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Abstract 

The PhD work presented in this thesis focuses on the set-up of innovative 

experimental methodologies for the atmospheric aerosol characterisation and 

apportionment.  

Many issues are still open in aerosol science. Among them, the identification and 

quantification of PM sources and the separation between natural and anthropogenic 

contributions were explored in this work.  

To improve the state-of-the-art knowledge on aerosols, it has to be considered that 

the higher is the time- and size-resolution, the more detailed can be the information 

obtained; moreover, the identification of suitable source tracers plays a key role for 

the identification and quantification of aerosol sources. 

In this PhD thesis, three main experimental and modelling improvements were 

carried out: 

1) set-up of an ED-XRF (Energy Dispersive X-Ray Fluorescence) spectrometer 

for the analysis of size-segregated samples. During the work, an 

experimental methodology for this kind of analysis was developed, and the 

obtained results were validated by an inter-comparison with  PIXE technique 

(Particle Induced X-Ray Emission), usually used for size-segregated samples 

analysis. The developed ED-XRF set-up allows to obtain size-segregated 

elemental characterisation using a more widespread, cheap, and easy-to-use 

technique than PIXE. Moreover, it was used to validate a model developed in 

joint collaboration with the group of the University of Genoa for elemental 

size distribution determination (see next paragraph); 

2) application of the PMF (Positive Matrix Factorization) receptor model to a 4-

hour resolved dataset already available. In this work, PMF resolved seven 

main sources affecting the Milan urban area (re-suspended dust, construction 

work, secondary compounds, combustion, traffic, industry). Moreover, the 

combination of the source temporal trends with size-resolved number 

concentration gave the size-segregated source apportionment, following an 

approach developed in the past during a collaboration of the research groups 

of the Universities of Genoa, Milan, and Florence [Mazzei et al., 2007]. 
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Moreover, in this PhD thesis - in joint collaboration with the group of the 

University of Genoa – the apportionment methodology approach was further 

developed to obtain the elemental size distribution without using multistage 

impactors. As previously mentioned, the ED-XRF analysis on cascade 

impactor samples analysis set-up in this work allowed the validation of this 

new methodology for size-segregated distribution estimation; 

3) design, set-up and test of a sample preparation line for 
14

C measurements on 

aerosol samples carried out jointly with the LABEC-INFN research group. 

Literature studies showed 
14

C as a good tracer for the separation of natural 

and anthropogenic carbonaceous contributions to PM [Szidat et al., 2006]. In 

this PhD work, a sample preparation line was designed and realised, 

matching the constraints for the analysis of the organic and elemental carbon 

fractions (OC and EC, respectively). It was the most innovative, important, 

and demanding part of the PhD work (it is noteworthy that only another 

group in the world measures 
14

C in both OC and EC fractions). New 

technical solutions were developed during this PhD work and inserted in the 

final line, and many tests on fractions separation were carried out. First tests 

on isolated carbon fractions were performed and a preliminary source 

apportionment was carried out, evidencing limits and perspectives of the 

approach. 
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Introduction 

Atmospheric aerosol is an ensemble of solid and liquid particles suspended in 

atmosphere. Anthropogenic aerosol contributes to air pollution, together with other 

gaseous anthropogenic pollutants. 

Aerosol has great importance both at local and global scale. In fact, it impacts at 

local scale on: 

• human health [Dockery et al., 1993; Pope et al., 2002; Seagrave et al., 2006]; 

• air quality and visibility [Watson, 2002; EPA, 2004; CEN, 2008]; 

• cultural heritage degradation [Bonazza et al., 2005; Nava et al., 2010]; 

and at global scale on: 

• radiation balance, acting both on radiation scattering and absorption (direct 

effect) and on cloud formation (indirect effect) [Storelvmo et al., 2006; IPCC 

2007; Stier et al., 2007]. 

These effects depend on aerosol size, composition, and life-time in atmosphere. All 

these parameters depend on or are influenced by the following processes: 

1) aerosol formation, 

2) aerosol removal/deposition, 

3) aerosol transport, 

4) chemical reactions in atmosphere. 

Aerosol can be directly emitted in the atmosphere (primary aerosol) by 

anthropogenic and natural sources or it originates in the atmosphere by natural or 

anthropogenic gas-to-particle transformations (secondary aerosol). Aerosol size and 

composition are strictly related to aerosol origin; as examples, big particles with 

irregular shapes and composed by Al, Si, and Ca are typically of natural origin (re-

suspended dust); small, spherical, carbonaceous particles are usually emitted by 

combustions; big particles mainly composed by organic natural compounds can be 

ascribed to plant debris. 

Once emitted/formed, aerosol can stay in atmosphere for hours/days, depending on 

particle size and atmospheric conditions. During its residence time, atmospheric 

aerosol can be transported from a few km (regional scale) to very long distances 
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(continental scale). Moreover, chemical reactions can modify its composition, 

depending both on aerosol composition and meteorological conditions (i.e. solar 

radiation can activate photochemical reactions, or condensation of volatile 

compounds can occur at low temperatures) and condensation/coagulation processes 

can change aerosol size-distribution. 

Different processes can cause aerosol removal: 

a) small particles (0.001-0.1 µm) are mainly removed by coagulation processes: 

few small particles stick together to form a new particle with a larger 

diameter. Moreover, the brownian diffusion is very efficient for these 

particle sizes and allows both dry and wet deposition; 

b) particles in the range (0.1 - 5 µm) usually have the longest life-time in 

atmosphere: they are too large for brownian diffusion and too small for 

gravitational settling. They are mainly removed by rain out (in-cloud 

removal) or wash out (particles are intercepted by rain drops and are 

consequently removed); 

c) big particles (> 5 µm) are mainly removed by gravitational settling. 

Thus, it can be noticed that aerosol is a very complex atmospheric component and it 

is generated and governed by many different factors. 

In the recent European legislation on atmospheric pollution [CEN, 2008], the 

monitoring of PM10 and PM2.5 (particles with aerodynamic diameter lower than 10 

�m and 2.5 �m, respectively) on 24-hour basis is prescribed and daily and annual 

limit values are set. At rural background sites, ionic and carbonaceous (organic and 

elemental carbon) speciation is prescribed for PM2.5. The importance of identifying 

emission sources and the need of implementing efficient abatement strategies both 

at local, national, and European scale are also stressed. 

However, the only implementation of the legally prescribed monitoring can limit 

the possibility to identify sources and processes involved in the atmospheric aerosol 

pollution problem, as well as to correctly assess the effects of airborne particles. In 

fact, limited chemical speciation and 24-hour temporal resolution is required, and 

no size-segregated measurements are prescribed. 

To gain a deeper knowledge on atmospheric aerosols, more extensive researches 
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have to be carried out, aimed to obtain detailed information about particle 

physical/chemical properties with high temporal and size-segregated resolution, and 

to better understand the processes previously mentioned. Models can be then 

applied to identify and quantify (source apportionment) different sources 

contributions to the measured concentrations. 

In this work different techniques were designed and realised (when not available), 

set-up (if already available), and applied to gain new and detailed information on 

atmospheric aerosol properties. 

More in detail, the attention was mainly focused on the following topics: 

• set-up of an Energy-Dispersive X-Ray Spectrometer (ED-XRF) for the 

analysis of size-segregated aerosol samples. Size-segregated PM 

composition is commonly measured in the 0.01-10 µm range by multi-stage 

cascade impactors [Hillamo and Kauppinen, 1991; Marple et al, 1991; 

Maenhaut et al., 1996]. In this work, an ED-XRF spectrometer was set-up to 

quantify the elemental concentration on the peculiar samples obtained by a 

multi-stage cascade impactor. The use of ED-XRF for the analysis of 

cascade impactor samples is not common due to problematic features of the 

collected deposits (inhomogeneous samples with a different deposition 

pattern on each stage, and small amount of PM collected on each 

stage/sample). The methodology to suitably set-up the ED-XRF spectrometer 

for the analysis of size-segregated aerosol samples was developed and the 

ED-XRF sensitivity curve to quantify elemental concentrations was 

determined. An inter-comparison with Particle Induced X-Ray Emission 

technique (PIXE: the most widespread technique for elemental analysis of 

size-segregated aerosol samples) was carried out and a good agreement 

between the techniques was obtained. Therefore, the set-up methodology 

developed in this work can be used to obtain reliable results on impactor 

samples analysed by ED-XRF. This is important when considering that the 

access to accelerator facilities is not always possible and that the available 

beam time is usually quite limited. In summary, the possibility to carry out 
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an ED-XRF analysis on multi-stage cascade impactor samples can be 

important for a widespread use of these samplers. In this work, a wintertime 

campaign was also carried out in Milan to test our set-up and examples of 

elemental concentration on size-segregated aerosol are presented. However, 

further work is needed to perform source apportionment using impactor data. 

Details on ED-XRF set-up methodology and final configuration, as well as 

data presentation can be found in Chapter 2. 

