellulose/cellulose and lignindwith different combustion

processes (Mazzoleni et al., 2007; Kuo et al., 2011). On the contrary,

hydroxyl aromatic compounds e 3-OH and 4-OH benzoic

acids correlated very well with BB sugars (R2z 0.9) since they

are produced during the pyrolysis of polysaccharides (Medeiros

et al., 2006).

The lignin derivatives may be categorized into syringyls (Syr)

and vanillyls (Van), according to the relative distribution of OH/

OCH3 substituents: the total concentration of each class was

computed, from which the syringyls to vanillyls ratio was estimated

(Syr/Van,Table 1).
Such Syr/Van ratios have been shown to be a useful indicator for

the class of plant that is burnt. Gymnosperms (softwood) give rise

to vanillyl compounds, whilst angiosperms (hardwood) yield pre-

dominantly syringyl compounds. Thus, high Syr/Van ratio values in

burning smoke prove the presence of angiosperms (Mazzoleni

et al., 2007; Kuo et al., 2011). The measured Syr/Van values cover

the range from 0.4 to 4, indicating that these smoke particles were

emitted from a heterogeneous mix of combustion conditions.

However, for the most of the samples Syr/Van ratios fall in range

0.4e2.5 yielding a general mean value of 1.1 that is characteristic for

chars from hardwood. This is confirmed by the average values

computed for each campaign that are 1, (Syr/Van,Table 1), thus

confirming the predominant contribution of smoke from hardwood

combustion, with the only exception of unexpected lower value in

November 2011 (Syr/Vanz0.3,Table 1).

Finally, this data was combined with anhydrosugar ratios in a

dual-biomarker approach that has been demonstrated to provide

more reliable source discrimination in comparison with single

diagnostic ratio, since it is less affected by diverse combustion

conditions (Kuo et al., 2011). In this study propertyeproperty plots,

drawn by plotting the levoglucosan to mannosan (Lev/Man) vs.

syringyl to vanillyl phenols (Syr/Van) ratios (Fig. 2) clearly shows

that almost all the samples are confined in the range of 5e14 for

Lev/Man and that of 1e2 for Syr/Van that are diagnostic of emis-

sions from hardwood combustion.

3.2.3. Primary biological sugars: saccharides and sugar alcohols

In addition to anhydrosaccharides, nine primary saccharides

(glucose, sucrose, arabinose, galactose, mannose and mycose) and

sugar alcohols (erythritol, ribitol and mannitol) were included in

the study, since they have been found abundant in PM samples

impacted by wood smoke (Pietrogrande et al., 2014b). These sugars

are primary products of combustion, either emitted through direct

volatilization from vascular plant saccharides or formed from the

breakdown of polysaccharides. Some of the sugars may also be

produced by hydrolysis of the corresponding anhydrosugars under

the acidic atmospheric conditions created by biomass burning
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(Simoneit et al., 2004; Medeiros et al., 2006; Wang et al., 2011).
Table 1 lists the sum of nine primary sugars studied (total bio

sugars, TotBS) and the individual concentration of the most abun-
dant ones, i.e., arabinose, galactose, glucose and sucrose (mean
values ± SD). Average values of total biosugar concentrations were
close to 35 ng m�3 during all the campaigns, with the exception of
the highest values of z70 ng m�3 in the first campaign in
November 2011.

In most of the samples, the most abundant saccharides were
sucrose and glucose (mean z 10 ng m�3) and the other sugars had
concentrations of approximately 2 ng m�3. The prevalence of these
sugars may be related to direct volatilization during the combus-
tion, since they are predominant sugars present at higher levels in
vascular plants (Medeiros et al., 2006; Wang et al., 2011). This
conclusion is supported by the good correlation found for the total
concentrations of BB sugars and those of biological sugars (R2¼ 0.8)
and sucrose in particular (R2 ¼ 0.82). Similar results have been
found in smoke-impacted samples in many other locations in the
world (Simoneit et al., 2004; Medeiros et al., 2006; Pio et al., 2008;
Jia et al., 2010).

3.2.4. Carboxylic acids
High concentrations of carboxylic acids have been found in

biomass burning smoke, as they can be directly generated by
biomass combustion or secondary formed via photo-oxidation of
biogenic gases or volatile combustion products (Simoneit, 2002;
Mazzoleni et al., 2007; Jia et al., 2010; Alves et al., 2010; Wang
et al., 2011; Van Drooge et al., 2012; Yang et al., 2013;
Pietrogrande et al., 2013a, 2014a).

In the present study 16 carboxylic acids were investigated,
including seven linear dicarboxylic acids with 3e9 carbon atoms
and maleic and phthalic acids and 7 hydroxy/oxo carboxylic acids,
namely glycolic, malic, glyoxylic, pinonic, 3- and 4-hydroxy benzoic
and 2-ketoglutaric acids. At both the sites the total amount of the
analyzed acids werez190 ngm�3, with exceptionally lower data of
nearly 55 ng m�3 in October 2013 (Tot CAs, mean values ± SD in
Table 1). In most of the analyzed samples, succinic acid was present
in the highest concentration (z45 ng m�3, Table 1) among the
measured carboxylic acids, followed by other C3eC4 dicarboxylic
acids, i.e., malonic, maleic and malic (z25 ng m�3, Table 1). This
may be related to the strong impact of emissions from wood
burning, since succinic acid has been found specifically originated
fromwood burning, as well as the other C3eC4 diacids with similar
molecular structures that are involved in common photochemical
reactions of the burning products (Lee et al., 2006; Oliveira et al.,
2007; Mazzoleni et al., 2007; Hsieh et al., 2008; Alves et al., 2010;
Wang et al., 2011; Ho et al., 2011; Hyder et al., 2012). This hy-
pothesis is supported by the excellent correlation of BB sugars with
succinic acid (R2 ¼ 0.96) as well as with malic acid (R2 ¼ 0.85).

The data is in a good agreement with the results recently ob-
tained by Paglione at the same site San Pietro indicating that
biomass burning aerosol includes a non-negligible fraction of sec-
ondary origin, rich of carbonylic compounds and acids, in addition
to a primary oxygenated component, rich of phenols and polyols
(Paglione et al., 2014).

Overall, only a scattered correlation (R2 z 0.6) was found be-
tween the concentrations of BB sugars and the total CA concen-
trations. This suggests that acids are emitted by a combination of
different sources and are involved in secondary oxidation of several
biogenic gases or volatile precursors, in addition to those related to
biomass burning (Lee et al., 2006; Oliveira et al., 2007; Hsieh et al.,
2008; Hallquist et al., 2009; Ho et al., 2011; Hyder et al., 2012;
Saarikoski et al., 2012).

The results agreed well with those found in Lombardia region
(Milan and Oasi Bine) and they were comparable with those re-
ported in atmospheric aerosols of different cities in the world, i.e.,
Rome, Algiers, and Helsinki (Oliveira et al., 2007; Balducci and
Cecinato, 2010; Hyder et al., 2012; Perrone et al., 2012) but signif-
icantly lower than those of other megacities, i.e., Tokio, Nanjing and
Hong Kong (Lee et al., 2006; Ho et al., 2011; Wang et al., 2011;
Huang et al., 2012).
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3.2.5. Polycyclic aromatic hydrocarbons

To give further insights into the impact of wood combustion on

air quality, high molecular weight PAHs were investigated in PM2.5
samples, as they have been frequently found in Northern Italy

during the cold seasons, as emitted from residential heating,

including wood and coal combustion and natural gas-fired home

appliance or their mix (van Drooge and Ballesta, 2010; Belis et al.,

2011; Van Drooge et al., 2012; Perrone et al., 2012; Piazzalunga

et al., 2013; Vassura et al., 2014; Gianelle et al., 2014). 19 individ-

ual PAHs were quantified, including the US EPA PAH priority pol-

lutants: naphthalene, acenaphthene, acenaphthylene,fluorene,

phenanthrene, anthracene,fluoranthene, pyrene, benzo[a]anthra-

cene, cyclopenta(cd)pyrene, chrysene (Chr), benzo[b]fluoranthene

(BbF), benzo[k]fluoranthene (BkF), benzo[e]pyrene (BeP), benzo[a]

pyrene (BaP), perylene, indeno[1,2,3ec,d]pyrene (Ind123P),

dibenzo[a,h]anthracene and benzo[g,h,i]perylene (BghiP).Table 1

reports the concentrations of the most abundant

compounds Chr, BbF, BkF, BeP, BaP, Ind123P and BghiP and the

total PAH mass (tot PAHs,Table 1).

In general, PAHs were more abundant at the urban than at the

rural site (mean value of tot PAHs are 4.3 and 3.2 ng m3at MS and

SP, respectively). For the both sites, the seasonal variability was

characterized by upper values in November 2011 (z13 ng m3and

z8ngm3at MS and SP, respectively) and lower values in October

2013 (z1ng m3at the both sites), accordingly to the pattern

observed for the other organic tracers. The measured data provided

increased PAH levels at lower temperatures (rough negative cor-

relation, R2z 0.6), that may be explained by the strengthening of

emissions related to domestic heating in combination with factors

related to the PAH physicochemical properties, such as volatility

and reactivity with oxidants (Belis et al., 2011; Perrone et al., 2012;

Piazzalunga et al., 2013; Vassura et al., 2014).

In the present dataset, the particulate PAHs were dominated by

fiveeto sixering compounds, such as by benzo[b] and benzo[k]

fluoranthenes, followed by benzo[ghi]perylene and benzo[a],

benzo[e] and indeno[1,2,3-cd] pyrenes. Also crysene was one of the

most abundant PAHs in several samples. Such PAH distribution

profiles indicate that the major emission sources in the studied area

are wood combustion and traffic, in agreement with similarfigures

found in wintertime at other sites in Northern Italy (Larsen et al.,

2012;Van Drooge and Ballesta, 2010; Perrone et al., 2012;

Vassura et al., 2014). It is relatively difficult to identify PAH source

profiles in ambient air, as the chemical composition and emissions

rates of PAHs from sources depend largely on the nature of the fuel

(i.e., gasoline, diesel, and type of wood) and the combustion con-

ditions (i.e., temperature, humidity, availability of oxygen)

(Ravindra et al., 2008; Katsoyiannis et al., 2011; Morville et al.,

2011; Jedynska et al., 2014).

The set of individual PAHs showed a strong collinearity with

intercorrelation values ranging from 0.7 to 0.9, which indicated a

single dominant source for these compounds. In order to relate

such a local emission source to wood combustion, the PAH levels

were compared with levoglucosan data. A scattered but significant

positive correlation was found with the total PAHs concentration

(R2¼0.78), as well as with the most abundant PAHs Chr, BbF, BkF,

BeP, BaP, Ind123P and BghiP with R2¼0.71e0.79, indicating that

wood burning is a very important source for the measured PAHs in

the studied area.

Among the target PAHs, benzo(a)pyrene (BaP) was investigated

in detail, as it is regulated in the European Union (EU) by the 4th Air

Quality Daughter Directive (2004/107/EC). The average concentra-

tions ranged from 0.1 ng m3in October 2013 to 1.1 ng m3in

November 2011. In general, BaP levels were lower than those

detected in cold seasons at other urban sites in Northern Italy (Van

Drooge and Ballesta, 2010; Perrone et al., 2012).
The measured BaP data showed a linear increase with levoglu-

cosan concentrations, following a statistically significant correla-

tion (R2¼0.79 for the whole data set and 0.7e0.8 for each sampling

campaign,Fig. 3). This relationship is the basis for computing the

BaP to Lev ratio giving the estimation for the source contribution of

BB to the measured BaP concentration (BaPBB), using the

levoglucosan-BaP tracer method (Van Drooge and Ballesta, 2010;

Belis et al., 2011; Piazzalunga et al., 2013). From our experimental

data, a mean BaP/Lev value of 0.8 103was found, similar to what

has been reported by Belis et al. (Belis et al., 2011) as a ratio value

representative of wood combustion in Lombardia region. The

relative contribution of wood combustion to BaP (BaPBB/BaP%,

Table 1) was estimated to be close to 70% for most of the campaigns,

nearly 50% in warmer October 2013 (T¼15C), but unrealistically

close to 100% in February 2014 campaign. This may be due to the

low accuracy of this single tracer method associated with the

intrinsic uncertainty of the emission factors, since emissions of BaP

and levoglucosan in wood smoke are largely influenced by several

experimental conditions (Szidat et al., 2006; Orasche et al., 2012;

Gianelle et al., 2014; Viana et al., 2013). Although the approxima-

tion of the present approach, the obtained results clearly prove that

wood burning for residential heating is the main source for ambient

BaP during the colder months (T 12 C). Such a contribution is

lower (z70%) at the urban site MS, that is strongly impacted also by

traffic source, and more relevant (z85%) at the rural site, where

BaP emissions from traffic are lower.

The conclusions are comparable to those made from the data of

recent monitoring results and emissions inventories in the Lom-

bardy Region, that identified wood burning for residential heating

as the major source of BaP, responsible almost completely (75%)

for the total emissions in cold seasons (Belis et al., 2011; Gianelle

et al., 2014). Similar results have been reported for different cit-

ies, where high proportion of the PAH air concentration in fall and

winter has been associated with the predominant contribution of

coal, wood, and peat burning (Van Drooge and Ballesta, 2010; Yin

et al., 2010; Jedynska et al., 2014).

3.3. Composition of the carbonaceous aerosol

The characterization of the carbonaceous aerosol into organic

(OC) and elemental carbon (EC) was performed, as generic indicator

of air quality and source apportionment since it is related to several

sources in urban and rural environments. In particular, there is

actually general consensus that residential wood combustion is

globally a very important source of the carbonaceous particulates,

contributing up to 30% of the global particulate organic carbon (OC)

budget (Holden et al., 2010;Herich et al., 2014; Philip et al., 2014;

Fountoukis et al., 2014; Jedynska et al., 2014).

3.3.1. Carbonaceous aerosol loads

Each PM2.5filter was analyzed for EC, OC and their sum (total

carbon, TC) was computed (averaged values and standard de-

viations for each campaign inTable 1). For thefirst campaign in

November 2011, only TC values were available, since an unbiased

discrimination between OC and EC was not obtained (Costa et al.,

2016). In general, similar TC levels were measured in all the

investigated periods, with TC mean values close to 7mgm3, with
the exception of high values (11.8mgm3) at MS in November 2011.
Overall, a constant contribution of TC to PM2.5mass close to 30%

was found throughout the investigated periods at the both sites

(TC/PM%,Table 1).

Although the spatial homogeneity of OC data with mean value of

5mgm3at both sampling sites, significant differences were found
for EC values with higher levels at the urban site MS (mean value

1.7mgm3) in comparison with rural SP (mean value 1.0mgm3).
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Such a higher spatial variability of EC compared to that of OC re-

flects the strong impact on EC of primary emissions from local

traffic or residential heating, in contrast to OC, which is emitted by a

much larger number of source types and also produced by sec-

ondary formation processes (Szidat et al., 2006;Kourtchev et al.,

2011;Sandrini et al., 2014; Philip et al., 2014; Jedynska et al., 2014).

The results of this study are comparable with those observed

during the cold period (OctobereMarch) at other urban back-

ground and rural sites in Po Valley, characterized by very high

regional background, due to strength of anthropogenic emission

sources (Piazzalunga et al., 2011; Belis et al., 2011; Perrone et al.,

2012). In particular, the same urban/rural discrimination of EC

levels was observed, with high levels encountered at urban back-

ground sites (z2mgm3) decreasing when moved to rural areas
(z1.0mgm3)(Sandrini et al., 2014).
The ratio between OC and EC values was computed as an useful

parameter in source apportionment studies, being influenced by

primary emission sources and secondary organic aerosol formation.

The measured OC to EC ratios werez3 at MS andz5 at SP (OC/EC;

Table 1), that are values frequently found in polluted environments

in winter. This data suggests that the primary sources of both OC

and EC are combination of fossil fuels burning, characterized by OC/

EC values frequently lower than 1, and residential wood burning,

which is expected to release an enriched OC fraction (Gilardoni

et al., 2011a; Piazzalunga et al., 2011; Sandrini et al., 2014;

Jedynska et al., 2014). Consistently, the measured ratios are

higher at the rural site, where the fraction of residential wood

burning is larger in comparison with the traffic source.

Similar values ranging from 3 to 9 have been reported for

ground-level rural and urban sites located in the Po Valley

(Piazzalunga et al., 2011; Sandrini et al., 2014), consistent to what

observed at other rural sites in Europe (Jedynska et al., 2014).