• Source apportionment by Positive Matrix Factorization (PMF) on high-

time resolved data. PMF is a receptor model, i.e. the source apportionment is 

carried out using the aerosol components (i.e. elements, ions, carbonaceous 

fractions) measured at a receptor as input data. In this work, PMF was 

applied to an already available PM10 dataset with high temporal resolution, 

to obtain information on chemical profiles and high time-resolved temporal 

trends of the sources influencing the area of interest. Moreover, PMF sources 

temporal trends were analysed together with number distribution in the range 

250 nm – 10 µm using a methodology developed jointly with the group of 

the University of Genoa [Mazzei et al., 2007] to obtain indication on the size 

distribution of the different sources (see Chapter 3 for details). Moreover, in 

joint collaboration with the group of the University of Genoa, the above 

mentioned methodology was developed during this work to obtain elemental 

size distribution without multistage impactor. The XRF set-up developed in 

this work and previously mentioned was used for model validation. 

• Design and set-up of a new sample preparation line for 
14

C measurements 

in aerosol, aimed at the separation of natural and anthropogenic 

contributions to carbonaceous fractions. In an urban area like Milan, total 

carbon (TC) alone may account for about 30% of PM mass, therefore 

strongly influencing air quality. Carbon is present in atmospheric aerosol in 

three main different forms: organic carbon (OC, either directly released in 

the atmosphere as particles or formed in the atmosphere by gas-to-particle 

conversion of anthropogenic or biogenic precursor gases), elemental carbon 

(EC, produced by the incomplete combustion of fossil and biomass fuels in 
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an oxygen–poor environment), and carbonate carbon (CC, in urban areas at 

mid-latitudes accounts only for few per-cent of TC [Chow and Watson, 2002] 

and will be neglected in the following). Anthropogenic carbon sources of 

both OC and EC can be divided in two main categories: fossil fuels and 

biomass burning. On the contrary, natural sources (plant debris and 

secondary particles from biogenic gas emissions) contribute only to the OC 

fraction, at least at our latitudes where spontaneous forest burning is quite 

rare. Thus, the EC fraction has only an anthropogenic origin and a 

radiocarbon analysis on this carbon fraction can separate fossil fuel 

(
14

C/
12

C=0) from biomass burning (
14

C/
12

C~10
-12

) contributions. Once these 

components are identified in EC fraction, and knowing the respective OC/EC 

emission ratio, their contribution can be also identified in the OC fraction 

and, by difference, the natural OC component can be estimated. A detailed 

description of the role of carbonaceous particles in atmosphere and of the 

problems concerning carbon fraction separation and 
14

C analysis can be 

found in Chapter 4.  

In this work, a new sample preparation line for radiocarbon analysis on OC 

and EC separated fractions was designed and set-up. It was the most 

innovative, important, and demanding part of the PhD work. Problems 

concerning the small carbon quantities available and the OC and EC 

separation had to be faced. Original solutions for some parts of the line were 

developed and implemented. A complete description of the line, of the test 

for data quality assurance and of the first results obtained in this work is 

presented in Chapter 5. 
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Chapter 1: Atmospheric aerosol 

Atmospheric aerosol (often called particulate matter, PM) is a polydisperse 

ensemble of liquid and solid particles suspended in the atmosphere. An atmospheric 

particle is a molecular ensemble which does not vary its physical-chemical 

properties for long enough to be measured. The ensemble is polydisperse because 

particles have many different physical-chemical and geometrical properties.  

The interest in atmospheric aerosol is due to its strong impact on environment and 

human health. In fact, atmospheric aerosol:  

– changes the optical properties of the atmosphere (scattering and absorption 

of visible and IR radiation), influencing visibility and Earth radiation balance 

(direct effect) [Watson, 2002; Stier et al., 2007]. It can also act as cloud 

condensation nucleus for clouds and fog, influencing precipitation and 

radiation balance (indirect effect) [Ramanathan et al., 2001] 

– catalyses chemical reactions in the atmosphere [Andreae and Crutzen, 1997; 

Jacob, 2000; Volkamer et al., 2006] 

– can pollute soil and water because of dry (sedimentation) and wet (rain, snow) 

deposition [Textor et al., 2006]; 

– can damage materials and cultural heritage [Rodriguez-Navarro and 

Sebastian, 1996; Bonazza et al., 2005; Nava et al., 2010]. 

Moreover, atmospheric particles can affect human health: they can be inhaled, and 

they can enter other organs through the respiratory apparatus. Their negative effects 

can be different depending on their physical-chemical properties [Dockery et al., 

1993; Pope et al., 2002; Seagrave et al., 2006]. 

Particles are formed by two main processes [Jaenike, 1980]: 

– disintegration and/or dispersion of bulk material, such as the weathering of 

crustal material, the production and dispersion of sea-salt droplets or the 

emission and dispersion of particulate matter from combustion (primary 

aerosol);

– modification of airborne substances forming new particles or a varying size-

distributions (secondary aerosol). Such processes are gas-to-particle 
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conversions by condensable gaseous species and the evaporation of cloud 

elements and rain droplets leaving aerosol particles. More in detail, we refer 

to: 

• homogeneous nucleation or auto-nucleation: gas molecules can 

aggregate in small clusters, due to attractive electrostatic forces (e.g. 

Van der Waals). Once formed, clusters sudden disintegrate. The higher 

is gas saturation and the more these clusters collide before 

disintegrating. If the dimension of the clusters exceeds the Kelvin 

radius (i.e. the radius of a particle in equilibrium with gas at a definite 

super-saturation value) a particle is stably generated. Once stable, the 

particle can further grow by condensation. Homogeneous nucleation of 

particles requires high super-saturation ratios (2-10); 

• heterogeneous nucleation (or nucleated condensation): it is a process of 

particles formation or growth promoted by the presence of condensation 

nuclei or ions. This nucleation requires super-saturation of few percents 

and it is the main responsible for cloud formation. Particles on which 

water vapour condenses to give origin first to droplets and then to 

clouds are called cloud condensation nuclei (CCN): they are particles 

that grow because of supersaturated water vapour condensation, 

becoming fog or cloud droplets. It is noteworthy that super-saturation 

has always to be indicated when CCN concentration is given [Seinfeld 

and Pandis, 1998]; 

• coagulation: it is a growth process. Aerosol particles collide one another, 

because of their relative motion. The result (in absence of other aerosol 

sources) is a continuous reduction in the number concentration and an 

increase in the particle sizes. It is extremely efficient for small 

molecules, which tend to stick because of collisions. 

In table 1.1 estimates of global emissions of aerosol are reported in Tg/yr [Monks et 

al., 2009].  It is noteworthy the importance of secondary particles, especially of 

anthropogenic origin (50-60% of total anthropogenic particles).  
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table 1.1: major type, source and mass burdens of aerosol at global scale [Monks et al., 2009] 

Besides the origin (natural/anthropogenic or primary/secondary), two other 

parameters are of great importance for particles classification: size and composition.  

Particles size can span a range from a few nanometres to tens micrometers. The 

definition of particles size is complicate because particles can have many different 

shapes (e.g. spherical, cubic, based on crystal lattice... see figure 1.1).  
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figure 1.1: atmospheric particles as detected by an electronic microscope. Right: PM10 on filter; Left up: 

core made of soil elements surrounded by Ce; left down: soot particles

Thus, it is necessary referring to “equivalent diameters” (according to specific 

parameters) to define particles size.  

There exist equivalent diameters referring to particles properties and others based 

on their behaviour (figure 1.2) [Hinds,1999]. In this work, two main equivalent 

diameters will be considered:  

– aerodynamic diameter (dae): diameter of a spherical particle, of unitary 

density (1 g/cm
3
), having the same inertial properties (terminal velocity of 

settlement) of the analysed particle;   

– optical diameter: diameter of a spherical particle with known refraction index 

that scatters at a specific angle the same light amount as the analysed particle.  

There exists a relationship between the shape and size of particles and their origin: 

natural particles of primary origin are generally in the range 5-50 �m (except for 

marine salt, which is in the 1-5 �m range) with irregular shapes. As for 

anthropogenic emissions, high temperature combustions generally emit very fine, 

spherical particles, while tyre and brake wear or some industrial processes (e.g. 

ceramic factory) lead to bigger primary, irregularly shaped anthropogenic particles 
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[Viksna et al., 2004]. Secondary aerosol has usually small dimensions: d < 0.5 �m. 

However, some nitrates can be in the 0.5 �m < d < 5 �m [Querol et al., 2001]. 

figure 1.2: equivalent diameters 

Particle size distribution can be expressed as a function of different parameters: 

– number (number distribution) 

– surface (surface distribution) 

– volume (volume distribution) 

– mass (mass distribution). 

In 1978, Whitby analysed about 1000 particle size distributions and singled out a 

tri-modal pattern of the size distribution [Whitby, 1978]. The three modes were 

called: 

– Aitken mode: 0.01 �m < dp < 0.1 �m. They are mainly produced by high-

temperature combustions; their diffusion is mainly due to Brownian motion 

and they are mainly removed by coagulation;  

– accumulation mode: 0.1 �m < dp < 1 �m. In this mode, particles of different 

origin (e.g. combustion, chemical reaction, coagulation of smaller particles) 

can be found. They are subjected to Brownian motion too, even if it is less 

efficient because of their higher mass. Also gravitational settling is not so 

efficient, therefore they have the highest residence time in atmosphere (see 

figure 1.3). They are mainly removed by wash-out or rain-out;  
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– coarse mode: dp > 1 �m. Particles in the coarse mode are mainly of natural 

origin. They are not subject to Brownian motion and their removal is due to 

gravitational settling. Their residence time is very short; as a consequence, 

they are transported only at local scale and this transport is strongly affected 

by local turbulence.  

The development of the measuring techniques has allowed the measurement of 

particles with dimensions down to few nanometres and the discovery of a fourth 

mode (see figure 1.4), consisting in ultra-fine particles [EPA, 2004]. It was called 

– nucleation mode: 0.001 �m < dp < 0.01 �m: particles are formed by 

nucleation and can be measured only next to their source because they 

rapidly coagulate, increasing their size. The lower limit between cluster of 

molecules and particles is not well defined. Up to now, however, there exists 

a technical limit of detection at about 3 nm diameter. 

figure 1.3: residence time of particles as function of their diameter in low and medium troposphere and in the 

tropopause [Jaenicke, 1986] 
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figure 1.4: particle size distribution

Whitby also found that the best curve fitting experimental data was a sum of log-

normal functions. The log-normal function is defined as: 

2

g�ln2

mrlnrln
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0 e
�2�lnr

n

dr

)r(dn �
�

�

�

�
�

�

� −
−
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                              (1.1)

where:  

n(r) = number of particles per unit volume as function of their size (part/cm
3
) 

n0 = number of particles per unit volume (part/cm
3
) 

�g= geometric standard deviation (�g=
{ }ixlog

e
σ

) 

rm= median distribution radius (usually in �m) 

It is usually represented in bi-logarithmic scale because the parameters to be 

represented span different orders of magnitude.  

If number distribution is available (e.g. measured using Optical Particles Counters, 

which select particles depending on their optical diameter), area and volume 

distribution can be easily calculated considering spherical particles:  

2D�
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dN

Dlogd

dS
=    and     3D

6

�

Dlogd

dN

Dlogd

dV
=  (see figure 1.5). 
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figure 1.5: distribution of coarse, accumulation and nuclei mode particles by: a) number, b) surface, c) 

volume for average continental size distribution. DGV/DGS/DGN= geometric mean diameter by 

volume/surface area/number 

It is also noteworthy that ultra-fine particles dominate in the number distribution, 

while volume (and thus mass) distribution is strongly affected by coarse particles, 

because the mass is directly related to the volume, which depends on r
3
. As ultra-

fine particles contribution to the measured mass is very low, it can be useful to carry 

out number concentration measurements, even if, up to now, available 

epidemiological studies do not report the number concentration as a better indicator 

for particulate health effect than the mass concentration [Harrison, 2004].  

Starting from volume distribution and assuming a hypothetical (but realistic!) value 

for the average particles density, a rough estimate of the mass distribution can be 

obtained multiplying the volume distribution times the density. It is noteworthy that 

the density of particles forming atmospheric aerosol is usually in the range 0.5-6.5 

g/cm
3
, with an average value usually of about 2 g/cm

3
. Thus, the hypothesis on the 

density value is very strong as it can negatively affect the calculated distribution. 

On the contrary, direct measurements of mass distribution can be obtained sampling 

the aerosol on suitable substrates, which can be weighed before and after the 

sampling to have information about the mass of the particles collected. Furthermore, 

analytical techniques can be applied to determine particles composition.  

In the last decades, atmospheric aerosol has been studied after size-segregation to 
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understand particle-health interaction. Size cuts have been chosen depending on the 

capability of particles with different sizes to penetrate the respiratory system. 

Moreover, chemical composition is considered important in health effect evaluation. 

In particular, water soluble components can have a role because they can release 

metals or other highly toxic compounds, when they come in contact with water 

inside the body [Viksna et al., 2004].  

The human respiratory system can be divided in three main parts: higher (nose, 

mouth, larynx, and pharynx), tracheal-bronchial region and alveolar region. 

Particles penetrate respiratory system at different extent depending on their 

aerodynamic diameter (dae): particles with 2 �m < dae < 5 �m reach tracheal-

bronchial region, while those with dae < 1 �m can reach alveoli (see figure 1.6). 

Standard sampling cut-off diameters were chosen and legislative restrictions were 

developed for two important classes of particles, i.e. PM10 e PM2.5 [EPA, 2004; 

CEN 2008].  

figure 1.6: anatomical regions of respiratory tract 
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PMx refers to particles collected by a sampling device that collects 50% of x �m 

aerodynamic diameter particles. However, size fractions are defined not merely by 

the 50% cut point, but by the entire penetration curve. Examples of penetration 

curves are given in figure 1.7. Samplers with the same 50% cut point, but 

differently shaped penetration curves, would collect different fractions of PM.  

In the USA, rules establishing limit values for both PM10 and PM2.5 exist since 1997. 

In Europe, the EN12341 [CEN, 1998] and  EN14907 [CEN, 2005] technical notes 

indicate sampling and data analysis methodology; limit values for PM10. Limit 

values for PM10 and PM2.5 are reported in the 2008/50/EC directive [CEN, 2008]. 

figure 1.7: particle penetration (size-cut curves) through an ideal (no-particle-loss) inlet for five different 

size-cut selective sampling criteria: PM2.5, PM10, inhalable particulate matter (IPM), thoracic particulate 

matter (TPM) and respirable particulate matter (RPM) size cuts 

Aerosol can also be sampled using multistage cascade impactors: these instruments 

select particles depending on their aerodynamic diameter in different size ranges. 

The separated particles can be then analysed for their mass (see figure 1.8) or for 

their composition (e.g. elemental composition, ionic content). These samplings and 

the following analyses are of particular interest because all aerosol effects depend 

both on particles size and composition. 
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figure 1.8: example of impactor mass size distribution and log-normal fitting 

Aerosol composition is another parameter of great interest. Composition is strongly 

influenced by emission sources. They can be mainly divided into natural and 

anthropogenic. 

Among natural sources, the most important are [Seinfeld and Pandis, 1998]: 

a) erosion and re-suspension of the lithosphere: this component is due to 

atmospheric agents (wind, rain) and its importance depends on atmospheric 

phenomena intensity. These processes usually generate big particles, with 

irregular shapes and containing typical crustal elements (Al, Ca, Fe, Si, Ti, Sr, 

Mg…), as well as traces of organic compounds, Th and REE (Rare Earth 

Elements); 

b) marine aerosol: it is mainly composed by inorganic salts (NaCl and other sea 

water trace elements, i.e. Mg, Ca, K, Br, I); an important secondary 

contribution can be ascribed to DMS (Dimethyl sulfide) conversion into 

sulphates, iodine oxidation, and formation of secondary organic aerosol 

[O'Dowd and de Leeuw, 2007]; 

c) volcanoes emission: volcanoes emit many gaseous species in the atmosphere. 

They can then undergo chemical reactions and be converted into solid 

compounds (e.g. SO2 to sulphate). Moreover, also metal emissions are 

characteristic, especially Cu, Zn, Pb; 

d) forest combustion: usually small particles are emitted. They contain elements 

such as K, Mg, Na, Ti, Ca and organic compounds (such as levoglucosan). 

Among anthropogenic sources, the following should be mentioned: 
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a) energy production: particles emitted by power plants based on combustion 

oils are typically composed by S, V, Ni, and they have a strong negative 

effect on human health [Ghio et al., 2002]. Sulphur is mainly emitted in 

gaseous form (SO2), but it rapidly converts into sulphate, generating fine 

particles [Seinfeld and Pandis, 1998]. Primary sulphate emissions, on the 

contrary, are usually in the coarse fraction [Berresheim et al., 1995]. As 

regards power plants fuelled with coal, the main combustion product is C, 

emitted together with other elements (e.g. S, As, Fe, Se…) due to fuel 

combustion impurities.  

b) industry: typical combustion products (containing carbon and nitrogen) are 

coupled to other tracers specific for different industrial processes. As an 

example, iron and steel industry usually emit Fe, Pb, Zn, C, Si, Ca, Mg; 

chemical and petrochemical industries usually emit organic sulphur 

compounds, heavy metals and hydrocarbons; metallurgic industry produces 

metal oxides, while cement factory and glass and ceramic industry emit 

particles containing silicates and carbonates as well as sulphur gases. 

Ceramic industry emits also heavy metals like Hf, U e Th, but they have only 

a very local influence [Querol et al., 2001]; 

c) domestic heating: usually it generates small particles, with variable 

composition depending on the fuel used and on its impurities. The most 

common elements are C, S, V; however, the widespread use of methane as 

domestic fuel has fostered an important reduction in particles emission. 

d) transports: combustion in the engines generates small particles, whose 

composition depends on the fuel. Diesel vehicles emit 90% of carbonaceous 

material; vehicles equipped with catalytic converters typically emit Pt, Pd, 

Rh, hydrocarbons and other carbonaceous species, while in the past vehicles 

powered by leaded petrol mainly emitted Pb, Br, nitrates, non-combusted 

hydrocarbons and other organic compounds. 

Besides emissions by engines, also re-suspended dust as well as brake and 

tyre wear particles have to be considered. Traffic contribution to dust re-

suspension has been evidenced by the correlation between Pb peaks (when 
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leaded petrol was still used) and crustal elements peaks often verified during 

rush hours, and by the reduction of the contribution of mineral dust to 

atmospheric aerosol during the weekends [Marcazzan et al., 2002]. As 

regards brake wear, they contain elements like Fe, Cu, Cr, Sb, Ba, Mo 

[Weckwert, 2001; Sternbeck et al., 2002; Lough et al., 2005]. Also tyre wear 

leads to the formation of particles (in the coarse fraction) mainly composed 

of carbon compounds and inorganic material containing Zn, Ca, Fe, S, Al, Ti, 

K, Pb, Mg [Salma and Maenhaut, 2006] 

e) waste incinerators: they produce small particles (generally < 2 �m) 

principally made of Zn, K, Cl, together with other elements, depending on 

the material burnt. 