However, it must be noted that the values of this study were lower

than those (z10) measured during cold seasons in other sites in the

Eastern part of the Po Valley (Piazzalunga et al., 2011; Perrone et al.,

2012; Piazzalunga et al., 2013) and even at the San Pietro site
(Gilardoni et al., 2014) and at Cassana, located at close distance (ca.

50 km) from it (Perrino et al., 2014).

3.3.2. Contribution of wood combustion to the carbonaceous

fraction

In order to give insight into the relative contribution of wood

combustion to OC, the scatter plots of levoglucosan versus OC were

investigated, using levoglucosan as the key tracer for biomass

combustion (Fig. 4). The obtained plots suggest a wide impact of

wood combustion for domestic heating, in comparison with liter-

ature data (Szidat et al., 2006; Mazzoleni et al., 2007; Alves et al.,

2010; Piazzalunga et al., 2011; Munchak et al., 2011; Holden et al.,

2011; Maenhaut et al., 2012; Giannoni et al., 2012; Herich et al.,

2014; Paglione et al., 2014; Vassura et al., 2014). The only excep-

tion is warmer October 2013 (mean temperature 15C) character-

ized by lower levoglucosan concentration. Indeed, largely scattered

data was obtained, that indicates a large variability of levoglucosan

and OC concentrations in wood smoke. Such variations are poten-

tially explained by differences in the type of wood combusted and

stove used as well as in the burning conditions, i.e., rates, air dilu-

tion, and moisture content in the fuel (Szidat et al., 2006; Mazzoleni

et al., 2007; Piazzalunga et al., 2011; Holden et al., 2011; Maenhaut

et al., 2012; Herich et al., 2014).

From this data the levoglucosan to OC emission factors were

computed (Lev/OC,Table 1) providing data ranging from 0.01 to

0.13 (indicated by the lines inFig. 4). Although the large variability

of such Lev/OC ratios, most of the results are included in the value

range 0.06e0.2 reported in literature for the residential burning of

softwood-hardwood mixtures (Szidat et al., 2006; Schimdl et al.,

2008; Bari et al., 2010; Holden et al., 2011; Herich et al., 2014).

Based on the ambient concentrations of levoglucosan, the

mono-tracer approach was applied for estimating the impact of

wood burning on aerosol OC (OCWB) in Emilia Romagna region

(Puxbaum et al., 2007; Piazzalunga et al., 2011; Gilardoni et al.,

2011; Herich et al., 2014). As suggested byCaseiro et al. (2009),

an accurate estimate of such contribution in a region could be



achieved using site-specific emission factors, taking into account
both the wood species actually burnt and the type of appliances in
use. As this information was unknown, we utilized results from
published field studies (Szidat et al., 2006; Puxbaum et al., 2007;
Caseiro et al., 2009; Sang et al., 2013; Herich et al., 2014). In
particular, we used the emission factor of 0.15 proposed by Szidat,
as suitable for European areas. Such a factor has been calculated
from literature data considering combustion for domestic heating
of a wood fuel consisting of a mixture of hard and softwood that is
consistent with our results from diagnostic ratios, as reported in
Sections 3.2.1 and 3.2.2. This factor has been recently used in a
study carried out at another Emilia Romagna site (Perrino et al.,
2014).

With this assumption, we estimated the amount of OC derived
from wood smoke as absolute concentrations (OCwb) as well as
relative contributions of OCwb to total OC (OCwb%) (mean
values ± SD in Table 1). The absolute concentrations of OCwb at both
the sites were on average z 3 mg m�3 in all the campaigns,
excluding the exceptionally low values of z0.2 mg m�3 in October
2013. Consequently, we can estimate that the wood burning
contribution to OC concentrations is about 33% in the Novem-
bereFebruary periods and only 5% in October 2013 (OCwb%,
Table 1). However, it must be underlined that these results may be
affected by the relatively large uncertainty of the approach, as a
consequence of the lack of specific emission factors based on the
domestic heating systems in Emilia Romagna region (Caseiro et al.,
2009; Schmidl et al., 2008; Munchak et al., 2011).

The results reported in Table 1 indicate that the use of wood
stoves for domestic heating is a predominant source of organic
carbon in atmospheric aerosol during the cold season at rural and
urban sites in Emilia Romagna. These estimates are comparable
with those found in cold seasons at other sites in the Po valley, such
as in Lombardia region (Gilardoni et al., 2011) and Torino
(Piazzalunga et al., 2013), which represent common background
conditions of the densely populated plain characterized by agri-
cultural and industrial activities (Bernardoni et al., 2011;
Piazzalunga et al., 2011; Belis et al., 2011; Perrone et al., 2012). On
the contrary, higher OCwb% contributions close to 50% were

estimated at the industrial site of Cantù and Alpine locations
(Piazzalunga et al., 2011, 2013; Herich et al., 2014). Similar wood
burning impact on OC of about 35e40% is reported in the literature
for other European locations in winter (Szidat et al., 2006; Caseiro
et al., 2009; Bari et al., 2010; Puxbaum et al., 2007; Maenhaut
et al., 2012; Fountoukis et al., 2014).

4. Conclusions

The large dataset measured in five monitoring campaigns dur-
ing three years in two sites in Emilia Romagna region gave helpful
insight into the contribution of wood burning to the ambient PM2.5
in the regional area.

The distribution profiles of organic tracers and carbonaceous
components indicated that in fall/winter air quality is strongly
impacted by emissions from wood burning for domestic heating
and also by secondary organic aerosols produced from primary
smoke precursors, as suggested by high concentrations of low
molecular weight carboxylic acids.

Besides the most abundant anhydrosaccharides, also methoxy-
lated phenols were measured in all the samples and their diag-
nostic ratios were used to estimate the differentiation between the
use of softwood and hardwood as combustion fuel. It was found
that contribution from hardwood was dominating with little vari-
ation with campaign or with site.

The mono-tracer approach based on the levoglucosan content
was applied to get a preliminary assessment of the wood burning
impact to air quality in Emilia Romagna. The results demonstrated
that wood smoke is one of the major contributors to organic par-
ticulate matter responsible for roughly 35% of OC at both sites. In
addition, wood combustion is the dominating emission source of
BaP, accounting forz85% of BaP ambient concentration at the rural
site and for z70% at the urban site, the latter mostly influenced by
the traffic source.

The uncertainty of the reported results based on wood burning
profiles from literature can be reduced by more detailed informa-
tion on the emission inventory that identifies the real impact of
biomass burning source, as well as the real contribution of wood

Fig. 4. Scatter plot of levoglucosan versus OC: data of 4 monitoring campaigns at MS (full symbols) and SP (empty symbols) sites.
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and peat as burning fuels.
The importance of the contribution of wood burning to PM

emission in Emilia Romagna region highlights the need of focused
policies to control the use of wood burning for domestic heating as
an efficient PM abatement strategy. As an example, recent simu-
lation studies have predicted that the replacement of current res-
idential wood combustion technologies with pellet stoves may
provide a large decrease of organic aerosols in urban and suburban
areas during winter (Fountoukis et al., 2014).
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Determination of polar organic compounds
in atmospheric aerosols by gas
chromatography with ion trap tandem
mass spectrometry

A gas chromatography with ion trap mass spectrometry method has been developed and
validated for the analysis of 27 polar organic compounds in atmospheric aerosols. The tar-
get analytes were low-molecular-weight carboxylic acids and methoxyphenols, as relevant
markers of source emissions and photochemical processes of organic aerosols. The oper-
ative parameters were optimized in order to achieve the best sensitivity and selectivity for
the analysis. In comparison with the previous gas chromatography with mass spectrom-
etry procedure based on single ion monitoring detection, the tandem mass spectrometry
technique increased the analytical sensitivity by reducing detection limits for standard so-
lutions from 1–2.6 to 0.1–0.4 ng/�L ranges (concentrations in the injected solution). In
addition, it enhanced selectivity by reducing matrix interferences and chemical noise in
the chromatogram. The applicability of the developed method in air quality monitoring
campaigns was effectively checked by analyzing environmental samples collected in the Po
Valley (Northern Italy) in different seasons. The obtained results indicate that the ion trap
mass spectrometer may be an ideal alternative to high-resolution mass spectrometers for
the user-friendly and cost-effective determination of a wide range of molecular tracers in
airborne particulate matter.

Keywords: Atmospheric aerosols / Dicarboxylic acids / Ion trap spectrometer /
Methoxyphenols / Tandem mass spectrometry
DOI 10.1002/jssc.201301332

1 Introduction

In recent years, there is increasing interest in chemical spe-
ciation of atmospheric particulate material (PM) since it is
known to play an important role in local and regional air qual-
ity and to cause adverse effects on human health [1–3]. A sub-
stantial fraction of the organic component of atmospheric par-
ticles consists of polar, possibly multifunctional, compounds
including carboxylic acids, sugars, and methoxyphenols. Al-
though these organics are typically present in ambient air
at low concentration levels, they have been used as reliable
molecular markers to trace emission sources and environ-
mental processes of the atmospheric PM [4, 5].

Among the different organic tracers, this work is fo-
cused on polar organic compounds, namely, low-molecular-

Correspondence: Professor Maria Chiara Pietrogrande, Depart-
ment of Chemical and Pharmaceutical Sciences, University of
Ferrara, Via Fossato di Mortara 17/19, I-44100 Ferrara, Italy
E-mail: mpc@unife.it
Fax: +39-0532-240709

Abbreviations: CID, collision-induced dissociation; IS, inter-
nal standard; LMW, low-molecular-weight; PM, particulate
material; SIM, selected-ion monitoring

weight (LMW) carboxylic acids and methoxyphenols, that
are mainly used as atmospheric markers to determine
the contribution of wood smoke to ambient atmospheric
PM [4, 6–9].

Organic acids are an important class of ubiquitous or-
ganic components that have been identified as molecular
markers of a variety of primary sources, such as biomass
burning, vehicular exhausts, cooking, and natural marine
sources [4,9–11]. In addition, they are mainly produced from
the atmospheric photo-oxidation of various organic precur-
sors [12,13]. It is noteworthy that, although constituting only
a small fraction of the total aerosol mass, these hydrophilic
and hygroscopic compounds affect the earth’s radiation bud-
get and global climate, since they may modify cloud con-
densation nuclei, acid precipitation, and atmosphere optical
properties [14, 15]. The more relevant tracers are C2–C9 di-
carboxylic acids—with oxalic, malonic, or succinic acids be-
ing the most abundant species—and oxo-hydroxy carboxylic
acids, as intermediate products of secondary photo-oxidation
reactions [8, 10, 11, 16].

Methoxyphenols have been suggested as reliable molec-
ular markers of biomass combustion, as they are specifically
produced by lignin pyrolysis [4, 9, 17–20]. In addition to the
most abundant anhydrosaccharides [21,22], methoxyphenols
are unique markers of biomass burning since the relative

C© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.jss-journal.com



1562 M. Visentin and M. C. Pietrogrande J. Sep. Sci. 2014, 37, 1561–1569

distribution of OH/OCH substituents on their molecules can
be related to the class of plant that is burnt [7, 23]. Therefore,
diagnostic ratios of syringic/vanillic compounds (S/V) and
cinnamic/vanillic compounds (C/V) have been proposed to
identify emissions from specific plant tissue combustion, i.e.
hard woods (oak, beech, and walnut) or soft woods (conifers)
and grass and soft plant tissues.

In light of the normally low-concentration levels of these
polar organic tracers in aerosols and the complexity of the en-
vironmental matrix [8,10,11,21,24], the reliable quantification
of these compounds represents an analytical challenge, also
because they are polar, semivolatile, and somewhat reactive.
LC–MS or GC–MS are the typically used techniques because
they provide high separation resolution, identification capa-
bility, and sensitivity compatible with PM monitoring. In this
context, the GC–MS method remains the technique of choice
complementary to LC–MS because it provides higher sep-
aration power and is much less affected by matrix effects,
such as matrix ion suppression and isobaric interference
[4, 25, 26].

Detection and quantification of GC–MS methods can
be greatly improved in terms of specificity and sensitivity
by using MS/MS that decreases LODs and improves S/Ns
due to the effective exclusion of interfering matrix com-
pounds [27–37]. To date, a tandem-in-space MS approach
with triple quadrupole or sector MS/MS instruments is used
in the majority of analytical applications to environmental
samples, since it provides excellent quantification and un-
ambiguous identification of the detected analytes [27–29]. In
addition, the tandem-in-time technique with ion trap detec-
tor MS/MS (ITD-MS/MS) system has been shown to be a
valuable user-friendly and cost-effective alternative, in partic-
ular instruments with internal source that allow switching
between full-scan and MS/MS detection modes during the
same chromatographic run [12, 30–37]. Although several re-
ports have been published over the last years describing IT-
MS applications in environmental analysis [12,30,31,33–36],
to our best knowledge, no work has been reported using
GC–ITD-MS/MS method for the systematic analysis of polar
organics in ambient particles, after the pioneering paper of
Andalò on lignin monomers [38].

In this work, we investigated the potential of GC–MS/MS
using ion trap for the sensitive and reliable determination of
27 polar organic compounds, namely, LMW carboxylic acids
and methoxyphenols, in atmospheric PM samples. This is an
improvement of the GC–MS procedure previously described
[24, 39].

For this purpose, special attention was devoted to the in-
vestigation of ion trap MS/MS operating parameters in order
to select precursor and product ions and optimize collision
energy of each target compound. The developed procedure
was applied exemplarily to examine the presence of the tar-
get compounds in real PM2.5 samples collected in Bologna,
a large urban center in the Po Valley (Northern Italy) that
is recognized to have one of the most worrying air pollution
situations in Europe [40–42].

2 Materials and methods

2.1 Chemicals

Dicarboxylic acid and methoxyphenols standards with purity
higher than 99% were purchased from Fluka/Aldrich/Sigma
(Sigma Aldrich, Milan, Italy). Deuterated n-dodecane was
purchased from CDN Isotopes (Quebec, Canada). Individ-
ual standard stock solutions were prepared for each di-
carboxylic acid and methoxyphenol investigated at con-
centrations varying from 1 to 2 �g/�L in methanol and
then diluted serially to prepare standard solutions at
lower concentration levels. Derivatization was performed us-
ing N,O-bis(trimethylsilyl)trifluoroacetamide containing 1%
trimethylchlorosilane and pyridine (silylation grade), both
from Aldrich Chemical (Milan, Italy). The derivatizing agents,
as well as the individual and composite standard solutions,
were stored at 4�C.

2.2 GC–ITD-MS/MS analysis

The GC–MS system was a Scientific Focus-GC (Thermo-
Fisher Scientific, Milan, Italy) coupled to PolarisQ Ion Trap
Mass Spectrometer (Thermo-Fisher Scientific). The column
used was a DB-5ms column (L = 30 m, I.D. = 0.25 mm,
df = 0.25 �m film thickness; J&W Scientific, Rancho Cordova,
CA, USA). High-purity helium was the carrier gas with con-
stant flow of 1.5 mL/min. Temperature program conditions
were optimized for analysis of a wide range of target polar or-
ganic compounds: an initial temperature of 70�C was raised
to 125�C at 2.5�C/min, followed by an isothermal hold for
7 min; after that, the temperature was increased to 145�C at
2�C/min, an isothermal hold for 5 min; then further raised
to 170�C at 2.5�C/min and finally led to 300�C at 7�C/min;
this temperature was maintained for 1 min. All samples were
injected in splitless mode (splitless time: 60 s); the injector
temperature was 250�C.

Ion source and transfer-line temperatures were 250 and
280�C, respectively. The mass spectrometer operated in elec-
tron ionization mode (positive ion, 70 eV) and the mass spec-
tra were acquired in full-scan mode from 50 to 650 m/z in
0.58 s. For identification and quantification of the target ana-
lytes, the selected-ion monitoring (SIM) chromatograms were
extracted from the acquired signal by selecting either the base
peak ion or the most abundant characteristic fragments [39].

In the multiple reaction monitoring mode, the isolation
window was set at 1.5 m/z. Precursor ions were stored with
a Paul stability parameter (qz) of 0.30 and fragmented by
collision-induced dissociation (CID) using a resonant excita-
tion mode.

2.3 Aerosol sampling and preparation

PM2.5 samples were collected and handled following the pro-
cedure outlined in European Standard EN 12341 (CEN, 1998),
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in accordance with Quality Assurance and Quality Control
procedures, as reported in detail elsewhere [24]. Aerosols
were collected on quartz fiber filters (Whatman, 47 mm di-
ameter) using a low-volume sampler (Skypost PM, TECORA
Instruments, Corsico, Milan, Italy) operating at a flow rate
of 2.3 m3/h for 24 h (�55 m3/day). In spring, aerosols were
collected on quartz fiber filters (Munktell, 100 mm diam-
eter) using a high-volume air sampler (Echo Hi-Vol, TEC-
ORA Instruments) at the flow rate of 11.7 m3/h for 24 h
(�283 m3/day). The collected samples were protected against
light and temperature between the sampling and the analysis,
in conformity with EN15549 (CEN, 2008).