It is noteworthy that the existence of a physical-chemical fingerprint for the 

different sources is the basis for the application of receptor models for source 

identification and apportionment starting from in-situ measured data. 
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Chapter 2: Set-up of an ED-XRF spectrometer for 

size-segregated aerosol analysis. 

As already mentioned, aerosol effects at both local and global scale depend on 

particles size and chemical composition. In fact, their ability to penetrate into the 

airways depends only on their size, but their impact on health is strongly related to 

reactivity and toxicity of the particle components [Pope et al., 2002]. At global scale, 

particles size and composition play a key role in light scattering and absorption as 

well as in clouds formation [Ramanathan et al., 2001]. In addition, a detailed 

chemical characterisation of size-segregated aerosol can be useful for accurate 

source identification and apportionment. Indeed, the same aerosol component can 

be emitted by sources with different size-profiles, and the analysis of size-

segregated aerosol composition can help in resolving the contribution given by 

different sources. 

Thus, the knowledge of size segregated elemental concentrations in atmospheric 

particulate matter (PM) can be a useful contribution to the complete chemical 

characterisation and to a more detailed source apportionment. Size-segregated PM 

composition is commonly measured in the 0.01-10 µm range by multi-stage cascade 

impactors [Hillamo and Kauppinen, 1991; Marple et al, 1991; Maenhaut et al., 

1996]. In the literature, different techniques are reported to detect trace elements 

deposited on impactor substrates; among the most diffused there are PIXE (Particle 

Induced X-Ray Emission), which is not-destructive but can be performed only at an 

accelerator facility [Johansson and Campbell, 1988], and ICP-MS (Inductively 

Coupled Plasma Mass Spectrometry), which needs sample pre-treatment and it is 

completely destructive [Grohse, 1999].  

In this work, an ED-XRF (Energy Dispersive X-Ray Fluorescence) spectrometer 

was set-up to quantify the elemental concentration on the peculiar samples obtained 

by a Small Deposit Impactor (SDI) – Dekati multi-stage cascade impactor. Some 

peculiar features of the samples obtained by this impactor (a different deposition 

pattern in each stage, an enclosing deposit area of about 0.5 cm
2
, and the small 
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amount of PM collected in each stage/sample) required the development of a 

specific methodology to suitably set-up the ED-XRF spectrometer. The application 

of this methodology allowed the determination of the ED-XRF sensitivity curve 

necessary to quantify elemental concentrations. As ED-XRF is not commonly 

applied to this kind of samples, an inter-comparison with PIXE was carried out and 

a very good agreement between data obtained with these two techniques was 

obtained.  

ED-XRF is easier-to-manage than PIXE; moreover, the access to accelerator 

facilities is not always possible and the available beam time is usually quite limited. 

In summary, the possibility to carry out an ED-XRF analysis on multi-stage cascade 

impactor samples can be important for a widespread use of these samplers.  

In this work, a wintertime campaign was also carried out in Milan and the data of 

elemental concentration on size-segregated aerosol were obtained as a first test of 

the methodology on real samples. However, further work is needed to perform 

source apportionment using impactor data. 

2.1 Theoretical background and experimental devices 

2.1.1 Aerosol dynamics 

A particle moving in a viscous fluid with 0u
�

 is subject to a drag force that can be 

calculated starting using the Navier-Stokes equation referred to incompressible fluid 

(div u
�

 = 0): 

                                                
u�pgrad

Dt

uD
� 2�

�

∇+−=
                         (2.1)

where � is the fluid density, u
�

is the velocity field, p is the fluid pressure and � is 

the fluid viscosity [Vincent, 1989]. It is noteworthy that incompressible condition 

does not requires that the air is uncompressible, but that it is not significantly 

compressed when moving around a particle. 

The Navier-Stokes equation is derived from the application of the Newton’s second 

law to a fluid element. It is a balance of body, viscous, and pressure forces acting on 

a unit volume of the fluid. 
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Defining the characteristic fluid velocity u0, the characteristic dimension of the 

system (i.e. the particle diameter Dp), and the characteristic pressure of the system 

(p0), the equation 2.1 can be re-written as: 

   
U

Re

1
Pgrad

�D

UD 2
��

�
�

∇+−= ,                 (2.2) 
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η
= is the Reynolds number 

of the system. It represents the ratio between viscous and inertial forces acting on 

the fluid element. 

Stokes solved the equation in the following conditions: 

a) Re<<1: viscous forces dominate inertial forces, 

b) the particle can be assumed as a rigid sphere, 

c) the motion of the particle is constant with 0uu =
�

d) there is no slipping on the particle surface. 

Solving the equation 2.2 under these conditions it can be found: 

                                      DragF
�

 =-3��Dpu0                     (2.3)

It should be noticed that Re<<1 is nearly always true for particles lower than 10 µm 

(e.g. for 10 µm particles falling with their terminal velocity in air @ 25°C 

Re=0.0025). It is also noteworthy that when particle size is comparable to the mean 

free path of air � (about 65 nm @ 25°C), the no-slipping condition cannot be 

considered satisfied anymore and the effective FDrag is lower than predicted. A slip 

correction factor Cc is thus included in the formula 2.3: 
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If a particle falls in a still fluid, it is subject only to gravity and FDrag. So it can be 

written [Hinds, 1999]: 

c

p

C

vD��3
gm
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vd
m
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�

−= .                      (2.5) 
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Defining the relaxation time T0 

p

c
0

D��3

Cm
T =

     (2.6)

and time-integrating 2.5 in the vertical direction considering v0=0 it can be found 

vz(t)=T0g[1-exp(-t/T0)].    (2.7) 

Furthermore, if the particle is moving in a fluid (v0=V) and it is subject only to FDrag,  

the maximum travelled distance (named Stopping Distance) is  

S=VT0     (2.8)

So far, we considered a particle moving in a still fluid. If the fluid is moving, 

higher-order approximations have to be considered. 

Small particles with negligible inertia will follow the fluid motion. On the contrary, 

large and heavy particles will continue their motion on a straight line. It is 

interesting the analysis of the motion of particles laying between these extremes. To 

this aim, it is necessary to define the fluid motion around an obstacle. The analysis 

is usually numerically performed, except for very regular shapes (spherical, 

cylindrical). Curvilinear motion is characterised by a dimensionless number called 

Stokes number (Stk). It is represented by the ratio between the stopping distance (S, 

see formula 2.8) and a characteristic dimension of the obstacle L. 

L

VT

L

S
Stk 0== .     (2.9) 

When Stk<<1 the particle will easily follow the streamlines; on the contrary if Stk 

>>1 the particle will move on a straight line when the gas turns around the obstacle. 

The Stokes number is useful to characterise the inertial impaction (i.e. the inertial 

transfer of a particle to a surface). 

2.1.2 The inertial impactor 

The inertial impactor operates on the following principle: the air (including the 

suspended particles) is passed through a nozzle and the output stream (jet) is 

directed against a flat plate (impaction plate). The impaction plate deflects the flow 

and 90° streamlines are formed. Particles with small inertia will follow the 

streamlines, while bigger, heavier particles will impact on the impaction surface 

(and it is assumed they stick on it) (see figure 2.1) [Hinds, 1999]. 
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figure 2.1: cross-sectional view of an impactor 

The parameter governing collection efficiency is Stk, in this case defined as the 

ratio of the particle stopping distance at the average nozzle exit velocity (U) and the 

jet radius (Dj/2): 

     Stk = 
j

c
2
pp

D�9

UCd�

       (2.10)

Impaction efficiency EI is function of Stk (and thus of dp
2
), but no simple 

relationship can be found between these parameters. For a given particle size, 

particle trajectories are determined by Navier-Stokes equation for each streamline. 

The efficiency for a specific particle size is thus dependent on the fraction of 

trajectories intercepting the impaction plate. Collection efficiency for a plate is 

usually plotted as a function of (Stk)
1/2 

(see figure 2.2). Experimental calibration 

requires efficiency measurements carried out using mono-disperse aerosols. 

figure 2.2: Actual and ideal cut-off curve 

It is noteworthy that streamlines at the nozzle exit are not strongly influenced by the 
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spacing between the nozzle and the plate because the jet of aerosol expands only 

slightly until it is at about one jet diameter distance from the impaction plate. 

For most impactors, when cut-off curve is sharp enough to approach the ideal step-

function efficiency curve for particle classification (all the particles greater than a 

specific aerodynamic size are collected and all the smaller particles pass through), 

only the cut-off size of the ideal curve is indicated. Thus, the efficiency curve of 

well-designed impactors can be described by a single number Stk50 (0.24 for a 

circular jet). From the previous equation, the cut-off aerodynamic diameter (d50) can 

be expressed as: 

2/1

p

50j

c50
U

)Stk(D9
Cd

�
�

�

�

�
�

�

�

ρ

η
=

             (2.11)

There are design criteria to produce a sharp cut-off curve with an impactor. 

Reynolds number of the gas flow in the nozzle should be between 500 and 3000. 

The ratio of the separation distance between the nozzle and the impaction stage 

should range from 1 to 5 for circular nozzles. 