The analytical procedure has been described elsewhere
[43] and briefly summarized in the following. PM samples
were extracted for 15 min in an ultrasonication bath with
15 mL of methanol/dichloromethane 9:1 solvent mixture.
Then the extracts were filtered using a Teflon filter (25 mm,
0.45 �m, Supelco, Bellefonte, PA, USA) to remove insoluble
particles and then the filtrates were evaporated to dryness in a

centrifugal vacuum concentrator (miVac Duo Concentrator,
Genevac, Ipswich, UK).

Due to their high polarity, lignin phenols and carboxylic
acids have to be converted into volatilizable and stable deriva-
tives prior to GC analysis. The analytical protocol is based
on a silylation reaction at 75�C: the sample evaporated
to dryness was added to 40 �L of N,O-bis(trimethylsilyl)
trifluoroacetamide containing 1% of trimethylchlorosilane
and 15 �L of pyridine, in addition to 5 �L of internal stan-
dard (IS). After 70 min, the derivatives were cooled to room
temperature and 2 �L of solution were injected for GC–MS
analysis [43].

2.4 Method development and validation

Quantitative analysis was performed by the IS calibration
method. Stock standard solution of deuterated C12H26 was
prepared in iso-octane at 1275 ng/�L concentration to be used
as injection IS.

Table 1. GC retention times and operative conditions of MS and MS/MS methods

Compound Retention time
(min)

SIM
Monitoring
ion(s) (m/z)

MS/MS

Precursor
ion (m/z)

CID voltage
(V)

Product ions
(m/z)

Ion intensity
ratio

Acids
Malonic acid 11.5 73, 147, 149 233 1.00 147, 149, 217 1:1:3.9
Glyoxylix acid 13.4 191, 221 265, 133 191 1.00 149, 73, 147 1:1.3:1.6
Maleic acid 15.7 73, 147, 149 245 1.00 217, 149, 147 1:1.3:2.6
succinic acid 16.3 73, 147, 149 247 1.00 149, 147 1:2.2
glutaric acid 20.5 73, 147, 149 233 1.25 149, 147 1:1.8
malic acid 24.9 73, 147, 149 245 1.25 149, 217, 147 1:1.5:2.5
pyruvic acid 25.1 215, 258, 281 215 1.25 149, 147 1:1.9
adipic acid 25.9 141, 185, 111 141 0.75 99, 75 1:32
pinonic acid 26.6 171, 109, 83, 125 109 1.00 91, 81, 79 1:1.7:3.2
3-hydroxybenzoic acid 29.8 267, 223, 193 267 1.25 193, 225, 223 1:2.1:3.2
pimelic acid 33.4 125, 155, 199 125 1.00 97, 69, 79 1:1.1:3.3
2-ketoglutaric acid 34 113, 347, 291 113 1.25 85, 95, 69 1:1.1:1.3
4-hydroxybenzoic acid 34.3 267, 223, 193 267 1.25 193, 225, 223 1:6:17.2
phthalic acid 38.3 295, 219, 265 295 1.00 149, 147 1:2.7
suberic acid 39.7 169, 303, 187 169 1.00 141, 93, 75 1:1.1:21
azelaic acid 47.4 317, 225, 133 225 1.25 169, 143, 167 1:2.7:7.8

Phenols
Catechol 16.6 239, 254, 327, 166 254 1.00 166, 239 1:49
Syringol 20.6 181, 211, 196 196 1.25 167, 153, 181 1:2.2:3.5
Vanillin 26.7 193, 194, 209 194 1.50 165, 137 1:1
Pyrogallol 27.2 239, 240, 342 239 1.25 151, 133, 211 1:3.4:4.6
Acetosyringone 33.1 193, 208, 223 193 1.25 137, 165 1:1.3
Syringaldehyde 38.6 223, 224, 239 224 1.25 167, 137, 195 1:1.4:1.5
Acetovanillone 43.6 238, 223, 253 238 1.00 238, 223 1:18
Vanillic acid 44.1 223, 267, 297 267 1.25 225, 223 1:2.9
Syringic acid 53 253, 297, 327, 312 297 1.50 223, 253 1:5.8
p-Coumaric acid 54.8 219, 249, 293 293 1.50 219, 233, 249 1:1.1:6.3
Ferulic acid 59.3 249, 293, 323 293 1.50 219, 233, 249 1:1.1:5.5

MS detection: m/z values of characteristic fragments in full-scan spectrum; MS/MS detection: m/z values of ion retained as precursor ion,
optimized CID voltage (V), m/z values of characteristic product ions used for identification, ratio values between intensities of the quantifier
and qualifiers ions.
Underlined values indicate fragment ions used for quantitation in MS/SIM and MS/MS modes.
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Five-point calibration curves were computed using work-
ing standard solutions composed of the 27 target analytes in
the 0.2–3 ng/�L concentration range (corresponding to 0.4–
5.4 ng/m3 concentration in the air with the aerosol sampling
protocol of 55 m3/day). The selected concentration range is
representative of trace levels at which the target analytes are
most widely found in atmospheric aerosol [6–9, 11, 16, 18].
Each point of the curve was obtained as the average of three
replicated measurements.

3 Results and discussion

In this paper, 27 target analytes were selected as representa-
tive of polar markers that are usually present in PM samples
at trace levels. They include 16 LMW acids, namely, dicar-
boxylic (C3–C9 n-alkanoic, maleic, and phthalic dicarboxylic
acids, DCAs) and oxo- (glyoxylic, pyruvic, pinonic, and 2-
ketoglutarc acids) and hydroxy carboxylic acids (malic, OH-
benzoic acids). Eleven alkoxyphenols were also investigated
as molecular markers of biomass burning: cathecol, pyrogal-
lol, p-coumaric, and ferulic acids; vanillic compounds, such

as vanillin, vanillic acid, acetovanillone; and syringic com-
pounds, i.e. syringol, syringaldehyde, syringic acid, and ace-
tosyringone.

GC–MS analysis using full-scan detection mode was used
to optimize the separation conditions of all the target ana-
lytes (retention times in Table 1, 2nd column) and to ob-
tain the EI mass spectra of each analyte from which the
most abundant and/or characteristic ions were selected for
extracting the monitored signal (underlined values in Table 1,
3rd column).

3.1 Optimization of IT-MS/MS conditions

An IT-MS/MS multiple reaction monitoring method was de-
veloped by investigating the operative key parameters, in or-
der to select proper precursor and product ions and to opti-
mize collision energies for the best responses.

One precursor ion was selected for each compound from
EI full-scan spectra at 70 eV and an emission current of
40 mA. The choice was based on selectivity rather than
on signal intensity: among the potential precursor ions,

Figure 1. Optimization of the ion trap resonant excitation voltage for four selected organic polar compounds: (A) glyoxilic acid; (B) syringic
acid; (C) vanillic acid; (D) 3-OH-benzoic acid.
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preferably ions at the higher mass range (m/z > 100) were
chosen because this usually afforded the highest S/Ns for the
obtained product ions (the selected precursor ions are listed
in Table 1, 4th column).

For each analyte, the precursor ion was subjected to fur-
ther fragmentation under different collision energies to give
different fragments in product scan mode. Product ions were
selected from such fragment ions on the criteria of peak
sensitivity and the likelihood of potential interference from
other compounds in real samples [44]. At least two product
ions with high responses were chosen for each target analyte
(listed in Table 1, 6th column); among them, product ions
with lower abundance were used for qualification and those
with higher abundance for quantitation (ratio values between
quantifier and qualifier ions for each analyte are reported in
Table 1, 7th column).

The next step for MS/MS method development was the
optimization of the CID value that produces the highest abun-

dance of product ions and minimizes interference during the
analysis. So a series of different collision energies (0.5–2.5 V)
were applied and the responsiveness (peak area) for different
voltage was measured for each analyte. As a general pattern,
the abundance of the parent ion was at the highest when
the applied voltage was lower. The parent ion gradually frag-
mented, and peak area of the product ion obtained increased
with the voltage. However, when the voltage was too high, the
product ion intensity sharply reduced.

Figure 1A–D illustrates the change in the abundance of
precursor and product ions with the CID voltage for glyoxilic,
syringic, vanillic, and 3-OH-benzoic acids, respectively (other
parameters as default values). The plots show that the CID
optimum values were 1.0 V for glyoxilic acid, 1.25 V for vanil-
lic and 3-OH-benzoic acids, and 1.5 V for syringic acid, since
these voltages yield the highest intensity of the product ions
used for quantification. The optimized CID voltages for each
analyte are summarized in Table 1 (4th column).

Table 2. Statistical parameters of the calibration curves (2nd−4th columns) and sensitivity (LOD values, 5th−7th columns) of the developed
MS/MS detection procedure. Sensitivity for MS detection (SIM mode, 8th−10th columns) is reported for comparison

R2 b1 b0 XLOD
MS/MS
(ng/�L)

XLOD
MS/MS 55
m3 (ng/m3)

XLOD
MS/MS
283 m3

(ng/m3)

XLOD
SIM
(ng/�L)

XLOD
SIM 55
m3

(ng/m3)

XLOD
SIM 283
m3

(ng/m3)

Acids
Malonic acid 0.996 0.0074 ± 0.0001 −0.0003 ± 0.0001 0.25 0.46 0.09 0.69 1.25 0.24
Glyoxylix acid 0.998 0.044 ± 0.0010 0.0017 ± 0.0016 0.18 0.32 0.06 1.65 3.01 0.58
Maleic acid 0.999 0.016 ± 0.0003 0.0001 ± 0.0005 0.15 0.27 0.05 2.14 3.89 0.75
Succinic acid 0.999 0.0210 ± 0.0003 0.0009 ± 0.0005 0.12 0.22 0.04 1.23 2.23 0.43
Glutaric acid 0.998 0.0911 ± 0.0021 −0.0038 ± 0.0033 0.18 0.33 0.06 0.40 0.73 0.14
Malic acid 0.994 0.029 ± 0.0011 0.0021 ± 0.0018 0.30 0.55 0.11 2.31 4.21 0.82
Pyruvic acid 0.997 0.0791 ± 0.0023 −0.0044 ± 0.0034 0.21 0.39 0.08 2.36 4.28 0.83
Adipic acid 0.999 0.147 ± 0.0026 −0.0039 ± 0.0041 0.14 0.25 0.05 1.91 3.47 0.67
pinonic acid 0.997 0.0160 ± 0.0004 −0.0014 ± 0.0007 0.20 0.37 0.07 0.97 1.76 0.34
3-OH-benzoic acid 0.999 1.019 ± 0.020 −0.073 ± 0.031 0.15 0.28 0.05 1.12 2.03 0.39
Pimelic acid 0.994 0.0316 ± 0.0013 −0.0018 ± 0.0020 0.32 0.59 0.11 1.67 3.03 0.59
2-Keto-glutaric acid 0.998 0.0038 ± 0.0001 −0.0001 ± 0.0001 0.18 0.32 0.06 2.02 3.67 0.71
4-OH-benzoic acid 0.992 0.908 ± 0.040 −0.036 ± 0.063 0.35 0.64 0.12 1.62 2.95 0.57
Phthalic acid 0.999 0.0350 ± 0.0006 −0.0024 ± 0.0009 0.13 0.25 0.05 0.98 1.79 0.35
Suberic acid 0.996 0.0494 ± 0.0015 −0.0043 ± 0.0024 0.24 0.44 0.08 2.46 4.48 0.87
Azelaic acid 0.995 0.0074 ± 0.0003 −0.0010 ± 0.0004 0.28 0.52 0.10 2.65 4.82 0.93

Phenols
Catechol 0.998 0.0661 ± 0.0014 −0.0029 ± 0.0024 0.18 0.33 0.06 1.53 2.72 0.53
Syringol 0.997 0.452 ± 0.012 −0.017 ± 0.023 0.26 0.47 0.09 2.35 4.27 0.83
Vanillin 0.994 0.2196 ± 0.0087 −0.024 ± 0.013 0.30 0.54 0.10 2.59 4.71 0.91
Pyrogallol 0.998 1.138 ± 0.028 0.002 ± 0.041 0.18 0.33 0.06 2.04 3.70 0.72
Acetosyringone 0.992 0.2200 ± 0.0098 −0.023 ± 0.016 0.37 0.68 0.13 2.01 3.66 0.71
Syringaldehyde 0.991 0.1510 ± 0.0074 −0.014 ± 0.011 0.38 0.70 0.14 1.26 2.28 0.44
Acetovanillone 0.991 0.553 ± 0.026 −0.067 ± 0.039 0.36 0.65 0.13 1.89 3.43 0.67
Vanillic acid 0.995 0.623 ± 0.023 −0.079 ± 0.036 0.29 0.53 0.10 2.31 4.21 0.82
Syringic acid 0.993 0.694 ± 0.028 −0.093 ± 0.043 0.32 0.57 0.11 1.93 3.50 0.68
p-Coumaric acid 0.997 0.479 ± 0.012 −0.053 ± 0.022 0.23 0.42 0.08 1.56 2.83 0.55
Ferulic acid 0.995 0.567 ± 0.020 −0.078 ± 0.034 0.30 0.54 0.10 1.72 3.12 0.61

XLOD values are computed as concentration in the injected solution (ng/�L, 5th and 8th columns) or in the sampled air (ng/m3) using
low-volume (55 m3, 6th and 9th columns) or high-volume (283 m3, 7th and 10th columns) air sampling protocols.
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3.2 Method validation

Using these IT-MS-optimized operating conditions, the
method was validated by determining the linearity and LODs
on standard solutions of the target compounds.

The calibration curves were developed using working so-
lutions composed of mixed 27 target standards. The statis-
tical parameters were computed by least-square fit between
the peak areas of the chromatographic signals. In general,
all the obtained calibration curves show good linearity in the
exploited range, with a coefficient of determination R2 � 0.98
(Table 2, 2nd column). From such curves, the LODs of the
procedure, XLOD, were calculated as the concentration that
produces signals with S/Ns equal to or greater than 3. As
the blank values were outside the noise of the instrument,
the effective XLOD was calculated as XLOD = 3b0/b1, where
b0 is the intercept and b1 is the slope of the calibration line
(Table 2, 3rd–5th columns). XLOD was computed as concen-
tration in the injected solution (ng/�L) and additionally as
concentration in the air volume sampled using low-volume
(55 m3, 6th column) or high-volume (283 m3, 7th column)
air sampling protocols. The obtained XLOD values were in
the range 0.1–0.4 ng/�L, corresponding to air concentration
of 0.2–0.7 ng/m3 using a low-volume air sampler. This sen-
sibility is comparable with that provided by more advanced
systems that require high capital and operating costs, such as

high-resolution mass spectrometers (GC–HRMS) [14, 29, 45]
or direct thermal desorption method followed by GC and TOF
MS [22].

In order to evaluate the effective improvement of the
MS/MS procedure, the detection limits were also computed
for the same standard solutions using the GC—MS method
with SIM detection (Table 2, 8th–10th columns). The ob-
tained XLOD values varied from 0.7 to 2.7 ng/�L in the in-
jected solution (corresponding to 1.3–4.9 ng/m3 in the air,
sampling air volume of 55 m3), in agreement with the data
previously reported for carboxylic acids and sugars [43]. This
sensitivity is comparable with that of some literature meth-
ods using solvent extraction ranging from 0.5 to 1.1 ng/m3

[6, 11, 16, 18, 19, 43].
These results clearly show that the hyphenation with

MS/MS method effectively improves method sensitivity by
a factor of six in comparison with the same analytical proce-
dure with SIM detection (compare 5th versus 8th columns in
Table 2).

3.3 Method feasibility in analysis of real-life samples

Finally, to further illustrate the potential of the developed
method, it was applied to PM2.5 real samples and its per-
formance was compared with that of GC–MS with SIM
detection.

Figure 2. GC–MS chromatogram (TIC signal) of the real PM sample collected in winter. Enlarged details: signals for four selected compounds
using SIM detection (bottom) and MS/MS detection (top). m/z 165, 137: Vanillin, m/z 193, 223, 225: 3-OH- and 4-OH-benzoic acids, m/z 223,
253: syringic acid.
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The PM2.5 filter samples were collected in winter 2011
and spring 2013 in an urban site (Bologna) in the Emilia
Romagna region (Northern Italy).

Figure 2 shows the GC–MS chromatogram (total ion cur-
rent, TIC signal) of the real PM sample collected in winter.
As expected, the complex TIC signal contains several visible
peaks due to original and derivatized components of the real
sample that may interfere the GC–MS analysis. The plots
clearly show that the SIM detection (lower enlarged detail)
strongly enhances selectivity of each target analyte and the
MS/MS method (upper enlarged detail) further improves de-
tection performance due to the effective exclusion of interfer-
ing matrix compounds.

The results obtained revealed that the implementation
with MS/MS detection permits the quantification of nearly
all the target tracers at concentration level below the detection
limits of the SIM detection (Table 3). Although some pairs
of the target compounds show very close retention times,

they can be quantified by using SIM detection for the more
abundant component and MS/MS method with specific pre-
cursor ion for the less abundant, i.e. succinic acid/catechol at
�16.5 min, vanillin/pirogallol at �27 min, 2-ketoglutaric/
pimelic acid at �34 min, phthalic acid/syringaldehyde at
�38.6 min. The exception was the acetovanillone/vanillic acid
pair, which were both present at low levels: in this case, two
distinct MS/MS acquisition runs were required with proper
precursor ion for each compounds, i.e. m/z 238 and 267,
respectively.

The winter sample shows a PM composition strongly
impacted by maleic and succinic acids (�30 ng/m3, each) fol-
lowed by glycolic acid (� 12 ng/m3, Table 3, 4th column).
These markers are mainly related to anthropogenic activ-
ities, since they are either emitted from primary sources
(power plants, vehicular circulation, biomass burning) or
produced by in situ photochemical reactions of such emis-
sions. In addition, other specific tracers were identified

Table 3. Concentrations of the polar markers in the real PM2.5 samples collected in winter (2nd−4th columns) and spring (5th−7th columns)

Winter 2011 Spring 2013

SIM (ng/�L) MS/MS (ng/�L) ng/m3 (55 m3) SIM (ng/�L) MS/MS (ng/�L) ng/m3 (283 m3)

Acids
Glycolic acid 6.9 12.4 19.2 6.8
Malonic acid n.d. 1.1 2.1 n.d. 4.6 1.6
Glyoxylix acid n.d. n.d. n.d. n.d. 1.4 0.5
Maleic acid 15.2 27.6 n.d. 1.2 0.4
Succinic acid 18.1 32.8 7.4 2.6
Glutaric acid 1.4 2.6 2.0 0.7
Malic acid n.d. n.d. 21.5 7.6
Pyruvic acid n.d. <XLOD n.d. 0.6 0.2
Adipic acid <XLOD 1.6 0.3 1.9 0.7
Pinonic acid n.d. n.d. 2.0 0.7
3-OH-benzoic acid <XLOD 0.4 0.7 <XLOD 0.3 0.1
Pimelic acid n.d. n.d. n.d. 2.5 0.9
2-Ketoglutaric acid n.d. 0.7 1.2 2.1 0.7
4-OH-benzoic acid <XLOD 0.6 1.1 <XLOD 0.7 0.2
Phthalic acid 2.8 5.0 2.5 0.9
Suberic acid n.d. n.d. 3.7 n.d. 1.3
Azelaic acid n.d. 2.1 3.9 4.2 n.d. 1.5

Phenols
Catechol <XLOD <XLOD n.d. 0.3 0.1
Syringol n.d. <XLOD n.d. <XLOD
Vanillin n.d. 0.3 0.6 <XLOD <XLOD
Pyrogallol n.d. <XLOD n.d. <XLOD
Acetosyringone n.d. n.d. n.d. n.d.
Syringaldehyde <XLOD 0.7 1.3 n.d. <XLOD
Acetovanillone <XLOD <XLOD n.d. n.d.
Vanillic acid n.d. <XLOD <XLOD 0.5 0.2
Syringic acid n.d. 0.4 0.7 <XLOD <XLOD
p-Coumaric acid n.d. <XLOD n.d. <XLOD
Ferulic acid n.d. n.d. n.d. <XLOD

Analyses were performed using GG–MS method with SIM detection (2nd and 5th columns) and MS/MS method (3rd and 6th columns).
Concentration values (expressed as ng/�L in the injected solutions) were transformed into air concentrations (ng/m3, 4th and 7th columns)
considering volume of the sampled air, i.e. 55 and 283 m3 in winter and spring campaigns, respectively.
n.d: not detected analyte; <XLOD: detected but not quantified analyte, since below the detection limit.
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(�2 ng/m3, each, Table 3, 3rd column) produced by oxidation
of anthropogenic (adipic acid) or biogenic (azelaic acid) pre-
cursors [8–11, 13, 16, 46].

Several methoxyphenols emitted from wood burning
were detected at low concentration levels (total concentra-
tion �2.5 ng/m3), but only three of them could be quantified
since they are above the detection limit with the used sam-
pling protocol (low-volume collection, 55 m3/day) [7, 18, 20].
The diagnostic ratio between syringyl and vanillic compounds
(S/V � 3) indicates predominant syringyl-type compounds
that can be used to diagnose the contribution of smoke from
hard wood combustion [23,47]. This finding confirms the re-
sults of several studies indicating that biomass combustion
in household stoves is becoming a relevant potential to con-
tribute to atmospheric pollution in Northern Italy, especially
in winter [40–42].

Since spring in the investigated region is characterized
by high mixing heights that disperse contaminants in the
atmosphere and anthropogenic emissions are reduced, low
abundances of the target analytes are expected in spring sam-
ples [3, 24, 48]. For this reason, a high-volume air sampler
(283 m3/day) was used to collect enough PM quantity to
assure the quantification of several tracers. Nearly all the
target tracers were detected in the spring sample at low
levels (total abundance 28 ng/m3), most of them in the
0.2–0.7 ng/m3 range (Table 3, 7th column). Among the mea-
sured carboxylic acids, malic and glycolic acids showed high-
est concentrations (�7 ng/m3), followed by succinic acid
(�3 ng/m3). These results are expected in the warm season,
since these acids are mainly produced by in situ photochem-
ical reactions of anthropogenic precursors [8, 13, 16]. A sig-
nificant contribution of pinonic acid (�0.7 ng/m3) was also
identified, as a specific marker of photochemical oxidation of
biogenic compounds consistent with high vegetation activity
in spring [11,46]. Some methoxyphenols were detected in this
sample but their concentration was below the detection limit.

4 Concluding remarks

In this study, a GC–MS method was extended to methoxyphe-
nols analysis and upgraded with ion trap MS/MS detection
to permit the simultaneous determination of several polar
organic compounds at trace levels in atmospheric particles.

The MS/MS technique proved to have several advantages
compared with single-stage MS, in terms of the qualification
and quantification of a large range of compounds in compli-
cated environmental matrices. Namely, detection limits were
reduced to 0.1 ng/�L for standard solutions, matrix interfer-
ences and chemical noise were reduced in the chromatogram
and selectivity was enhanced provided by the product ions in
mass spectra for a more reliable confirmation of the target
compounds in the samples.

The GC–IT-MS has the advantage of being a user-friendly
and low-cost instrument, in comparison with high-resolution
MS, with the possibility of combining full-spectrum mode to

MS/MS detection in a single chromatographic acquisition
run.

This indicates that IT-MS is an ideal alternative method
for cost-effective analyses of a wide range of polar tracers
in atmospheric aerosol to give information on contribution
of primary emission sources and secondary processes on air
quality of the investigated sites.
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11 • Carbonaceous Q3levels show strong sea-
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14 and the lowest in the warm months
15 • Vehicle emissions and biomass burning
16 are the dominant sources of carbona-
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18 • Wood burning for domestic heating is
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21 • PAHs emission profiles confirmed com-
22 bined emissions from vehicle traffic and
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27 of the different sources and processes.
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51The concentrations of organic and elemental carbon in PM2.5 aerosol samplesweremeasured in two sites of Emi-
52lia Romagna (Po Valley, Northern Italy) in eight campaigns during different seasons from 2011 to 2014. Strong
53seasonality was observed with the highest OC concentrations during the cold periods (≈5.5 μg m−3) and the
54lowest in thewarmmonths (≈2.7 μgm−3) aswell aswith higher EC levels in fall/winter (≈1.4 μgm−3) in com-
55parisonwith spring/summer (≈0.6 μgm−3). Concerning spatial variability, therewere no statistically significant
56difference (p b 0.05) between OC concentrations at the two sampling sites in each campaign, while the EC values
57were nearly twofold higher levels at the urban site than those at the rural one.
58Specific molecular markers were investigated to attempt the basic apportionment of OC by discriminating be-
59tween the main emission sources of primary OC, such as fossil fuels burning – including traffic vehicle emission
60– residential wood burning, and bio-aerosol released from plants and microorganisms, and the atmospheric
61photo-oxidation processes generating OCsec. The investigated markers were low-molecular-weight carboxylic
62acids – to describe the contribution of secondary organic aerosol – anhydrosugars – to quantify primary emis-
63sions from biomass burning – bio-sugars – to qualitatively estimate biogenic sources – and Polycyclic Aromatic
64Hydrocarbons – to differentiate among different combustion emissions.
65Using the levoglucosan tracer method, contribution of wood smoke to atmospheric OC concentration was com-
66puted.Wood burning accounts for 33% of OC in fall/winter and for 3% in spring/summer. A clear seasonal trend is
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73 PAHs
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75 Secondary organic carbon
76 Wood combustion
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67also observed for the impact of secondary processes with higher contribution in the warm seasons (≈63%) in
68comparison with that in colder months (≈33%), that is consistent with enhanced solar radiation in spring/
69summer.
70© 2015 Published by Elsevier B.V.

7778

79

80

81 1. Introduction

82 Carbonaceous species are known to be a very important part of the
83 atmospheric aerosol accounting typically for 20–45% of PM2.5 with con-
84 centration ranging from few to hundreds ngm−3. It is comprised of
85 myriad of individual species with vastly different chemical and thermo-
86 dynamic properties and it is known to contain high amount of light ab-
87 sorbing carbon compounds (black carbon), which significantly
88 influence the aerosol radiative forcing and the atmospheric photochem-
89 istry (Yttri et al., 2007; Saarikoski et al., 2008; Putaud et al., 2010; Pio
90 et al., 2011; Valipour et al., 2012; Valipour et al., 2013; Calvo et al.,
91 2013; Bautista et al., 2014; Jedynska et al., 2014; Sandrini et al., 2014).
92 The carbonaceous aerosol is broadly classified into two main fractions:
93 elemental carbon (EC) and organic carbon (OC). EC is a highly polymer-
94 ized dark fraction that is generated by incomplete combustion of organ-
95 ic material from traffic, residential heating, industrial activities and
96 energy production using heavy oil, coal or biofuels. OC is a complexmix-
97 ture of several organic compounds, that can be both primarily emitted
98 (OCprim) and formed in the atmosphere through condensation and oxi-
99 dation processes (OCsec) (Sillanpää et al., 2005; Gelencser et al., 2007;
100 Saarikoski et al., 2008; Pio et al., 2011). The main emission sources pro-
101 ducing OCprim are fossil fuel combustion from mobile and stationary
102 sources, biomass burning (OCbb) and biological particles (OCbio) (Pio
103 et al., 2011). A complete characterization of OC and EC composition is
104 a major issue for all the receptor models currently in use, which
105 would identify the PM sources, their emission profile and loading
106 (Bautista et al., 2014).
107 In this paper the apportionment of the carbonaceous aerosol was
108 attempted with the main objective to generate baseline knowledge on
109 OC and EC concentrations and their different fractions. The study was
110 conducted in Emilia Romagna region located in the Eastern Po Valley
111 (Northern Italy), in the framework of the Supersito project (www.
112 supersito-er.it). This area is recognized as one of the most worrying air
113 pollution situations in Europe, since high anthropogenic emissions
114 andmeteorological factors may cause air pollution episodes and serious
115 risks for human healthQ4 (Balducci and Cecinato, 2010; Bigi et al., 2012;
116 Carbone et al., 2010; Perrone et al., 2012, 2013; Perrino et al., 2014;
117 Decesari et al., 2014). As a part of the Supersito project, our previous
118 studies on PM2.5 chemical composition have shown an high pollution
119 level generated by different sources from human activities, such as traf-
120 fic, domestic heating and biomass burning, and produced by in situ
121 photo-chemical reactions from both biogenic and anthropogenic pre-
122 cursors (Pietrogrande et al., 2014a, 2014b, 2015). Given that studies re-
123 garding the OC/EC speciation and chemical characterization of the
124 carbonaceous aerosol are still very limited in the region, in this paper
125 the study has been extended to nearly 1000 PM2.5 samples daily collect-
126 ed in eight intensive experimental campaigns throughout the years
127 from 2011 to 2014, in urban and rural settings in the studied region.
128 Qualitative or quantitative estimate of the different contributions to
129 carbonaceous PM were attempted by quantifying molecular tracers of
130 specific emissions sources and atmospheric processes. In particular,
131 low-molecular-weight carboxylic acids were quantified to differentiate
132 between primary emissions and secondary organic aerosol, sugars to
133 discriminate between primary emissions from biomass burning and
134 from the ecosystem and polycyclic aromatic hydrocarbons (PAHs) to
135 differentiate among different combustion emissions.
136 The spatial and temporal variations of the parameters were ob-
137 served to obtain inferences relating to the possible sources of carbona-
138 ceous particulate matter. The relationship between carbonaceous

139species, concentration of specific organic components (acids, sugars
140and PAHs) and meteorological variables are also investigated within
141the studied region. Data obtained were compared to existing OC and
142EC measurements from neighboring locations in Po Plain to give per-
143spective to the understanding of the carbonaceous aerosol composition
144in the region.

1452. Materials and methods

1462.1. Aerosol sampling

147Sampling protocol was described elsewhere (Pietrogrande et al.,
1482014a, 2014b). Briefly, the urban background site MS is located in the
149city of Bologna (~400,000 inhabitants) and the rural background station
150SP is located at San Pietro Capofiume about 30 km northeast from the
151city.
152As part of the Supersito project, eight sampling intensive campaigns
153were performed to represent different meteorological scenarios
154throughout the year: 14th November up to 6th December 2011 (late-
155autumn), from 14th June up to 11th July 2012 (early-summer), from
15623th October up to 10th November 2012 (deep-autumn), from 30th
157January up to 19th February 2013 (deep-winter), from 7th up to 27th
158May 2013 (late-spring), from 27th September up to 18th October
1592013 (early-autumn), from 28th January up to 27th February 2014
160(deep-winter), from 13th May up to 11th June 2014 (late-spring).
161A low volume automatic outdoor sampler (Skypost PM, TCRTECORA
162Instruments, Corsico, Milan, Italy) operated at the standard airflow rate
163of 38.3 L min−1 for 24 h to collect an air volume of 55 m3 per day was
164used. PM2.5 samples were collected on 47 mm diameter quartz fiber fil-
165ters provided fromWhatman (Whatman® QM-A quartz filters) for GC/
166MS analysis (Pietrogrande et al., 2014a, 2014b) and from Pall (Pall Tissu
167Quartz 2500 QAO-UP 2500 filters) for TOT analysis (Costa et al., 2016).
168In spring/summer, higher air volumes (≈283 m3 per day) were
169sampled on quartz fiber filters (Munktell, 100 mm diameter) using an
170Hi-Vol sampler (Echo Hi-Vol, TECORA Instruments, Corsico, Milan,
171Italy) operating at a flow rate of 11.7 m3 h−1 for 24 h. This choice was
172motivated by assuring PM2.5 amounts compatible with the analytical
173sensitivity due to low abundances of the target analytes expected dur-
174ing spring/summer in the investigated region (Carbone et al., 2010;
175Bigi et al., 2012; Perrone et al., 2013; Pietrogrande et al., 2013, 2014a,
1762014b, 2015 Q5).
177The quartz fiber filters were heated for 3 h at 800 °C in air before use,
178to reduce their carbon blank. After sampling, the procedure outlined in
179European Standard EN 12341 (CEN, 1998) was applied for equilibration
180and weighing the collected samples.
181Meteorological data were collected at the meteorological stations of
182San Pietro Capofiume and Bologna by Hydro-Meteo-Climate Service of
183ARPA-ER. Mixing layer height at both sites was estimated using the
184pre-processor CALMET by ARPA Emilia-Romagna (Deserti et al., 2001).