Sub-micrometer cut-off diameters require small diameter nozzle operating at high 

velocity. Another approach, which allows to reach cut-off d50 down to 0.05µm, is 

the low-pressure impactor. It operates at very low pressure (3-40 kPa). This strongly 

increases the slip correction factor, thus allowing a strong reduction in cut-off 

diameters. 

2.1.3 Cascade impactor 

The inertial impactor separates particles in two fractions. If a more detailed size-

segregation is needed, several impactors can operate in series (multistage cascade 

impactor), provided that they are arranged in order of decreasing cut-off sizes 

(obtained varying nozzles width). The sequential impaction separates particles in 

contiguous groups of particles according to their aerodynamic diameters. 

If cut-off sizes for the different stages are far enough for cut-off curves not to 

overlap, sharp separation between different size-classes will be obtained and the 

different parameters can be directly plotted as a function of the cut-off size. On the 

contrary, data inversion will have to be carried out as explained in paragraph 2.1.5. 
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2.1.4 SDI-Dekati Low Pressure Impactor 

In this work a Dekati Low Pressure-Small Deposit Area Impactor (SDI) multistage 

sampler was used to collect size-segregated samples [Maenhaut et al., 1996]. This 

multistage impactor allows the separation of the particles in 12 size classes from 45 

nm to 8 µm (in our impactor real cut-off diameters (d50) are 0.0479, 0.0897, 0.1548, 

0.235, 0.349, 0.598, 0.804, 1.07, 1.68, 2.70, 4.12, and 8.57 µm). Low-size cut-off 

diameters can be obtained using reduced pressure and high jet velocities [Hillamo 

and Kauppinen, 1991] (in our impactor: 135 mbar at the lowest stage @ 11 l/min).   

Samples were collected on coated Kapton foils (actually, other thin materials as 

polycarbonate films can be also used), which are supported by 25 mm rings. Kapton 

foils are coated by a suitable grease (Apiezon) to avoid particle bouncing on the 

impaction surface during the sampling, thus negatively affecting the measured size 

distributions. Using SDI impactor, PM is collected in non-uniform, point-like 

deposits enclosed in an 8 mm-diameter area (e.g. figure 2.3).  

figure 2.3: examples of deposits collected by SDI impactor on different stages

As deposits are non-uniform, our ED-XRF spectrometer had to be suitably set-up to 

allow elemental analysis (see par. 2.2) 

2.1.5 Cascade impactor data representation and inversion 

When a set of samples from a cascade impactor is analysed,  the results are first 

represented as histograms of 	m/	(logD50) vs. D50, where m is the mass 

concentration (in ng) of an element on each impactor stage and D50 is the cut-off 

diameter of the stage (see figure 2.4). 
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figure 2.4: example of histogram representation of SDI data  

However, it must be considered that cut-off curves are not ideal and they partially 

overlap (see figure 2.5); thus, on each stage also particles of sizes nominally 

belonging to other stages can be collected. Therefore, data inversion is needed to 

give the correct representation of the measured data. 

figure 2.5: SDI cut-off curves 

In this work, data inversion was carried out using the program MICRON 

[Wolfenbarger and Seinfeld, 1990]. It is an inversion algorithm based on 

regularisation, enabling to obtain smoothed size distributions that are faithful to the 

measured data. Uncertainties on the measured data and cut-off curves are also taken 

into account to perform a more reliable inversion. 

An example of the inverted function is presented in figure 2.6. In the figure, D50

was changed into a more generic particle diameter Dp, as the inverted function is 

semi-continuous. 
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figure 2.6: example of SDI data and inversion by MICRON

The inversion function is then further interpolated using log-normal functions, in 

order to reproduce the standard aerosol representation based on modes (see figure 

2.7). Indeed, with reference to formula 1.1, the log-normal mass distribution can be 

defined (as function of particle diameter Dp) as: 
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where:  

m (Dp)= particle mass concentration as function of their size 

m0 = particle mass concentration 

�g= geometric standard deviation (�g=
{ }pDln

e
σ

). It is dimensionless, and 
1. 

Dm= median distribution diameter (usually in �m) 

figure 2.7: interpolation of the inverted function using log-normal curves

2.1.6 ED-XRF technique 

Energy Dispersive X-Ray Fluorescence (ED-XRF) is an analytical technique used  

in this work for elemental analysis of atmospheric aerosol. The main advantages of 

this technique are: 
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1) it is multi-elemental (for Z > 11 elements) 

2) it is highly sensitive (< 10 ng/cm
2
 for most elements) 

3) no sample pre-treatment is required 

4) it is not destructive. 

The last two features are particularly useful when more than one type of analysis 

has to be carried out on the sample. 

The ED-XRF analyser is based on the emission of characteristic rays by an atom, 

after it is ionised by an incident radiation (in our case X-ray beam generated by 

Coolidge tube with an Ag anode). Once ionised, the atom returns to the original 

configuration by electronic cascade transitions from some higher shell to the vacant 

electron site. Such electron transitions imply a well defined loss of energy of the 

atomic system, therefore X-rays are emitted with characteristic energies which 

depend on the energy difference between the atomic levels of the transition. As 

atomic levels (and the probability for a transition to occur) are well defined for each 

atom, the emitted photons are characteristic for each atom and they allow the 

identification of the elements in the sample. All X-ray emissions as well as relative 

intensities are known, thus the elements in the sample can be easily identified once 

the instrument is calibrated in energy. 

ED-XRF instrumentation is mainly composed by a primary X-ray source for sample 

excitation and by a detector (and electronic chain) for characteristic X-ray detection. 

A standard electronic chain processes the signal and allows spectra visualisation. 

The X-ray spectrometer used in this work (an ED2000 spectrometer by Oxford Instr. 

available at our laboratory at the Physics Department of the University of Milan) 

uses a Coolidge tube as excitation source (	Vmax=50 kV, Imax=1mA, Ag anode). 

The detector is a Si(Li) detector which converts the energy of the incident photons 

into current pulses, which are suitably converted, amplified, and analysed by the 

electronic chain. 

The geometry of the analysis is 45° between the Coolidge tube and the sample and 

45° between the sample and the detector (90° geometry to minimise the Compton 

contribution to the spectrum). In front of the detector an 8 µm Be window separates 

the detector from ambient air. The Be window reduces to 41% of the incident 
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intensity the X-ray with energy about 1 keV (which corresponds to the highest 

energy of Na fluorescence emissions, thus preventing the detection of elements 

lighter than Na) and that is the reason why no X-ray from elements with Z < 11 can 

be detected. 

2.1.7 Quantitative ED-XRF analysis on thin and uniform 

samples. 

Once an element has been identified by the energy of its emission lines, 

quantification can be carried out. If the sample can be considered a thin sample, i.e. 

)g/cm(�

1.0
)cm/g(m

2
i

2 ≤  where m is the sample mass and µi is the average massive 

coefficient, matrix effect and secondary/tertiary fluorescence effects can be 

neglected. In this case, a linear relation between the concentration of an element in 

the sample and the number of primary fluorescence photons produced per second is 

found, once the geometry and the characteristics of the incident excitation radiation 

are set: 

Pi=miGi, 

where mi is the mass of the i
th

-element and Gi is a factor depending only on 

experimental setup conditions and on the considered element [AA.VV., 2002]. 

The quantitative analysis on thin layers requires the determination of the sensitivity 

curve of the instrument (i.e. the Gi factor), which is performed using suitable 

standards. In our laboratory, MICROMATTER standards are usually used to this 

aim. They are prescribed by an EPA protocol [EPA, 1999a] for XRF analyses. They 

are certified at ±5% and they can be mono or multi-elemental (in our case they 

contain two elements at most to avoid secondary fluorescence phenomena). 

Once the sensitivity curve is determined, it can be validated using a suitable 

particulate matter standard (SRM2783, Air particulate matter on filter media, i.e. 

PM2.5 on polycarbonate), whose elemental content is certified by the National 

Institute for Standard and Technology (NIST). The analysis of the NIST standard in 

the same conditions used for both calibration and sample analyses and the 

comparison of the obtained results with certified values allow the validation of the 
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sensitivity curve. 

2.2 Results 

2.2.1 Set-up of an ED-XRF spectrometer for quantitative 

analysis on SDI samples. 

Aerosol deposits obtained by the SDI impactor are not uniform, thus the ordinary 

calibration technique could not be carried out. However, it is noteworthy that all the 

deposits are enclosed in the same area (in the following called “enclosing area”). 

Thus it was considered that if all the points of the enclosing area give the same 

count-contribution to the detector, the sample can be considered as it is uniformly 

distributed on the enclosing area. This was the starting point for the development of 

the set-up procedure that followed different steps:  

a) identification of the irradiated area in different geometric conditions using 

GAFCHROMIC dosimetry films; 

b) scanning of the irradiated area using a point-like probe material to 

evaluate the uniformity of the contribution by different points in the sample 

to the total counts; 

c) sensitivity curve determination using suitable elemental standards and 

validation by NIST standard; 

d) inter-comparison between ED-XRF and PIXE results on real size-

segregated samples. 

So, first of all, different collimators (4, 8, 10, 12 mm diameter, some of which 

properly realised for this work) were mounted on the tube, and the irradiated area in 

each condition was identified using GAFCHROMIC foils (generally used for 

personal dosimetry) (see figure 2.8). 