1852.2. Analytical procedure

1862.2.1. Analytical procedure for carbonaceous aerosol
187The carbonaceous aerosol fractions (OC and EC) were quantified in
188the ARPA laboratories in Ferrara and Ravenna, as a part of the Supersito
189project activities (www.supersito.it; Costa et al., 2016).
190A Sunset Laboratory Thermal/Optical Carbonaceous Aerosol Analyz-
191er (Laboratory Inc.) was used, as the thermal-optical transmission
192method (CEN, 2011) is a common procedure widely used for the
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193 determination of OC/EC content in Po Valley (Lonati et al., 2007; Perrino
194 et al., 2014; Sandrini et al., 2014; Vassura et al., 2014) aswell as in other
195 European urban sites (e.g., Szidat et al., 2006; Pio et al., 2011; Viana
196 et al., 2013). The instrument was calibrated prior to use with injections
197 of sucrose standard solution (concentration of 10 g L−1 corresponding
198 to 42 μg cm−2 of organic carbon on the filter surface) (Costa et al.,
199 2016).
200 The punched filters (1.5 cm2) were submitted to volatilization using
201 the EUSAAR2 thermal protocol (Cavalli et al., 2010; Chiappini et al.,
202 2014). According to this protocol, the carbonaceousmaterial (OC) is ini-
203 tially thermally desorbed in an inert atmosphere (99.999% pure He) at
204 relatively low temperature in four steps (200 °C for 120 s; 300 °C for
205 150 s; 450 °C for 180 s; 650 °C for 180 s). Then desorption is performed
206 to evolve the EC component at higher temperature in four steps (500 °C
207 for 120 s; 550 °C for 120 s; 700 °C for 70 s; 850 °C for 80 s) in anoxidizing
208 atmosphere (2% oxygen/98% helium final mixture in the sample oven).

209 2.2.2. Analytical procedure for polar organic compounds
210 Polar organic compounds, including carboxylic acids and sugars,
211 were determined using a GC/MS analytical procedure described else-
212 where (Pietrogrande et al., 2014a, 2014b). Briefly, PM2.5 samples were
213 extracted for 15 min in an ultrasonication bath with 15 mL of
214 methanol:dichloromethane mixture (9:1) and then submitted to silyl
215 derivatization with N,O-bis-(trimethylsilyl) trifluoroacetamide
216 (BSTFA) containing 1% of trimethylchlorosilane (TMCS) at 75 °C for
217 70 min.
218 The GC/MS system was a Scientific Focus-GC (Thermo-Fisher Scien-
219 tific, Milan, Italy) coupled to PolarisQ Ion Trap Mass Spectrometer
220 (Thermo-Fisher Scientific, Milan, Italy). The column used was a DB-
221 5MS column (L = 30 m, I.D = 0.2 5 mm, df = 0.25 μm film thickness;
222 J&W Scientific, Rancho Cordova, CA, USA). Themass spectrometer oper-
223 ated in Electron Ionizationmode (positive ion, 70 eV). Themass spectra
224 were acquired in full scan mode from 50 to 650 m/z in 0.58 s. For iden-
225 tification and quantification of the target analytes, the extracted-ion
226 chromatograms (EICs) were recovered from the entire data set of each
227 chromatographic run by selecting either the base peak ion or the most
228 abundant characteristic fragments (Pietrogrande et al., 2014a).

229 2.2.3. Analytical procedure for polycyclic aromatic hydrocarbons
230 The analysis of polycyclic aromatic hydrocarbonswere performed in
231 the ARPA laboratory in Ravenna, as a part of the Supersito project activ-
232 ities (www.supersito.it; Pietrogrande et al., 2015). The PAHs were ana-
233 lyzed on a DFS High Resolution GC/MS system (Thermo-Fisher
234 Scientific, Milan, Italy) formed by a gas chromatograph equipped with
235 a capillary column a TR-5MS column (L = 60 m, I.D. = 0.2 5 mm,
236 df = 0.25 μm film thickness; Thermo Scientific, USA) coupled with a
237 Magnetic Sector high resolution mass spectrometer. The initial oven
238 temperature was set at 100 °C for 1 min, raised to 300 °C at a rate of
239 10 °C min−1 and then held for 50 min. Isotope labelled (deuterated)
240 PAH standards were used for quantification. The procedure provides
241 analytical reproducibility (RSD% ≤10%) and accuracy (recovery:
242 70 ÷ 115%) suitable for applicability in environmental monitoring.

243 3. Results and discussion

244 The ambient concentrations of OC and EC were measured and
245 summed to compute TC. In addition, 40 specific chemical markers
246 were quantified, namely low-molecular-weight carboxylic acids, sugars
247 and polycyclic aromatic hydrocarbons. Data are reported in Table 1, as
248 mean values and standard deviations of the concentrations measured
249 at each site for each campaign and integrated on ≈3 weeks (the term
250 n.d. indicates that more than 90% of the measured values are below
251 the detection limit).

2523.1. Meteorological condition

253During the monitoring campaigns, typical season meteorological
254conditions of Po Valley occurred (Table 1, last 3 lines). Fall/winter pe-
255riods are characterized by atmospheric stability with shallow Planetary
256Boundary Layer (PBL) depths (Hmixmean values≈300m), low temper-
257ature (3–12 °C), low solar radiation (mean values ≈75 W m−2), weak
258amount of wet deposition (maximum precipitations≈142 mm during
259winter 2014) and low wind velocity. On the contrary, spring/summer
260periods are characterized by high Planetary Boundary Layer (PBL)
261depths (Hmix mean values ≈920 m), high temperature (16–28 °C),
262strong solar radiation (mean values ≈270 W m−2), weak amount of
263wet deposition (maximum precipitations≈65 mm during May 2013).
264Among the investigated periods, the atmospheric conditions of Oc-
265tober 2013 were intermediate between cold/warm seasons, closer to
266late summer than to fall, with Hmix of 430 m, solar radiation of
267≈100 Wm−2 and temperature of 15 °C. For this reason, in general the
268data collected in this campaign were excluded from calculation of
269mean values of cold/warm periods.

2703.2. Concentration levels of OC and EC

271The OC, EC and TC values measured during the eight campaigns at
272MS and SP siteswere compared in order to highlight the spatial and sea-
273son variability. For the first campaign in November 2011, only TC values
274were available, since the used method prevented unbiased discrimina-
275tion between OC and EC (Costa et al., 2016).
276As expected, at both sites, the carbonaceous components show the
277highest levels during the November–March periods and the lowest in
278the May–June months. In fall/winter TC values ranged from a high of
27911.8 μgm−3 in November 2011 atMS to a low of 5.5 μgm−3 in February
2802014 at SP, with an average of 9.1 μg m−3 and 7.6 μgm−3 at MS and SP,
281respectively. In spring/summer TC values ranged from 4.8 μg m−3 in
282June 2012 at MS to 1.8 μg m−3 in May 2013 at SP, with an average of
2833.6 μg m−3 and 2.9 μg m−3 at MS and SP, respectively (Table 1).
284Accordingly, OC and EC concentrations exhibit the same seasonality.
285The highest concentrations of OC are in all cases observed during the
286cold periods (an average of 6.2 μgm−3 and 5.9 μgm−3 at MS and SP, re-
287spectively) and the lowest in the warm months (an average of
288≈2.7 μg m−3 at both sites). The highest EC levels were in fall/winter
289(average values of 1.9 μg m−3 and 1.1 μg m−3 at MS and SP, respective-
290ly) in comparison with spring/summer winter (average values of
2910.8 μg m−3 and 0.4 μg m−3 at MS and SP, respectively). In agreement
292with intermediate atmospheric conditions, TC, OC and EC levels in Octo-
293ber 2013 show halfway values, i.e., 6.0, 4.3 and 1.0 μgm−3, respectively
294(Table 1).
295This trend may be related to the seasonal cycle of Planetary Bound-
296ary Layer (PBL) dynamics, since in the PoValley the dispersion of prima-
297ry emissions has been found largely dependent on vertical mixing, in
298the absence of strong wind throughout the year (Carbone et al., 2010;
299Bigi et al., 2012; Sandrini et al., 2014; Decesari et al., 2014;
300Pietrogrande et al., 2015; Khana et al., 2016 Q6). During winter, the stable
301atmospheric conditions (Hmix ≈ 300 m) promote the accumulation of
302pollutants that are confined to the first hundred meters of the atmo-
303sphere and the ageing of the air masses with a relevant increase in the
304concentration of secondary pollutants. Instead, during summer, the
305strong thermal convective activity increases PBL height and Hmix

306reaches ≈1000 m favoring dispersion of the organic compounds in
307the atmosphere. This hypothesis may be supported by the significant
308negative correlation (although quite scattered R2≈ 0.6) found between
309TC, OC and EC concentrations and the boundary layer depth.
310In addition, larger anthropogenic emissions are expected in fall/win-
311ter, in particular wood combustion for domestic heating, which is a fre-
312quent practice in cold seasons in the Po Plain. This leads to a sharp
313increase in the wood–related carbonaceous emission yielding nearly
314twofold higher concentrations of each carbonaceous component (cold/
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t1:1 Table 1
t1:2 Mean values± standard deviation (SD) of the concentrations observed for each campaign and integrated on≈3weeks: the term n.d. indicates thatmore than 90% of themeasured values
t1:3 were below the detection limit).