Once the conditions to fully irradiate the enclosing area were identified, a small Ca 

marker was used to verify the uniformity of the contribution by a single point of the 

irradiated area to the measured counts (figure 2.9). This was realised scanning the 

irradiated area with 1x1 mm
2
 spatial resolution using the point-like Ca marker and 

using different collimator on the X-ray tube and the detector until an area with (at 
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least) 8mm diameter showed a 20%-uniformity in Ca counts (figure 2.10). 

  

figure 2.8: example of a GAFCHROMIC foil after irradiation. The collimator with 10 mm diameter was 

mounted on the X-ray tube side. 

     

figure 2.9: Ca marker used to determine the counts-uniformity of the irradiated area  

figure 2.10: map of Ca counts for the definitive configuration 

figure 2.11: Millipore mask for sample positioning 
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Once the uniformity area was identified, masks for the reproducibility of sample 

positioning in this area were realised. To this aim, a mixed cellulose esters filter 

(Millipore, AAWP type, pore size: 0.8 µm) was punched (hole diameter 8 mm) and 

suitably marked (see figure 2.11) to act as sample holder. Many blank masks were 

first irradiated to account for their contribution to the X-ray spectrum. 

Also in this case, MICROMATTER standards were used to obtain the sensitivity 

curve. However, they were punched at 8.8 mm diameter to allow the positioning on 

the 8 mm hole in the sample holder mask, and then analysed taking into account the 

possible attenuation due to the mask covering a small part of the standards. The 

sensitivity curve was validated by the analysis of the SRM2783 particulate matter 

standard by NIST suitably punched at 8.8 mm diameter. Minimum Detection Limits 

(MDLs) for polycarbonate filters (NIST blanks) were evaluated in µg per sample 

(see table 2.2).  

All elements with concentrations higher than MDLs (K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, 

Zn, Pb), except for Mn, were in agreement with the certified concentrations (see 

figure 2.12) and the regression curve shows a very good correlation between NIST 

certified and measured concentrations (figure 2.13).       

figure 2.12: check on sensitivity curve using NIST standard  

The analysis of Kapton foils used in SDI sampling was carried out separating the 

foils from the supporting rings using a cutter: this was necessary to avoid 

contaminations in the background spectrum induced by the interaction of the X ray 

beam halo with the supporting ring.  Once separated from the supporting ring, both 

blank foils and foils with aerosol deposits were analysed (I=800 µA, HV=30 kV, 

t=3000 s, in vacuum analysis with a thin Ag primary filter) using the sample holder 
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mask for correct positioning. In this work, ten blank Kapton foils were analysed to 

obtain an average blank value to be subtracted to sampled Kapton foils. Average 

values and other statistical parameters for the ten blank foils analysed with this ED-

XRF set-up are reported in table 2.1. MDLs were evaluated from the whole counts 

area in the average blank spectrum and values in µg per sample are reported in table 

2.2. 

figure 2.13: Certified vs. measured NIST concentrations 

µµµµg per sample    

Element Average St. Dev Min Max 

Cl 0.246 0.022 0.219 0.282 

K 0.069 0.008 0.055 0.081 

Ca 0.443 0.075 0.378 0.603 

Ti 0.011 0.002 0.008 0.014 

V <MDL <MDL <MDL <MDL 

Cr 0.067 0.004 0.061 0.073 

Mn 0.026 0.002 0.023 0.028 

Fe 0.120 0.010 0.111 0.141 

Ni 0.012 0.000 0.011 0.013 

Cu 0.016 0.005 0.012 0.025 

Zn 0.041 0.004 0.035 0.047 

table 2.1: statistics on the 10 coated Kapton® supports measured for blank evaluation in SDI configuration 
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ED-XRF SDI  
configuration 

PIXE SDI 
configuration 

MDL NIST  
(µg per sample) 

MDL Kapton  
(µg per sample)

MDL Kapton  
(µg per sample) 

   

S 0.053 0.070 0.013 

Cl 0.045 0.059 0.013 

K 0.015 0.021 0.015 

Ca 0.015 0.020 0.012 

Ti 0.006 0.007 0.005 

V 0.004 0.005 0.004 

Cr 0.005 0.006 0.002 

Mn 0.003 0.004 0.002 

Fe 0.005 0.006 0.001 

Ni 0.002 0.002 0.001 

Cu 0.002 0.002 0.001 

Zn 0.002 0.003 0.001 

Br 0.003 0.004 0.001 

Pb 0.003 0.005 0.002 

table 2.2: MDLs evaluated in SDI configuration for polycarbonate (NIST) and Kapton foils for ED-XRF 

configuration, and for Kapton foils in PIXE configuration (par. 2.2.2)

2.2.2 XRF-PIXE inter-comparison. 

To further verify the results obtained in our ED-XRF configuration, an inter-

comparison with PIXE analysis was carried out. PIXE measurements were 

performed at the 3 MV Tandetron accelerator of INFN-LABEC laboratory in 

Florence. The incident beam (10 nA average) consisted in 3.06 MeV energy protons. 

Average time of analysis was 1200 s per sample. The beam was collimated to 

dimensions of 2 x 1 mm
2
 and it was homogeneous. A suitable scanning mode for 

the SDI samples was set up in order to fully analyse the deposit enclosing area. X-

rays were collected by two detectors: a Silicon Drift Detector for light elements 

(Na-Ca), and a Si(Li) optimised for the detection of X-rays in the range 4–20 keV 

(see figure 2.14); energy resolutions were 145 and 190 eV FWHM at 5.9 keV, 

respectively. The experimental set-up is described in detail elsewhere [Calzolai et 

al., 2006]. PIXE spectra were analysed with the GUPIX software [Maxwell et al., 

1995].  
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figure 2.14: PIXE set-up scheme @ LABEC-INFN 

The inter-comparison with PIXE analysis was carried out on four SDI series (stages 

1-12 for a total of 48 aerosol samples) collected in Florence. They were analysed 

first at LABEC-INFN by PIXE and then in our laboratory by the ED-XRF 

spectrometer in the SDI configuration. The results obtained in the two laboratories 

were in good agreement (better than 10%) for most of the detected elements (see 

figure 2.15). 

In figure 2.15, a good agreement between the concentrations measured using ED-

XRF or PIXE technique on SDI samples can be noticed. Only elements detected in 

very low concentration (e.g. V and Ni) show a lower correlation, although ED-XRF 

and PIXE values are often comparable if error bars are considered. In fact, for low 

concentrations significant uncertainties on measured values are always registered 

due to the low statistics in measured counts. The ratio between ED-XRF and PIXE 

concentration values is generally 1.0 ± 0.1; since the MICROMATTER standards 

used by the two laboratories to calibrate their set-up belong to different batches, 

each certified within 5%, this indicate that no significant systematic discrepancy 

affects the ED-XRF results. The agreement between ED-XRF and PIXE for Mn 



48 

data is also noteworthy, indicating that disagreement between ED-XRF and 

certified Mn values for NIST standard (see figure 2.13) cannot be ascribed to 

problems in ED-XRF analysis. 

figure 2.15: XRF-PIXE inter-comparison on four SDI series (stages 1-12). On both axis, concentration in µg 

per sample are represented.  

In table 2.1, the variability of blank SDI Kapton supports was reported. It could 
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give problems especially for Ca evaluation. In this case, the advantage of PIXE on 

ED-XRF analysis is the possibility to analyse not-sampled parts of the Kapton 

supports for a better blank correction (ED-XRF can not be carried out on small parts 

of the support). However, good agreement in the inter-comparison results was 

found and blank variability had a not-significant effect on results; it should be also 

considered that Ca is one of the elements detected in the highest concentration, so 

that blank variability had small influence on the final results. 

It is noteworthy that PIXE MDLs were lower than ED-XRF, especially for Z<20  

and PIXE analysis requires shorter times (1200 s) to detect simultaneously elements 

with Z>11 in SDI samples. However, ED-XRF can be considered a good alternative 

to PIXE in the analysis of size-segregated samples, considering that the results 

obtained with the two techniques are in very good agreement and that ED-XRF is 

much more widespread, cheap and easy to use. 

Future developments will face the problem of 11<Z<16 elements, focusing on self-

absorption coefficient determination.  

2.2.3 Examples of elemental size distributions in Milan 

In winter 2009 (21
st
 November - 4

th
 December) a sampling campaign was carried 

out in Milan at the urban background station located on the roof of the Department 

of Physics in the University campus. 

PM10 daytime (09-18) and night-time (21-06) samplings were performed to obtain 

a complete chemical characterisation (elements, ions, and organic and elemental 

carbon); moreover, an SDI impactor was used to carry out 7 measurements of size-

segregated particulate matter in Milan. SDI supports were analysed using the ED-

XRF spectrometer set-up previously described. 

In the following, examples of measured elemental size distributions and inverted 

data for the 24 hours sampling will be presented. The presented elements have been 

identified as tracers for some important sources in Milan (see par. 3.3.2). 

In table 2.3, data concerning the identified modes for the selected elements are 

shown. It is noteworthy that at least one mode for d > 1 µm was detected for all the 

elements. No mode in the sub-micron range was identified for Ca and Ti.        
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figure 2.16: examples of 24-hours size distributions obtained by SDI cascade impactor in winter 2009

table 2.3: 24-hours mode data for the selected elements  

This was the first study in Milan area on size-segregated aerosol composition down 

to 40 nm and these samples were useful to test the ED-XRF methodology set-up.  