t1:4 Fall11 Sum12 Fall12 Win13 Sp13 Fall13 Win14 Sum14

t1:5 MS
t1:6 OC (μgm−3) 3.73 ± 0.75 6.94 ± 3.84 7.23 ± 2.00 2.02 ± 0.58 3.71 ± 0.88 4.57 ± 2.06 2.55 ± 1.52
t1:7 EC (μgm−3) 1.02 ± 0.43 2.43 ± 1.25 1.89 ± 0.78 0.90 ± 0.41 1.14 ± 0.40 1.30 ± 0.46 0.60 ± 0.26
t1:8 TC (μgm−3) 11.9 ± 2.9 4.77 ± 0.96 9.58 ± .19 9.24 ± 2.66 2.92 ± 0.92 6.32 ± 2.88 5.87 ± 2.42 3.15 ± 1.70
t1:9 OC/EC 4.01 ± 1.46 2.87 ± 1.51 3.80 ± 0.91 2.55 ± 1.07 3.18 ± 0.75 3.55 ± 0.97 s4.42 ± ± 1.82
t1:10 OC/ECmin 1.62 0.77 2.53 1.47 2.17 1.94 1.96
t1:11 OCsec (μgm−3) 1.99 ± 0.71 3.97 ± 3.34 3.97 ± 1.22 0.58 ± 0.33 1.66 ± 1.30 2.45 ± 1.58 1.48 ± 1.27
t1:12 OCsec% 52.6 ± 14.7 44.0 ± 21.0 54.9 ± 0.5 29.5 ± 18.8 40.5 ± 13.0 50.9 ± 12.5 3.3 ± 17.3
t1:13 CAtot (ngm−3) 262.0 ± 111.2 n.d. 167.4 ± 109.6 249.3 ± 122.3 17.4 ± 11.9 50.0 ± 25.9 117.9 ± 72.4 93.0 ± 120.8
t1:14 CAoxo (ngm−3) 84.4 ± 41.4 n.d. 74.8 ± 50.4 83.4 ± 43.0 11.6 ± 8.6 18.3 ± 8.8 41.4 ± 22.4 58.2 ± 79.2
t1:15 CAoxo% 31.7 ± 6.0 n.d. 4.0 ± 4.7 34.4 ± 9.9 69.0 ± 9.7 38.7 ± 10.1 36.8 ± 9.2 60.9 ± 14.3
t1:16 Levoglucosan (ngm−3) 1042.9 ± 490.4 2.07 ± 1.93 288.9 ± 143.9 259.4 ± 98.9 12.6 ± 16.9 34.6 ± 23.8 300.7 ± 117.8 6.53 ± 3.65
t1:17 Mannosan (ngm−3) 120.7 ± 45.1 0.14 ± 0.24 63.5 ± 38.4 63.6 ± 23.7 1.85 ± 2.97 8.34 ± 8.51 26.3 ± 16.7 1.07 ± 0.56
t1:18 Galactosan (ngm−3) 52.0 ± 20.0 n.d. 29.7 ± 18.3 31.5 ± 12.2 1.26 ± 2.61 4.98 ± 3.15 14.9 ± 6.1 1.07 ± 0.32
t1:19 Lev/Mann 8.54 ± 1.09 14.7 ± 4.9 4.91 ± 0.77 4.09 ± 0.41 6.98 ± 2.84 7.12 ± 5.14 14.9 ± 7.9 6.24 ± 2.19
t1:20 Stot (ngm−3) 1287.9 ± 559.6 6.71 ± 6.01 406.1 ± 208.2 374.5 ± 139.8 50.2 ± 60.2 77.2 ± 29.7 372.9 ± 147.4 58.5 ± 28.2
t1:21 Sbb (ngm−3) 1215.6 ± 552.8 2.33 ± 2.15 382.2 ± 198.6 354.6 ± 133.3 15.7 ± 22.3 47.9 ± 31.1 342.1 ± 140.3 8.66 ± 4.34
t1:22 Sbio (ngm−3) 72.3 ± 24.1 4.38 ± 5.04 23.9 ± 12.9 19.96 ± 7.48 34.5 ± 38.6 29.3 ± 18.7 30.8 ± 14.7 49.7 ± 27.5
t1:23 Sbb% 93.7 ± 2.5 46.0 ± 27.3 93.1 ± 4.4 94.6 ± 0.9 30.7 ± 14.1 57.8 ± 23.2 91.1 ± 5.3 18.4 ± 14.7
t1:24 Sbio% 6.3 ± 2.5 54.0 ± 27.3 6.9 ± 4.4 5.4 ± 0.9 69.3 ± 14.1 42.2 ± 23.2 8.9 ± 5.3 81.6 ± 14.7
t1:25 Lev/OC 0.00 ± 0.00 0.05 ± 0.04 0.03 ± 0.02 0.01 ± 0.01 0.01 ± 0.01 0.07 ± 0.02 0.00 ± 0.00
t1:26 OCbb (ngm−3) 6.94 ± 3.27 0.01 ± 0.01 1.92 ± 0.96 1.73 ± 0.66 0.08 ± 0.11 0.23 ± 0.16 2.00 ± 0.78 0.04 ± 0.02
t1:27 OCbb% 0.4 ± 0.4 36.1 ± 24.2 26.2 ± 12.4 4.4 ± 5.6 5.2 ± 3.6 43.7 ± 12.4 2.2 ± 1.84
t1:28 Sbio/OC% 0.13 ± 0.13 0.43 ± 0.24 0.30 ± 0.17 1.77 ± 1.81 1.16 ± 0.79 0.72 ± 0.46 2.29 ± 1.6
t1:29 Fluorantene (ngm−3) 0.73 ± 0.32 0.02 ± 0.01 0.15 ± 0.09 0.09 ± 0.09 0.53 ± 0.24 0.04 ± 0.02 0.09 ± 0.06 0.01 ± 0.01
t1:30 Pirene (ngm−3) 0.67 ± 0.40 0.02 ± 0.01 0.15 ± 0.12 0.05 ± 0.05 0.58 ± 0.16 0.03 ± 0.02 0.10 ± 0.07 0.01 ± 0.01
t1:31 Chrysene (ngm−3) 1.18 ± 0.52 0.02 ± 0.01 0.28 ± 0.19 0.42 ± 0.32 0.33 ± 0.20 0.04 ± 0.03 0.22 ± 0.23 0.01 ± 0.01
t1:32 Benzo[b + j]fluoranthene (ngm−3) 2.36 ± 0.77 0.03 ± 0.02 0.79 ± 0.47 0.84 ± 0.62 0.98 ± 0.30 0.15 ± 0.15 0.39 ± 0.28 0.02 ± 0.01
t1:33 Benzo[k]fluoranthene (ngm−3) 0.58 ± 0.19 0.01 ± 0.01 0.23 ± 0.13 0.22 ± 0.17 0.40 ± 0.29 0.03 ± 0.03 0.11 ± 0.08 0.01 ± 0.00
t1:34 Benzo[a]pyrene (ngm−3) 1.12 ± 0.48 0.02 ± 0.01 0.40 ± 0.26 0.39 ± 0.48 0.31 ± 0.26 0.07 ± 0.07 0.21 ± 0.14 0.01 ± 0.01
t1:35 Indeno[1,2,3–c,d]pyrene(ngm−3) 1.15 ± 0.50 0.02 ± 0.01 0.32 ± 0.17 0.27 ± 0.14 0.34 ± 0.25 0.04 ± 0.03 0.18 ± 0.09 0.01 ± 0.00
t1:36 Benzo[g,h,i]perylene (ngm−3) 1.44 ± 0.58 0.03 ± 0.01 0.44 ± 0.23 0.36 ± 0.18 0.34 ± 0.14 0.06 ± 0.03 0.27 ± ± 0.14 0.02 ± 0.01
t1:37 tot PAHs (ngm−3) 11.5 ± 4.1 0.20 ± 0.09 3.37 ± 1.91 3.31 ± 2.36 0.26 ± 0.11 0.56 ± 0.45 1.92 ± 1.08 0.11 ± 0.07
t1:38 BaP/BeP 1.10 ± 0.20 0.73 ± 0.14 1.02 ± 0.20 0.85 ± 0.31 0.71 ± 0.18 0.91 ± 0.18 0.90 ± 0.21 0.57 ± 0.16
t1:39 BaP/BaP + BeP 0.52 ± 0.05 0.42 ± 0.04 0.50 ± 0.05 0.45 ± 0.09 0.40 ± 0.06 0.47 ± 0.05 0.47 ± 0.06 0.36 ± 0.06
t1:40 IcdP/IcdP + BghiP 0.44 ± 0.03 0.34 ± 0.05 0.42 ± 0.03 0.43 ± 0.02 0.32 ± 0.04 0.38 ± 0.05 0.40 ± 0.03 0.33 ± 0.03
t1:41 ∑Benzofluoranthenes/BghiP 2.19 ± 0.65 1.42 ± 0.39 2.37 ± 0.64 2.81 ± 0.62 2.25 ± 0.35 2.91 ± 1.06 1.98 ± 0.68 1.92 ± 0.48
t1:42
t1:43 Meteorological parameters
t1:44 Hmix (m) 230 ± 81 974 ± 32 376 ± 107 398 ± 83 954 ± 204 468 ± 188 411 ± 140 974 ± 171
t1:45 Temperature (°C) 6.5 ± 1.8 27.5 ± 2.6 12.0 ± 2.6 3.9 ± 1.6 17.6 ± 2.2 15.7 ± 2.5 8.3 ± 2.1 21.0 ± 3.3
t1:46 Solar radiation (W m−2) 61 ± 23 295 ± 27 71 ± 35 78 ± 33 228 ± 64 97 ± 52 72 ± 44 258 ± 57
t1:47 Precipitations (mm) 1.0 3.8 65.0 49.4 64.6 131.6 141.6 24.4
t1:48
t1:49 SP
t1:50 OC (μgm−3) 3.80 ± 1.00 4.94 ± 1.23 8.29 ± 3.57 1.52 ± 0.35 4.90 ± 1.26 4.62 ± 1.76 2.28 ± 1.03
t1:51 EC (μgm−3) 0.68 ± 0.23 ± 1.06 ± 0.23 1.38 ± 0.30 0.33 ± 0.12 0.80 ± 0.19 0.86 ± 0.36 0.26 ± 0.10
t1:52 TC (μgm−3) 8.61 ± 3.23 4.40 ± 1.03 5.99 ± 1.37 10.21 ± 3.87 1.85 ± 0.46 5.69 ± 1.42 5.48 ± 2.07 2.54 ± 1.11
t1:53 OC/EC 5.86 ± 1.19 4.73 ± 1.08 5.91 ± 1.62 4.89 ± 81.22 6.15 ± 0.86 5.63 ± 1.35 9.11 ± 3.11
t1:54 OC/ECmin 3.63 3.28 4.00 3.47 5.15 3.92 6.06
t1:55 OCsec (μgm−3) 1.02 ± 0.55 1.48 ± 0.37 3.92 ± 2.92 0.23 ± 0.13 1.26 ± 0.67 1.42 ± 0.92 1.11 ± 0.72
t1:56 OCsec% 25.3 ± 9.5 27.8 ± 8.5 38.1 ± 13.9 18.1 ± 12.3 24.3 ± 10.5 30.7 ± 14.0 45.9 ± 13.4
t1:57 CAtot (ngm−3) 308.3 ± 220.1 n.d. 114.8 ± 89.53 247.8 ± 139.1 13.9 ± 4.7 55.4 ± 34.2 103.5 ± 33.9 98.8 ± 74.4
t1:58 CAoxo (ngm−3) 70.2 ± 31.7 n.d. 61.0 ± 47.8 7.75 ± 55.66 8.55 ± 4.13 22.9 ± 12.1 41.2 ± 14.4 62.2 ± 57.1
t1:59 CAoxo% 25.8 ± 8.4 n.d. 53.1 ± 5.3 34.2 ± 9.3 59.4 ± 14.8 45.1 ± 8.8 39.9 ± 5.7 59.9 ± 15.1
t1:60 Levoglucosan (ngm−3) 916.0 ± 389.3 5.40 ± 11.49 233.1 ± 114.5 252.9 ± 110.7 3.77 ± 2.49 38.8 ± 25.8 341.9 ± 129.5 6.20 ± 2.57
t1:61 Mannosan (ngm−3) 105.6 ± 39.6 0.90 ± 2.26 47.0 ± 25.6 61.4 ± 27.1 0.66 ± 0.39 6.90 ± 5.58 32.1 ± 18.7 0.96 ± 0.54
t1:62 Galactosan (ngm−3) 42.7 ± 16.4 n.d. 23.7 ± 13.8 31.9 ± 15.4 0.44 ± 0.22 4.35 ± 2.92 16.3 ± 6.4 1.55 ± 2.04
t1:63 Lev/Mann 8.59 ± 0.87 7.66 ± 2.18 5.09 ± 0.46 4.18 ± 0.52 5.40 ± 1.58 7.43 ± 3.82 15.5 ± 18.1 8.32 ± 7.50
t1:64 Stot (ngm−3) 1129.7 ± 452.1 41.8 ± 59.2 326.9 ± 158.7 364.7 ± 155.9 30.5 ± 22.3 75.7 ± 32.0 421.4 ± 165.5 75.7 ± 79.6
t1:65 Sbb (ngm−3) 1064.4 ± 443.4 6.86 ± 4.23 303.9 ± 153.3 346.3 ± 151.3 4.86 ± 3.04 50.1 ± 32.9 390.3 ± 154.3 7.13 ± 5.04
t1:66 Sbio (ngm−3) 65.3 ± 18.9 35.5 ± 49.7 23.01 ± 13.82 18.37 ± 5.33 25.6 ± 21.2 25.6 ± 12.5 31.0 ± 15.4 67.0 ± 76.4
t1:67 Sbb% 93.7 ± 2.0 19.1 ± 18.5 92.3 ± 4.6 94.6 ± 1.2 20.4 ± 13.5 59.8 ± 23.0 92 ± 2.4 15.7 ± 8.2
t1:68 Sbio% 6.3 ± 2.0 80.9 ± 18.5 7.7 ± 4.6 5.4 ± 1.2 79.6 ± 13.5 40.2 ± 23.0 7.5 ± 2.4 84.3 ± 8.2
t1:69 Lev/OC 0.00 ± 0.00 0.03 ± 0.01 0.03 ± 0.01 0.00 ± 0.00 0.01 ± 0.00 0.08 ± 0.03 0.00 ± 0.00
t1:70 OCbb (ngm−3) 6.10 ± 2.59 0.04 ± 0.08 1.55 ± 0.76 1.68 ± 0.74 0.03 ± 0.02 0.26 ± 0.17 2.28 ± 0.86 0.04 ± 0.02
t1:71 OCbb% 0.5 ± 0.5 23.0 ± 10.0 20.3 ± 7.1 1.5 ± 1.9 5.0 ± 1.4 52.7 ± 21.3 2.1 ± 1.7
t1:72 Sbio/OC% 1.19 ± 1.56 0.42 ± 0.22 0.24 ± 0.09 1.62 ± 1.43 0.63 ± 0.50 0.73 ± 0.38 2.17 ± 1.41
t1:73 Fluorantene (ngm−3) 0.41 ± 0.29 0.01 ± 0.01 0.01 ± 0.01 0.08 ± 0.09 n.d. 0.01 ± 0.01 0.01 ± 0.01 n.d.
t1:74 Pirene (ngm−3) 0.34 ± 0.27 0.01 ± 0.01 0.03 ± 0.02 0.21 ± 0.12 n.d. 0.04 ± 0.03 0.09 ± 0.06 0.02 ± 0.05
t1:75 Chrysene (ngm−3) 0.62 ± 0.36 0.01 ± 0.00 0.13 ± 0.08 0.32 ± 0.32 n.d. 0.03 ± 0.02 0.09 ± 0.10 0.01 ± 0.02
t1:76 Benzo[b + j]fluoranthene (ngm−3) 1.82 ± 0.95 0.02 ± 0.02 0.48 ± 0.34 0.98 ± 0.69 0.02 ± 0.03 0.13 ± 0.07 0.42 ± 0.28 0.02 ± 0.01
t1:77 Benzo[k]fluoranthene (ngm−3) 0.40 ± 0.21 0.00 ± 0.00 0.12 ± 0.09 0.28 ± 0.20 0.01 ± 0.01 0.03 ± 0.02 0.11 ± 0.07 0.01 ± 0.01
t1:78 Benzo[a]pyrene (ngm−3) 0.72 ± 0.45 0.01 ± 0.00 0.21 ± 0.19 0.47 ± 0.41 0.01 ± 0.01 0.05 ± 0.03 0.15 ± 0.14 0.01 ± 0.00
t1:79 Indeno[1,2,3c,d]pyrene (ngm−3) 0.65 ± 0.33 0.01 ± 0.01 0.18 ± 0.12 0.30 ± 0.22 0.00 ± 0.00 0.04 ± 0.02 0.15 ± 0.15 0.01 ± 0.01
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F315 warm ratios≈2). This explanation is proved by the significant negative

316 correlation of TC values with temperature (R2 ≈ 0.6).
317 The results of this study are comparable with those observed at
318 other urban and rural sites in Po Valley, characterized by very high re-
319 gional background in the cold seasons, due to strength of anthropogenic
320 emission sources (Piazzalunga et al., 2011; Belis et al., 2011; Perrone
321 et al., 2012; Perrino et al., 2014), in agreementwith similar seasonal dif-
322 ferences found in Italy (Sandrini et al., 2014; Khana et al., 2016Q7 ) and
323 Europe (Yttri et al., 2007; Pio et al., 2011; Jedynska et al., 2014;
324 Vodička et al., 2015).
325 The spatial variability of OC and EC values were evaluated by apply-
326 ing the t-Test at the significance level p b 0.05 on the values measured
327 for each campaign. The OC concentrations at the two sampling sites
328 show no statistically significant difference, while the EC concentrations
329 exhibit a larger variability,with nearly double levels at the urban siteMS
330 compared with rural SP: the mean enrichment range from 1.6 in fall/
331 winter up to 2.1 in spring/summer. This behavior reflects the strong im-
332 pact on EC of primary emissions from local traffic or residential heating,
333 in contrast to OC, which is emitted by a much larger number of source
334 types and also produced by secondary formation processes (Szidat
335 et al., 2006; Gelencser et al., 2007; Kourtchev et al., 2011). The same
336 urban/rural discrimination of EC levels was observed in other locations
337 in Northern Italy, with high levels at urban background sites
338 (≈2 μgm−3) that decrease moving to rural areas (≈1.0 μg m−3)
339 (Sandrini et al., 2014).

340 3.2.1. OC/EC concentration ratios
341 The relationship between OC and ECwas evaluated to give useful in-
342 formation to discriminate between different sources and processes of
343 PM (Fig. 1a, b). In fact, significant correlation of OC vs. EC commonly in-
344 dicates dominance of the primary carbon emissions compared with
345 photochemical activity, since EC is mainly representative of OCprim

346 (Alves et al., 2010; Pio et al., 2011; Bautista et al., 2014).
347 In general, the whole dataset show significant correlation between
348 OC and ECmeasured values, with good correlation for the data collected
349 at the rural site (R2 ≈ 0.75), but only weak (R2 ≈ 0.5) for those at the
350 urban site. These scattered datamay be related to the occurrence of con-
351 comitant contribution of different local emission sources and also to the
352 low accuracy of the OC/EC discrimination using the TOT measurement
353 that is limited by the high EC loading on PM filters (EC ≥ 2 μg m−3)
354 (Costa et al., 2016). The slopes of the computed lines differ significantly
355 with nearly double value at rural SP in comparisonwith urbanMS (5 vs.
356 2, see inset in Fig. 1a, b). This spatial discrimination can be interpreted
357 by a joint impact of local emissions and regional transport, in particular
358 as a consequence of larger EC fractions locally emitted from fossil fuel
359 combustion at the more populated urban site (Jones and Harrison,
360 2005; Saylor et al., 2006; Sandrini et al., 2014).
361 To give deeper insight into these findings, the ratio of particulate OC
362 to ECwas computed (meanvalue for each campaign and site reported in
363 Table 1). A clear OC/EC seasonality was foundwith OC/EC ratios typical-
364 ly higher in spring/summer (mean values 3.7 and 6.6 at MS and SP,

365respectively) in comparison with fall/winter (mean values 3.3 and
3665.6 atMS and SP, respectively). This increase during summermay be as-
367cribed to the enhanced production of secondary OC through photo-
368chemical activity and to the increased emission of biogenic precursors
369of SOA. During winter, the ratio is influenced by primary emissions
370such as fossil fuels burning, characterized by an OC/EC ratio frequently
371lower than 1 (OC/EC ratio ≈0.3–0.4) and residential wood burning,
372which is expected to release more organics (OC/EC ≥ 9) (Alves et al.,
3732010; Pio et al., 2011; Giannoni et al., 2012; Bautista et al., 2014).
374In addition, a clear spatial discrimination is observed, with OC/EC
375values in general higher at the rural site, which is less impacted by EC
376emission sources, in particular related to traffic.
377These results are similar to what observed at other ground-level
378rural sites located in the Po Valley characterized byOC/EC ratios ranging
379from 3 to 9 (Piazzalunga et al., 2011; Perrino et al., 2014; Sandrini et al.,
3802014), similar to what observed at other rural sites in Europe (i.e., Yttri
381et al., 2007; Saarikoski et al., 2008; Pio et al., 2011; Jedynska et al., 2014).
382At these sites the enrichment in OC during the warmmonths is consis-
383tent with the increased photochemical activity due to higher tempera-
384ture and solar radiation (Pio et al., 2011; Perrino et al., 2014; Sandrini
385et al., 2014), while in winter it can be attributed to wood burning for
386residential heating (Szidat et al., 2006; Schmidl et al., 2008; Pio et al.,
3872011; Caseiro and Oliviera, 2012; Giannoni et al., 2012; Viana et al.,
3882013; Herich et al., 2014).

3893.3. Contribution of secondary OC to carbonaceous matter

3903.3.1. Estimation of secondary OC concentrations
391The direct discrimination between primary (OCprim) and secondary
392OC (OCsec) is a difficult task, because of the still limited knowledge of
393OC molecular composition, atmospheric processes and characteristic
394emission profiles (Gelencser et al., 2007; Gentner et al., 2012). With
395the current lack of an experimental method to directly measure OCprim
396and OCsec fractions, indirect methods are usually employed based on
397the observed concentrations of total OC and EC.
398In this studywe applied the commonEC tracermethod,which calcu-
399lates OCsec using an estimatedOCprim/ECprim ratio, since it has the advan-
400tage of simplicity and low cost (Cabada et al., 2004; Pio et al., 2011; Xu
401et al., 2015; Day et al., 2015). This approach is based on the assumption
402that the minimum OC/EC ratio of the dataset, (OC/EC)min, represents
403samples containing nearly exclusively primary OC and only negligible
404secondary OC. (OC/EC)min is then multiplied with individual EC value,
405entirely emitted from primary source, to get OCprim, and this value is
406then subtracted from the total OC to determine OCsec value, according
407to the following equation:

OC sec ¼ OC−EC OC=ECð Þmin ð1Þ
409409

It seems to be a reasonable hypothesis that the minimum OC/EC
410ratio measured in urban areas strongly impacted by traffic represents
411the ratio between the OC and EC components resulting from road

Table 1 (continued)

Fall11 Sum12 Fall12 Win13 Sp13 Fall13 Win14 Sum14

t1:80 Benzo[g,h,i]perylene (ngm−3) 0.75 ± 0.36 0.01 ± 0.01 0.22 ± 0.14 0.37 ± 0.27 0.01 ± 0.00 0.04 ± 0.02 0.21 ± 0.17 0.01 ± 0.01
t1:81 tot PAHs (ngm−3) 7.18 ± 3.82 0.11 ± 0.05 1.76 ± 1.21 3.93 ± 2.63 0.07 ± 0.07 0.50 ± 0.28 1.58 ± 0.99 0.11 ± 0.16
t1:82 BaP/BeP 0.93 ± 0.23 0.63 ± 0.15 0.83 ± 0.29 0.89 ± 0.31 0.54 ± 0.11 0.73 ± 0.14 0.68 ± 0.20 0.59 ± 0.15
t1:83 BaP/BaP + BeP 0.47 ± 0.07 0.38 ± 0.07 0.44 ± 0.11 0.46 ± 0.10 0.35 ± 0.05 0.42 ± 0.05 0.40 ± 0.07 0.40 ± 0.15
t1:84 IcdP/IcdP + BghiP 0.46 ± 0.04 0.41 ± 0.05 0.45 ± 0.02 0.46 ± 0.06 0.41 ± 0.03 0.48 ± 0.03 0.41 ± 0.02 0.41 ± 0.14
t1:85 ∑Benzofluoranthenes/BghiP 3.05 ± 0.60 1.42 ± 0.52 2.93 ± 1.83 3.54 ± 0.73 4.91 ± 5.81 3.53 ± 0.72 2.91 ± 1.15 2.48 ± 1.55
t1:86
t1:87 Meteorological parameters
t1:88 Hmix (m) 169 ± 43 854 ± 109 263 ± 77 296 ± 103 786 ± 160 402 ± 133 302 ± 86 974 ± 171
t1:89 Temperature (°C) 3.9 ± 1.8 25.7 ± 2.6 10.6 ± 2.7 2.6 ± 0.9 16.5 ± 2.4 15.0 ± 2.5 7.3 ± 1.8 19.4 ± 2.8
t1:90 Solar radiation (W m−2) 65 ± 30 324 ± 32 86 ± 44 89 ± 47 240 ± 79 105 ± 62 80 ± 52 286 ± 55
t1:91 Precipitations (mm) 5.2 12.4 74.8 40.4 53.0 118.6 117.0 49.0
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412 transport fossil fuel combustion (Robert et al., 2007; El Haddad et al.,
413 2009; Pio et al., 2011).
414 To compensate for individual imprecision in analytical measure-
415 ments, (OC/EC)minratios were estimated for each sampling campaign
416 through visual inspection of OC versus EC scatter charts, by drawing a
417 best fit line through the origin and including points aligned in the
418 lower edge of the chart, as shown in Fig. 1a, b. In this work, in order to
419 reduce subjectivity in the fitting and to remove outliers, data are
420 grouped by seasons and location. At the urban site the computed (OC/
421 EC)minvalues were 1.6 and 1.8 in cold and warm periods, respectively
422 (Fig. 1a) and at the rural SPwere 3.2 and 4.4 in the two periods (Fig. 1b).
423 It is noteworthy that the computed values are higher than the ratio
424 of 0.7 found by Pio as characteristic of fossil fuel combustion in urban
425 background, on the basis of a large set of measurements (Pio et al.,
426 2011). This result may indicate that in the investigates atmosphere

427there is a constant input of OC added to the fossil fuel transport emis-
428sion, presumably generated by biomass burning. Thismay likely explain
429higher values in cold months, when larger emissions of wood burning
430for domestic heating are expected, as well as at the rural site that is
431less impacted by vehicle traffic (Cabada et al., 2004; Pio et al., 2011;
432Day et al., 2015; Vodička et al., 2015).
433Using the computed (OC/EC)minratios, OCsec concentrations were esti-
434mated for every campaign, as absolute OCsec and relative OCsec% values
435(Table 1). The absolute OCsec values show the same seasonal trend of
436the other carbonaceous components with higher values in fall/winter
437than in spring/summer (on average, ≈2.9 μg m−3 and ≈1 μg m−3, re-
438spectively, Table 1). Otherwise, the percentage contribution OCsec % is
439nearly constant across the year: 47% at MS and 30% at SP (Table 1). How-
440ever, a seasonal trendwould be expectedwith higher OCsec% contribution
441in spring/summer, as a consequence of a stronger photochemical

Fig. 1. Scatter plot of OC versus EC valuesmeasured in eachmonitoring campaign. Full black line: best fitting straight line of the whole dataset (equation parameters in the inset); dashed
grey line: straight line corresponding to OC/ECmin values estimated from spring/summer data; dashed black line: straight line corresponding to OC/ECmin values estimated from fall/winter
data; 2a: data at MS site; 2b: data at SP site.
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442 oxidation promoted by the increasing of solar radiation from≈75Wm−2

443 in November/February up to≈270Wm−2 in May/August (Table 1). One
444 likely reason of this unexpected resultmay be that in the cold seasons the
445 limited photochemical oxidation is compensated by the condensation or
446 adsorption of VOCs in aerosols, which are facilitated by the stable atmo-
447 sphere and the low temperature (Gelencser et al., 2007; Lonati et al.,
448 2007; Xu et al., 2015; Khana et al., 2016Q8 ). Another surprising result con-
449 cerns spatial distribution, since secondary processes are presumed stron-
450 ger at the rural site, that is less impacted by local emission sources,mainly
451 traffic. It is noteworthy that the computed values may be affected by the
452 large uncertainty of the used approach, that was found to overestimate
453 the OCprim from vehicle emissions and underestimates OCsec components,
454 as a consequence of bias in estimating (OC/EC)minratios from open air
455 measurements of OC and EC (Cabada et al., 2004; Pio et al., 2011; Day
456 et al., 2015).
457 Despite the weakness of the used approach, the estimated OCsec

458 values ≈40% are very close to those found at other urban and rural
459 and locations in Northern Italy (Lonati et al., 2007; Bernardoni et al.,
460 2011; Bigi et al., 2012; Saarikoski et al., 2012; Paglione et al., 2014;
461 Khana et al., 2016Q9 ).

462 3.3.2. Concentration of carboxylic acids
463 To avoid the limitations of the (OC/EC)min method, the contribution
464 of secondary OC was estimated with another independent approach.
465 With this aim the concentration of carboxylic acids was measured, as
466 they are useful molecular markers to help the differentiation between
467 primary emissions and secondary organic aerosols. These acids have
468 been found in the atmospheric aerosol as directly emitted by a multi-
469 plicity of sources − including power plants, vehicular circulation, bio-
470 mass burning and meat cooking operations – and secondarily
471 produced through photo-chemical reactionswith volatile precursors in-
472 cluding anthropogenic and biogenic hydrocarbons. In particular, hy-
473 droxy/oxo carboxylic acids have been identified as intermediate
474 products of such secondary photo-oxidation reactions (Mazzoleni
475 et al., 2007; Oliveira et al., 2007; Schmidl et al., 2008; Balducci and
476 Cecinato, 2010; Wang et al., 2011; Holden et al., 2011; Kourtchev
477 et al., 2011; Saarikoski et al., 2012; Pietrogrande et al., 2014aQ10 ).
478 In all the campaigns, 16 low-molecular-weight carboxylic acidswere
479 investigated, namely seven linear dicarboxylic acids with 3–9 carbon
480 atoms and maleic and phthalic acids, five hydroxy carboxylic acids,
481 namely glycolic, malic, glyoxylic and 3- and 4-hydroxy benzoic acid,
482 and two oxo carboxylic acids, pinonic and 2-ketoglutaric acid.
483 The total amount of the analyzed acids follows the same seasonal
484 trend of other markers, with concentrations ≈5 times higher in fall/
485 winter (mean value≈200 ngm−3) in comparison with spring/summer
486 (mean value≈40 ngm−3) (CAtot, mean values± SD in Table 1). In June
487 2012 acid concentrations were ≤LOD since low-volume air sampler
488 (55 m3 in a day) was used.
489 Such a season trend can be likely explainedwith the enhanced emis-
490 sion from wood combustion for domestic heating expected in the cold
491 seasons combined with pollutants accumulation promoted by atmo-
492 spheric stagnant conditions in fall/winter (Pietrogrande et al., 2014a).
493 In fact, some acids, mainly succinic acid, have been found abundant in
494 biomass smoke as well as involved in photochemical reactions of the
495 burning products (Mazzoleni et al., 2007; Oliveira et al., 2007; Wang
496 et al., 2011; Caseiro and Oliviera, 2012; Saarikoski et al., 2012; Viana
497 et al., 2013; Paglione et al., 2014). This statement is supported by the
498 good correlations found between total concentrations of carboxylic
499 acids and burning sugars (R2 ≈ 0.76) as well as temperature (negative
500 correlation, R2 ≈ 0.78).
501 As useful marker to discriminate between primary and secondary
502 origin of the investigated carboxylic acids, the separated contribution
503 of hydroxy/oxo carboxylic acids was computed as absolute (CAoxo in
504 Table 1) and relative to CAtot values (CAoxo% in Table 1). Although the
505 absolute data are ≈2 times higher in fall/winter (mean value
506 ≈68 ngm−3) in comparison with spring/summer (mean value

507≈35 ngm−3), the relative values are higher in the warm seasons
508(CAoxo% ≈ 62%) in comparison with those in colder months
509(CAoxo% ≈ 38%), with similar values at both sites. This clear seasonal
510trend is consistent with enhanced photochemical oxidation in spring/
511summer with increasing solar radiation, as supported by the significant
512positive correlation (R2 = 0.83) between CAoxo% and solar radiation.
513Therefore, CAoxo% seems a more suitable parameter for estimating the
514relative contribution of SOA in comparison with OCsec% based on (OC/
515EC)min procedure.

5163.4. Sugars as markers of primary biogenic carbon

517Sugarswere determined in PM2.5 samples to give insight into the rel-
518ative contribution of biogenic emissions to OC, being the major form of
519photosynthetically assimilated carbon in the biosphere (Simoneit et al.,
5202004; Medeiros et al., 2006; Jia and Fraser, 2011; Tominaga et al., 2011;
521Fu et al., 2012; Calvo et al., 2013 Q11). As an extension of pervious work Q12

522(Pietrogrande et al., 2014b), the study concerns 12 saccharides: 3
523anhydrosugars− levoglucosan, galactosan andmannosan− as specific
524markers of biomass burning (biomass burning sugars) and 9 primary
525saccharides − glucose, sucrose, arabinose, galactose and mycose −
526and sugar alcohols− erythritol andmannitol− that aremainly emitted
527from biological particles, namely, microorganisms, pollen, vegetative
528debris, bacteria and viruses (bio sugars) (Puxbaum et al., 2007;
529Mazzoleni et al., 2007; Jia and Fraser, 2011; Fu et al., 2012; Giannoni
530et al., 2012 Q13).
531The individual sugar concentrations were overall summed to com-
532pute the total sugars concentrations (Stot) and separately to compute
533the contribution of the sugars emitted by biomass burning (3
534anhydrosugars, Sbb) and by the ecosystem (Sbio) (Table 1).
535In general, total sugar concentrations are nearly 10 times higher in
536the cold seasons (mean 580 ngm−3) than in warm periods (mean
53750 g m−3) (Table 1). In fact, the highest levels were found in Novem-
538ber/February ranging from 1288 ng m−3 in November 2011 at MS to
539327 ngm−3 in October 2012 at SP site, while the lowest concentrations
540were observed in summer/spring ranging from 76 ng m−3 in May
5412014 at SP to 7 ng m−3 in June 2012 at MS.
542Seasonality is evident also in sugar concentration profiles (Sbb% and
543Sbio%), providing information on the relative contributions of different
544emission sources. Anhydrosugars were by far the dominant sugars in
545fall and winter, both on a relative and an absolute basis: higher levels
546were found for levoglucosan in fall/winter (1043–233 ng m−3, mean
547454 ng m−3), followed by mannosan (121–26 ngm−3, mean
54865 ngm−3) and galactosan (52–15 ng m−3, mean 31 ng m−3). These
549data specifically indicate that anhydrosugars are nearly the only source
550for particulate saccharides in fall/winter, comprising nearly 94% of the
551total sugars at both sites, while their impact strongly decreases in
552spring/summer (≈25%, Sbb% in Table 1).
553The obtained data are comparable with those observed at several
554urban and rural sites, where burning sugars contributed nearly 90% of
555total sugars during winter, but only 10% during summer (Jia Q14et al.,
5562010; Holden et al., 2011; Fu et al., 2012; Giannoni et al., 2012).
557As anhydrosugars are key tracers for smoke emissions from both
558open and residential biomass combustion, these results indicate the rel-
559evance of BB emissions as a source of atmospheric particles. Thismay be
560mainly related to wood combustion occurring in household stoves,
561since the use of biomass as a fuel for residential purposes is increasing
562in recent years, not only in rural areas but also in urban environments,
563as a consequence of increasing oil prices. This hypothesis is supported
564by a nearly linear negative dependence of burning sugar concentration
565with temperature (R2 ≈ 0.73), that is consistent with increased BB
566emissions for residential heating experienced with decreasing
567temperature.
568Similar anhydrosugars levels (300–500 ngm−3) were measured in
569urban and rural areas in Central andNorthern Europe,where residential
570wood combustion has been identified as an important source of air
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571 pollution (Oliveira et al., 2007; Schmidl et al., 2008; Caseiro andOliviera,
572 2012; Van Drooge et al., 2012; Viana et al., 2013). As to Italy,
573 levoglucosan levels close to 400 ngm−3 have been found in cold seasons
574 at other urban-background sites (Florence, Mantova) (Piazzalunga
575 et al., 2011; Giannoni et al., 2012), while higher concentrations close
576 to 1000 ngm−3 have been measured during winter in Milan and at
577 other sites in Northern Italy closest to the Alps (Schmidl et al., 2008,
578 Perrone et al., 2012; Belis et al., 2011; Piazzalunga et al., 2013; Herich
579 et al., 2014).
580 In this study both the urban and the rural background sites showed
581 similar levels of burning sugars, indicating a homogeneous impact of
582 wood combustion in all the investigated regions. The reason may be
583 the widespread use of wood combustion for residential heating in the
584 area combined with the atmospheric stratification that homogenizes
585 spatial distribution of organic pollutants.
586 In the warm seasons anhydrosugars show low levels and homoge-
587 neous distribution between urban and rural sites (≈8 ng m−3 at both
588 sites): this likely excludes a significant contribution of smoke emissions
589 from open fires (Mazzoleni et al., 2007; Gelencser et al., 2007;
590 Kourtchev et al., 2011; Munchak et al., 2011; Vassura et al., 2014).

591 3.4.1. Contribution of wood combustion to carbonaceous matter
592 The mono-tracer approach based on the ambient concentrations of
593 levoglucosan was used in this paper to estimate the contribution of OC
594 generated by wood burning (Puxbaum et al., 2007; Schmidl et al.,
595 2008; Piazzalunga et al., 2011; Giannoni et al., 2012; Herich et al.,
596 2014). Therefore, the relationship between levoglucosan and OC was
597 studied for each campaign to represent wood combustion contribution
598 to organic particulate (Fig. 2). The obtained plots show clear season dis-
599 crimination with spring/summer data, including October 2013, closely
600 grouped near to OC axis (levoglucosan concentration 0.02 ≤ μgm−3,
601 full symbols in the figure).
602 Otherwise, the fall/winter values are rather scattered in the
603 levoglucosan/OC space between straight lines with slope 0.02–0.15, as
604 indicated by the lines in Fig. 2. Themeasured values yield highly variable
605 levoglucosan to OC emission factors (Lev/OC, Table 1) which are mostly
606 included in the 0.06–0.2 range reported in literature for the residential
607 burning of softwood-hardwood mixtures (Szidat et al., 2006; Schmidl
608 et al., 2008; Bari et al., 2010; Holden et al., 2011; Kourtchev et al.,

6092011; Herich et al., 2014). Such a large differentiation may be ascribed
610to the variability of factors that influence emissions fromwood combus-
611tion, meanly the type of wood combusted, the appliance used and the
612burning operative conditions, i.e., burning rates, air dilution, and mois-
613ture content in the fuel (Szidat et al., 2006; Mazzoleni et al., 2007;
614Alves et al., 2010; Piazzalunga et al., 2011; Holden et al., 2011;
615Munchak et al., 2011; Caseiro and Oliviera, 2012; Herich et al., 2014).
616Therefore, an accurate estimate of OCbb using themono-tracer approach
617would require site-specific emission factors, actually presentative of the
618different types of appliances in use on the territory and the different
619wood species actually burnt. Given the lack of this information for Emi-
620lia Romagna region, we used the emission factor of 0.15 proposed by
621Szidat as the average value of the data present in the literature (Szidat
622et al., 2006).
623This value has been computed for combustion of a wood fuel
624consisting of a mixture of hard and softwood, that adequately describe
625wood burning profiles in Emilia Romagna region, as supported by a pre-
626vious study based on diagnostic ratios of anhydrosugars and
627methoxylated phenols (Pietrogrande et al., 2015). The suitability of
628such a factor has been proved by its widespread use in different studies
629in European areas (i.e., Puxbaum et al., 2007; Piazzalunga et al., 2011;
630Caseiro and Oliviera, 2012; Herich et al., 2014; Perrino et al., 2014).
631With this assumption, we estimated the amount of OC derived from
632wood smoke as absolute concentrations (OCbb) as well as relative con-
633tributions of OCbb to total OC (OCbb%) (mean values ± SD in Table 1).
634The absolute concentrations of OCbb at both the sites were on average
635≈3 μg m−3 in November/February and decrease to ≈0.1 μg m−3 in
636warm periods, including October 2013.
637Not surprisingly, primary organic aerosol emission fromwood burn-
638ing established a significant contribution (OCbb%≈ 33%) at both sites in
639fall/winter, and a small impact in spring/summer (OCbb%≈ 3%) (OCwb%,
640Table 1). However, it has to be underlined that these results may be af-
641fected by the relatively large uncertainty of the approach, as a conse-
642quence of the lack of site-specific emission factors in Emilia Romagna
643region (Caseiro and Oliviera, 2012; Schmidl et al., 2008; Munchak
644et al., 2011; Piazzalunga et al., 2013). Despite such an uncertainty, the
645obtained results are in agreement with the data found in neighboring
646Lombardia region (Gilardoni et al., 2011) and Torino (Piazzalunga
647et al., 2013). This demonstrates that a mass of wood is diffusely used

Fig. 2. Scatter plot of levoglucosan versus OC concentrations measured in each monitoring campaign. Black symbols: data at MS site; grey symbols: data at SP site. Full symbols: spring/
summer data, including October 2013. Dashed symbols: fall/winter data. Dashed black line: straight line corresponding to Lev/OC ratio value of 0.02; full black line: straight line
corresponding to Lev/OC ratio value of 0.15.
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648 in Po Plain as fuel for domestic heating in the coldest months (Novem-
649 ber–February) which leads to a sharp increase in the wood–related car-
650 bonaceous emission contributing nearly 30% of OC. Otherwise, even
651 higher OCbb% contributions close to 50%were estimated in the same re-
652 gion at the industrial site of Cantù and Alpine locations (Piazzalunga
653 et al., 2011, 2013; Herich et al., 2014).