Further campaigns have to be carried out in order to gain complete information on 



51 

elemental size distributions and on their link to emission sources and atmospheric 

processes in Milan area. In fact, is useful recalling that differences in the modal 

distributions have to be ascribed to different particle sources or atmospheric 

processes involved in particle formation. 

It is also noteworthy that the set-up of the ED-XRF spectrometer for cascade 

impactor analyses allowed to test a new methodology for the determination of 

elemental size distribution [Cuccia et al., 2010]. It is based on the combination of 

receptor modelling and number size distribution analysis (see Chapter 3). Up to 

now it has been tested on a dataset of samples collected in Genoa. The comparison 

between the data obtained by our model and real cascade impactor data showed 

good agreement, provided that source profiles for at least three main PM classes 

(PM10, PM2.5, and PM1) are available (see par. 3.3.3). 
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Chapter 3: Source apportionment by Positive Matrix 

Factorization (PMF) on high-time resolved data 

The identification and quantification of source contributions to the measured PM 

concentration (source apportionment) is one of the main topics of interest in aerosol 

science.  

Three main source apportionment approaches can be applied [Viana et al., 2008 and 

therein literature]: 

a) basic numerical analysis of monitoring data (e.g.: correlation of wind 

direction with levels of measured components to identify source locations, 

correlation between gaseous pollutants and PM components to identify 

source associations...). The main advantage of this approach is the low 

impact of mathematical artefacts due to the simplicity of the data analysis; 

b) simulation of aerosol emission, formation, transport and deposition, based on 

emission inventories and/or dispersion models. A limitation of this approach 

is due to the request of detailed emission inventories (not always available) 

and to the low accuracy of available emission inventories, especially when 

natural emissions are important. The main advantage consists in the 

possibility using  these methods in scenario studies to evaluate the impact of 

emission abatement strategies on the anthropogenic contribution to ambient 

PM concentrations; 

c) statistical evaluation of PM chemical data acquired at receptor sites (receptor 

models). Receptor modelling is based on the assumption that mass and 

species conservation can be assumed and a mass balance analysis can be 

used to identify and apportion sources of airborne PM in the atmosphere. A 

wide range of statistical models and modelling approaches are currently 

available in the literature, requiring a different degree of knowledge on the 

pollution sources prior to the application of receptor models. The two main 

extremes of receptor models are chemical mass balance (CMB: detailed 

sources chemical characterisation is required) and multivariate models (no or 
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limited information on the emission sources is required). 

Among the three approaches mentioned above, receptor models are of great interest 

because they allow the source apportionment starting from in-situ measurements of 

aerosol components. More in detail, the model input data are the aerosol 

components measured at a receptor site.  

Positive Matrix Factorization (PMF) is a receptor model widely applied in aerosol 

sciences to obtain information on the aerosol sources influencing a specific area. It 

was developed by Paatero and Tapper (1994). In this work, PMF2 was applied to 4-

hour time-resolved PM10 composition, to gather information on source 

apportionment, source profiles, and high time-resolved temporal trends of the 

sources influencing the area of interest. 

In this work, PM measured components used for PMF analysis included elements 

measured by ED-XRF, ions (sulphate, nitrate, ammonium) detected by ion 

chromatography (IC), organic and elemental carbon measured by thermal-optical 

transmittance method (TOT), and levoglucosan concentrations determined by high-

performance anion-exchange chromatography coupled with pulsed amperometric 

detection (HPAEC-PAD). 

Once PMF results were obtained, a methodology developed by Mazzei et al. (2007) 

was applied, to identify of the contribution of the detected sources to the measured 

particle number in different size-bins. This was obtained by the application of 

multiple linear regression among PMF source temporal trends and particle number 

distribution in 10 classes in the range 250 nm – 10 µm. 

3.1 The applied model: Positive Matrix Factorization 

3.1.1 PMF index convention 

Samplings of particulate matter are usually aimed at mass concentration 

determination and/or chemical speciation. During a sampling campaign, N samples 

are analysed for M chemical species determination. Chemical speciation is 

important both for the assessment of aerosol effects on human health and 
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environment, and for source identification. It is noteworthy that the more detailed is 

the chemical speciation, the more complete and correct will be the source 

identification. Indeed, if a source is characterised by a specific tracer but it is not 

measured, this source cannot be identified by receptor modelling. 

Data for the M chemical species from the N samples can be organised in an NxM 

data matrix (index i=1...N for samples and index j=1...M for chemical species): 

X = 

�
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�
�
�
�

�
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�
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ij

M22221

M12111

X...XX
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, 

where each Xij in the matrix represents the concentration of the j
th

 species measured 

at the receptor site in the i
th 

sample. 

The aim of PMF is the factorisation of the matrix X as follows: 

Xij= ij

P

1k

kjik eFG +
=

, 

where the k index indicates one of the P sources to identify, Gik represents the 

contribution of the source k to the sample i, and Fkj is the contribution of the 

chemical species j to the source k. Each eij represented by 

eij = Xij -
=

P

1k

kjikFG = Xij-Yij

is the residual between the concentration Xij measured at the receptor site and the 

concentration Yij reconstructed by the model. In matrix form it can be re-written: 

X=GF+E, 

where G is the “factor scores” matrix (the columns are the temporal contributions of 

the sources to the receptor), F is the “factor loadings” matrix (i.e. its rows represent 

the chemical profiles of the sources), and E is the residual matrix. 

3.1.2 Physical constraints for the apportionment 

PMF has to satisfy the following constraints for the solutions to be physically 

consistent (thus limiting the choice among the possible solutions): 
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a) the model has to reproduce experimental data; 

b) Gik 
 0   i, k: indeed, negative elements would represent an aerosol sink and 

not a source; 

c) Fkj 
 0   k, j: indeed, a source is expected to emit, not to absorb, elements; 

Conditions a), b), and c) are directly implemented into the PMF algorithm (see the 

following paragraph). However, further physical constraints can be identified: 

d) Fkj � 1  k = 1, . . . , P, i.e. the measured species cannot explain more than 

100% of the source composition 

The a-posteriori check on conditions d) is the first criterion for results validation. 

3.1.3 PMF mathematical model 

PMF is a bilinear factor model factorising the X matrix as 

X=GF+E. 

G and F are non-negative matrices that minimise the object function Q: 

Q=
= =

�
�

�

�

�
�

�

�N

1i

M

1j

2

ij

ij

s

e
,  

where sij are the weights associated to the j species in the i sample (evaluated from 

analytical uncertainties) and eij are the residuals between measured and 

reconstructed concentrations. Thus, PMF solves the factorisation problem using the 

weighed least-squares minimisation method. The minimisation algorithm directly 

includes non-negative constraints for the elements of F and G. In fact, it minimises 

a Q  function, in which Q is summed to terms for non-negativity implementation 

and for rotational control. Non-negativity implementation ensures physical 

significance to the solutions.  

Variables were selected according to the signal to noise ratio criterion [Paatero and 

Hopke, 2003]. We used the procedure of Polissar et al. (1998) to obtain the 

estimates for data and weights to be used as input for PMF for all the measured, 

missing and below MDL (Minimum Detection Limit specific for each component) 

data combining experimental values, uncertainties and MDL as explained in the 

following. Briefly, be vij the measured value, uij the analytical uncertainty, and dij
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the MDL for sample i and species j. Moreover, be jv~  the geometric mean of the 

measured concentrations for element j and jd the arithmetic mean of the MDLs for 

the species j. Then Xij and sij for each sample i and chemical species j are calculated 

as shown in table 3.1. 

Xij sij

Determined values Xij=vij sij=uij+vij/3 

Values below MDL Xij=dij/2 sij= jd +dij/3 

Missing values Xij= jv~  sij=4 jv~

table 3.1: Polissar approach for Xij and sij estimation in PMF analysis. 

The output factors G and F have to be normalised, to represent the temporal trends 

and the profiles of the identified sources. The normalized G factors were obtained 

as those reconstructing the receptor-measured mass concentrations ci at the receptor 

site, according to the Multi-Linear Regression (MLR) model:  i
P

1k ikki �gbc += =
. 

The quantity bkgik represents the contribution due to the k-source to the i-th PM 

concentration registered at the receptor; �i represents the i-th residual of the 

regression model. The intercept was set to zero, as otherwise it would have 

represented a not meaningful constant contribution at the receptor as already done 

by Polissar et al. (1998). 

Among the outputs of the model, important parameters to consider are the explained 

variations (EV). They indicate to what extent a source explains the temporal trend 

of an element. The higher is the EV of an element in a source, the more this element 

is specifically contained in that source if compared to the others. Thus, high EV for 

an element in a source identify that element as a good tracer for the source. 

PMF, as well as other receptor models (e.g. Absolute Principal Component 

Analysis), is affected by the rotational ambiguity problem [Paatero et al., 2002]. 

Opposite to other models, in which central solutions are rotated a-posteriori, PMF 

directly implements rotations in the minimisation algorithm. They are controlled 

using the parameter FPEAK [Paatero, 1997], which influences one of the 

regularisation terms of the object function Q . The rotation tool FPEAK, for its 
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mathematical structure, does not allow a-posteriori rotation of the solution after the 

choice of the ‘correct’ number of factors. On the contrary, the selection of a 

reasonable range for the number of factors is performed analysing conventional 

output parameters (e.g. Q, IM, IS, see Lee et al. (1999) for details) and, for each 

selected number of factors, the exploration of all the solutions corresponding to the 

rotational range -1 < FPEAK < +1 has to be carried out, looking for the best rotated 

solution.     