654 3.4.2. Contribution of biosystem emission to carbonaceous matter
655 Themost common saccharides present in vascular plants andmicro-
656 organisms were measured in all the sampling campaigns (Sbio, Table 1).
657 They have been proposed as source-specific tracers for soil biota re-
658 leased into the atmosphere by farmland soil suspension and natural
659 soil erosion− glucose, sucrose andmycose− and for atmospheric fun-
660 gal spore abundance, i.e., mannitol and erithrytol (Medeiros et al., 2006;
661 JiaQ15 et al., 2010; Tominaga et al., 2011; Fu et al., 2012). In addition, these
662 sugars are emitted as uncombustedmaterials from the biomass burning
663 processes, i.e., glucose is commonly present at higher levels in vascular
664 plants, while arabinose and galactose are predominant sugars in pectin,
665 a polysaccharide contained in nonwoody tissues (Szidat et al., 2006;
666 Medeiros et al., 2006; Wang et al., 2011).
667 In general, these bio-sugars show nearly constant value close to
668 35 ng m−3 through the year at both the urban and rural sites (Sbio,
669 Table 1). This may indicate a common background regional profile
670 reflecting bio-aerosol released from plants and microorganisms, in par-
671 ticular from farmland soils related to the agricultural activities
672 (Simoneit et al., 2004; Tsai et al., 2013; Pietrogrande et al., 2014b). How-
673 ever, the relative contribution of bio-sugars shows strong seasonality,
674 since they dominate sugar distribution profiles, comprising ≈65% of
675 total sugars in warmer seasons when biomass burning is nearly absent.
676 On the contrary, they contribute nearly 8% to sugar levels in fall/winter
677 (Sbio%, in Table 1).
678 These data on bio-sugars can be used in the apportionment of the
679 carbonaceous aerosol to isolate the contribution of primary biological
680 sources to aerosol OC (OCbio). Even if a quantitative computation is im-
681 possible, the relative concentration of bio-sugars, expressed as the ratio
682 Sbio/OC%, may be an estimation of the impact of bio-aerosol (Table 1).
683 On average, such a ratio is close to 0.5% in fall/winter at both the sites
684 and increases up to 1.4% in spring/summer with the highest value of
685 2.2% in summer 2014. This pattern reasonably reflects the life cycle of
686 vegetation, with the higher activity in the warmer seasons, and the ag-
687 ricultural activities prevailing in the farmland in spring to fall periods
688 (Simoneit et al., 2004; Medeiros et al., 2006; Jia and Fraser, 2011; Fu
689 et al., 2012; Pietrogrande et al., 2014b).

690 3.5. Polycyclic aromatic hydrocarbons as markers for apportionment of or-
691 ganic carbon

692 Finally, highmolecularweight PAHswere investigated in PM2.5 sam-
693 ples in order to elucidate the composition of the combustion emission
694 sources of OCprim, as they are emitted into the atmosphere from incom-
695 plete combustion of different fuels, such as fossil (e.g. traffic emission)
696 as well as biomass (e.g. wood combustion emissions). Once emitted
697 into the atmosphere PAHs distribute between gas– and particle phases,
698 depending on their volatile properties, with five– and six–ring PAHs
699 mainly adsorbed in the particulate matter, depending on ambient tem-
700 peratures (El Haddad et al., 2009; Belis et al., 2011; Van Drooge et al.,
701 2012; Calvo et al., 2013; Piazzalunga et al., 2013; Jedynska et al., 2014;
702 Vassura et al., 2014).
703 In the present study 12 individual PAHs were quantified, including
704 the US EPA PAH priority pollutants: phenanthrene (PHE), anthracene
705 (ANT), fluoranthene (FLNT), pyrene (PYR), benzo[a]anthracene (BaA),
706 chrysene (CRY), benzo[b+ j]fluoranthene (BbF), benzo[k]fluoranthene
707 (BkF), benzo[e]pyrene (BeP), benzo[a]pyrene (BaP), indeno[1,2,3–
708 c,d]pyrene (Ind123P) and benzo[g,h,i]perylene (BghiP). Table 1 reports
709 the measured values of the total PAH mass (PAHtot) and the

710concentrations of the most abundant compounds, i.e., FLNT, PYR, CRY,
711BbF, BkF, BaP, Ind123P and BghiP.
712As expected, PAHs showed the strong seasonal trend experienced by
713the other trace organics with higher atmospheric levels during colder
714periods in comparison with the warmer months. This increase is nearly
715100 timeswith the total PAHmass increasing from0.11 ngm−3 in Sum-
716mer 2014–11.5 ng m−3 in Fall 2011 at the urban site, and from
7170.07 ng m−3 in Spring 2013–7.2 ng m−3 in Fall 2011 at the SP site
718Table 1). The higher PAH levels in the colder seasons could be explained
719by higher PAH emissions related to domestic heating andmore stagnant
720atmospheric conditions supporting atmospheric PAH accumulation. In
721addition, besides these ambient factors, the PAH concentrations are in-
722fluenced by physicochemical properties, such as volatility related to
723the gas/particle partitioning, and reactivity with oxidants (Saarnio
724et al., 2008; Jedynska et al., 2014; Rybak and Olejniczak, 2014).
725In all the campaigns PAH levels were higher at Main Site than at site
726San Pietro, that is consistent with larger direct emissions in the more
727populated urban location.
728In the present dataset, the particulate-phase PAHs distribution pro-
729files are similar for all the samples. They are dominated by five– to
730six–ring compounds, such as benzo[b] and benzo[k]fluoranthenes and
731benzo[ghi]perylene followed by BaP, Ind123P and CRY. In addition,fluo-
732ranthene and pyrene were among the most abundant PAHs in the
733warmer seasons. Such PAHs have been found in airborne particulate
734emitted from road transport and biomass burning, as found in other
735sites in the Po valley (Belis et al., 2011; Perrone et al., 2012; Van
736Drooge et al., 2012; Perrone et al., 2013; Piazzalunga et al., 2013;
737Pietrogrande et al., 2014c; Vassura et al., 2014).

7383.5.1. Profile-based source apportionment of PAHs
739In order to identify the most important pollution emissions in the
740studied area, the PAH relative molecular concentration ratios were in-
741vestigated (Alves, 2008; Tobiszewski and Namienśnik, 2012;
742Agudelo-Castaneda and Teixeira, 2014 Q16). In particular, BaP/BeP and
743BaP/BaP+BeP ratioswere computed, as they have been proposed as in-
744dicators of aerosol age, since both compounds are normally emitted in
745similar amounts by combustion sources. As BaP is more reactive than
746BeP in the atmosphere, a BaP/BeP ratio b 1 and a BaP/BeP + BaP
747ratio b 0.5 indicate an aged aerosol (Oliveira et al., 2011). The values ob-
748tained during sampling campaigns are usually lower than the reference
749values especially during spring/summer (minimumvalue 0.16 in spring
7502013, Table 1). This highlights that a certain fraction of SOA is always
751present in atmospheric PM2.5, even in wintertime.
752Other ratios were computed in order to obtain more specific infor-
753mation about combustion processes that originate PAHs. In particular,
754the ratio IcdP/IcdP+BghiPmay be useful to discriminate between fossil
755fuels andbiomass burning. In fact, values above 0.50 have been reported
756for grass combustion,wood soot, creosote, while ratios below 0.50were
757found for combustion products of gasoline, kerosene, diesel and crude
758oil, with values falling between 0.24 and 0.40 for vehicle emissions
759(Yunker et al., 2002; Tobiszewski and Namienśnik, 2012 Q17). In all sam-
760pling campaigns the calculated values are around 0.4 (Table 1), a
761value that indicates mainly a contribution from fossil fuel combustion.
762On the other hand, the ratio∑Benzofluoranthenes/BghiP, also pro-
763posed for discriminating combustion sources, indicates thatwood burn-
764ing is the major source of aerosol. In fact the ratios computed in the
765sampling campaigns are in most part higher than 2 (lowest value 1.4
766in summer 2012, Table 1), which are values close to 2.2 characteristic
767for wood burning, while ratios of 1.6 and 0.3 are indicative for diesel
768and gasoline combustion respectively (Li and Kamens, 1993; Alves,
7692008). In conclusion, the PAHs ratio approach provides conflicting re-
770sults, that confirms the weakness of the method, although its simplicity
771and ease of application (Yunker et al., 2002; Tobiszewski and
772Namienśnik, 2012; Agudelo-Castaneda and Teixeira, 2014; Clément
773et al., 2015 Q18).

9M.C. Pietrogrande et al. / Science of the Total Environment xxx (2015) xxx–xxx

Please cite this article as: Pietrogrande,M.C., et al., Characteristics andmajor sources of carbonaceous aerosols in PM2.5 in Emilia Romagna Region
(Northern Italy) from four-year obser..., Sci Total Environ (2015), http://dx.doi.org/10.1016/j.scitotenv.2016.02.074

http://dx.doi.org/10.1016/j.scitotenv.2016.02.074


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

774 Therefore, in the present study, also a profile-based source appor-
775 tionment was applied by comparing the abundance distributions of
776 the measured PAHs to those of the dominant emissions, i.e., traffic and
777 wood combustion (Szidat et al., 2006; Mazzoleni et al., 2007;
778 Saarikoski et al., 2008; Saarnio et al., 2008; Holden et al., 2011;
779 Orasche et al., 2012; Pietrogrande et al., 2014c; Jedynska et al., 2014;
780 Herich et al., 2014). However, uncertainty may affect also the results
781 of this approach, since PAHs relative distribution can be greatly modi-
782 fied by atmospheric removal and transformation processes.
783 Concerning the contribution of traffic source, the chemical profiles of
784 emissions from gasoline-powered and diesel-powered vehicles have
785 been found largely influenced by several factors, including different
786 fleet compositions, driving patterns, climate conditions and fuel compo-
787 sitions (Saarikoski et al., 2008; Saarnio et al., 2008; Pietrogrande et al.,
788 2014c; Jedynska et al., 2014). Therefore, a traffic profile that closely de-
789 scribes actual fleets of on-road vehicles in the investigated area is need-
790 ed. Given the lack of such experimental profiles for Emilia Romagna
791 region, in the present study we assumed a traffic source profile derived
792 from studies performed in several urban areas, including cities in North-
793 ern Italy (Wingfors et al., 2001; Saarnio et al., 2008; Oliveira et al., 2011;
794 Perrone et al., 2012; Pietrogrande et al., 2014c; Rybak and Olejniczak,
795 2014) (data reported in Fig. 3, full black bars). Such a traffic profile,
796 with a prevailing diesel contribution, is characterized by high amount
797 of lighter PAHs − FLNT, PYR, CRY − and BghiP. Similar profiles were
798 found in other EU countries, where the contribution of diesel vehicles
799 is relevant, as also reported by El Haddad for a tunnel study in France
800 (El Haddad et al., 2009).
801 Concerning PAH profiles from biomass combustion sources, a large
802 variability was found potentially related to differences in the type of
803 wood combusted and stove used as well as in the burning conditions,
804 i.e., rates, air dilution, and moisture content in the fuel (Szidat et al.,
805 2006; Mazzoleni et al., 2007; Holden et al., 2011; Orasche et al., 2012;
806 Herich et al., 2014). Therefore, site-specific source profiles are needed
807 for an accurate description of local emissions, taking into account both
808 the wood species actually burnt and the type of appliances in use. As
809 this information was unknown for Emilia Romagna region, we utilized
810 a representative profile derived from several literature sources (Hays
811 et al., 2003; Fine et al., 2004; Orasche et al., 2012; Perrone et al., 2012;
812 Pietrogrande et al., 2014c: Vassura et al., 2014). They concern different
813 combustion systems, mainly including those most commonly used in

814Northern Italy, that are wood stoves fired with wood logs originated
815from spruce and beech (Pietrogrande et al., 2015). The burning profile
816is dominated by benzofluoranthenes BFs: BbF + BjF + BkF − and
817benzo[a]pyrene, followed by indeno[123 cd]pyrene and chrysene
818(data reported in Fig. 3, full grey bars).
819In order to investigate the impact of the two main sources to ambi-
820ent PAHs, the correspondence between the experimental PAH distribu-
821tion and source profile was estimated by intercorrelation values. The
822PAHs more specifically related to traffic source − FLNT, PYR, CHRY
823and BghiP − show collinearity (R2 ~ 0.7) between source profile and
824values measured in warm seasons, mainly in July 2012 and June 2014
825values (R2 N 0.9, Fig. 3, dashed black bars). Such a correlation was
826found only for the data collected at the urban site, that is consistent
827with thedirect impact of traffic emissions, associatedwith vehicle trans-
828port inside Bologna city and close to major roads. The contribution of
829such a local source decreases and combineswith other emission sources
830by moving away from the city to SP (30 km far).
831In most campaigns, all the measured PAHs show a significant collin-
832earity (R2 ≥ 0.6) with wood burning emissions profile (Fig. 3, dashed
833grey bars), excluding July 2012 and June 2014 data (no correlation)
834and May 2013 (R2 ~ 0.5). These findings suggest that measured PAHs
835distributions are composite profiles of the 2 investigated sources, with
836higher contribution of biomass burning in cold seasons. This result
837may explain the approximation of the OCsec values computed with the
838(OC/EC)minmethod: the assumption that OCprim is mainly generated by
839fossil emission is not fulfilled, in particular at SP site, where biased
840OCsec% values more different from CAoxo% estimates were computed
841(Table 1).
842Similar results have been reported from recentmonitoring studies in
843the Po Plain, that identified wood burning for residential heating as a
844predominant source of the PAHs air concentration in fall and winter
845(Belis et al., 2011; Piazzalunga et al., 2013; Gianelle et al., 2013;
846Perrino et al., 2014; Pietrogrande et al., 2015 Q19).

8474. Conclusions

848In summary, the obtained results indicate high level of carbonaceous
849particulate matter, specifically in cold seasons with elevated OC and EC
850levels. An OC–dominated profile is in general measured, as demonstrat-
851ed by high OC/EC ratios. The spatial and temporal variations of OC and
852EC concentrations provided information on their different fractions in
853urban and rural settings in Emilia Romagna region.
854The carbonaceous particulate was mainly generated from vehicular
855traffic and residential heating emissions combined with secondary for-
856mation, accounting nearly 40%, even in cold months.
857Results on background levoglucosan indicate that wood burning for
858domestic heating is the dominating emission source at both the investi-
859gated sites in cold seasons during fall/winter. Its strong impact is further
860enhanced by the significant production of secondary organic aerosols
861from primary smoke precursors, as suggested by high concentrations
862of low molecular weight carboxylic acids.
863The information obtained about OC and EC would lead to increased
864understanding and better management of emissions in both urban
865and rural areas of the region. In particular, the dangerous implications
866of biomass combustion sources highlight the need for the regulation
867of the emissions of such particulates.
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Fig. 3. PAH distribution profiles: correspondence between the source emission profiles
derived from literature (full bars) and the experimental PAH distributions (dashed
bars). Full black bars: traffic emission profile; full grey bars: wood burning emission
profile.
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