Every other a priori physical condition about the problem can be translated into 

mathematical constraints to reduce the ambiguity in the choice of the best solution 

(e.g. points d in paragraph 3.1.2). 

The robust mode based on iterative re-weighting of data points [Paatero, 1997] was 

also selected to control and limit the influence of outliers (i.e. data in the tail of the 

log-normal distribution) on the solutions. 

Estimates of the errors on the source apportionment were obtained from the error 

propagation on G and F elements given as output by the model.  

3.1.4 PMF peculiar features 

Summarising, PMF is characterised by some peculiar features: 

1) the minimisation algorithm directly implements non-negative constraints on 

F and G matrices; 

2) PMF allows to associate a specific weight to each datum, determined first of 

all by its analytical uncertainty. Thus, less uncertain data have higher 

importance in the fit; moreover, it allows the maximisation of the number of 

input data, as missing data or data below the MDL can be inserted after 

suitable estimations, always down-weighed, differentiating the quality of 

their information from that given by more robust data; 

3) PMF gives the possibility to limit the influence of outliers data  in the fit 

working in robust model, which allows a reduction of the weight of possible 

outliers; 

4) PMF output includes also the estimation of the uncertainties on F and G

matrices, thus allowing the determination of the uncertainties on the obtained 
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apportionment; 

5) PMF (as all receptor models) is affected by rotational ambiguity. The model 

allows to iteratively perform global rotations instead of the a-posteriori 

rotation of the central solution, as usually done using other models. 

Rotational ambiguity can be further reduced introducing the control on 

further physical constraints to be satisfied by the solution. 

3.2 The analysed dataset. 

PMF analysis was applied to a dataset already available; general features will be 

reported in the following. 

PM10 samples were collected with 4-hour resolution in 2006 (two weeks during 

summertime and two weeks during wintertime) in parallel on PTFE and quartz fibre 

filters (total: 180 samples per substrate). Elemental composition was determined on 

all PTFE filters by ED-XRF. The main inorganic ions (sulphate, nitrate and 

ammonium) were determined after water extraction of half quartz fibre filter by IC. 

TOT method (see paragraph 4.3.1) was applied to a 1.5 cm
2
 quartz fibre filter punch 

to obtain organic and elemental carbon quantification. Levoglucosan (produced by 

cellulose pyrolysis and thus marker for biomass burning) was measured only on 

wintertime samples by HPAEC-PAD, following the procedure described in 

Piazzalunga et al., 2010. 

Additional measurements included the determination of the number size distribution 

with high temporal resolution using an optical particle counter (OPC) and (only 

during wintertime) a condensation particle counter (CPC), and information on 

meteorological and atmospheric dispersion conditions (using 
222

Rn as tracer for the 

Mixing Layer condition). Moreover, a streaker sampler was used to obtain element 

concentrations with hourly resolution by PIXE analysis in two size fractions: fine 

(<2.5 µm), and coarse (> 2.5 µm). 

Details on the experimental techniques, results on the concentrations and temporal 

trends, and the identification of specific episodes are reported in Vecchi et al. 

(2009a). A peculiar feature of this database was the possibility to identify episodes 

as long-range transports, or local production of atmospheric particles. Moreover, the 
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high-time resolution allowed to identify periods dominated by primary contribution, 

and to give information about primary and secondary contributions to the measured 

PM. 

It is noteworthy that the high degree of detail of the database made it ideal also for 

the application of PMF analysis to apportion the contribution of the different 

sources to the measured PM, as carried out in this PhD thesis.  

  

3.3 Results 

3.3.1 Dataset features 

Nineteen chemical species were considered for PMF analysis: Al, Si, sulphate, Cl, 

K, Ca, Ti, Mn, Fe, Ni, Cu, Zn, Br, Pb, nitrate, ammonium, OC, EC, and 

levoglucosan. Sulphate concentration was inserted as 3SED-XRF due to the good 

inter-comparison between ED-XRF and IC results and the lower uncertainties 

affecting ED-XRF determination [Kim and Hopke, 2006]. 

Input weights were evaluated using the Polissar approach. Basic uncertainties used 

for Polissar method application were those determined by ED-XRF for the elements; 

as for ions and carbon fractions, 10% uncertainty on the measured value was used 

for ions and 15% for carbon fractions both due to higher uncertainties in these 

determination techniques and to underestimate their weight of these species in the 

fit, thus limiting the influence of the high concentration values and accounting for 

the possible variability of the source profiles from which they are expected to derive 

(mainly secondary compounds and combustion) [Kim et al., 2004]. 

3.3.2 Identified sources 

The analysis of conventional output parameters (i.e. the Q, IM and IS ) allowed to  

restrict the range of the number of factors to be studied to P=7, 8, 9. 

P=9 was immediately rejected, as for all rotation the sum of the contributions in at 

least one source profile exceeded 100% (i.e. the components explained more than 

the total mass emitted by the source).  

For P=7, the resolved factors were identified as construction works, re-suspended 
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dust, secondary sulphates and organics, traffic, industry, secondary nitrate, and 

wood combustion. 

For P=8, a source containing mainly OC and without specific tracers appeared and 

it was decided not to consider it.   

Focusing on the seven factorial solution,  the rotations with FPEAK 
 0.3 were 

rejected, as for one source the sum of the contributions in the source profile 

exceeded 100%. In the range -0.4 � FPEAK � 0.2 the ratios between Al/Si in 

construction works source, and Levoglucosan/OC and EC/OC in wood combustion 

source are stable. The main differences among the considered rotations are the 

nitrate and ammonium contents in wood combustion source. These contributions 

are completely negligible in the range 0 � FPEAK � 0.2, while nitrate contribution 

grows from 8% to 15% (ammonium from 1% to 3%) with FPEAK varying in the 

range -0.1 to -0.4. As levoglucosan is a tracer for primary wood combustion 

emissions, the range  0 � FPEAK � 0.2 was only considered. In this range the 

solutions were comparable within the errors for all the analysed parameters, thus 

FPEAK=0 was chosen as final solution. 

As previously mentioned, the seven sources were identified as construction works, 

re-suspended dust, secondary sulphates and organics, traffic, industry, secondary 

nitrate, and combustion.  

Average seasonal source apportionment and estimated uncertainties are shown in 

table 3.2. It is noteworthy that the two secondary sources account for about 37% of 

the measured mass during summertime and 49% during wintertime: thus, secondary 

sources are main contributors to PM10 mass in both seasons. Another major 

contributor during summertime is re-suspended dust (28% on average).  In figure 

3.1, 4-hour resolved average apportionments during summer and winter are 

represented. In the following, each source will be presented in detail.  

table 3.2: source apportionment and uncertainties on source contributions. 
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figure 3.1: 4-hour resolved average source apportionment by PMF during summertime and wintertime

Construction works  

The construction works source (see details in figure 3.2) represents re-suspended 

construction material (i.e. cement, dust, gypsum) and machineries exhausts. Ca is 

considered the main tracer for this source, and it is responsible for a considerable 

mass fraction of this source (nearly 20%). Other important components for 

construction works source are OC, Si, and sulphate. Ca and sulphate can be ascribed 

to the gypsum used for construction activities. The possible presence of gypsum in 

Milan urban area was mentioned by Vecchi et al. (2009a): in that work, a relation 

between Ca and S concentration in the coarse fraction (d > 2 �m) with 1 hour 

resolution was found (see figure 3.3). 

In construction works source, Al/Si ratio registered by our PMF analysis is 0.3, 

which is the ratio expected for crustal matter. In fact, particulate matter in this 

source includes soil directly lifted up from the ground nearby the receptor site, thus 

a contamination by the soil is expected. The highest peaks in this source temporal 

pattern are due to construction works sporadically carried out (and directly observed) 

in the garden of the Department of Physics during the periods of the field 

campaigns. The relative contribution of this source was higher during summertime 

(9%) than during wintertime (4%), probably due to the drier conditions during the 

hot season which enhance re-suspension of construction material, and to the 

reduced contribution of other sources (i.e. wood combustion, see later). However, 
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the contribution of this source during peak events (3 July, 23 November, and 27 

November) rose up to 35% of the PM10 mass. The relative contribution of this 

source is about 5% higher during daytime than night-time in both seasons, due to 

the higher contribution of source emissions and to the particle size (see in the 

following the discussion on size-segregated apportionment), which enhances 

deposition processes during night-time. 

figure 3.2: explained variation, source profile and temporal trends (including a source tracer) for construction 

works source

figure 3.3: S, Ca and particles number concentration (d > 2 �m) with 1-hour resolution during 4–6 July 2006 

[Vecchi et al., 2009a] 
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Re-suspended dust 

figure 3.4: explained variation, source profile and temporal trends (including a source tracer) for re-

suspended dust source

Re-suspended dust (see figure 3.4) represents particulate matter deposited on the 

ground and re-suspended by natural (e.g. wind) or anthropogenic (e.g. traffic) 

agents. Specific tracers for this source are Al, Si, and Ti. The ratios for these 

elements are not expected to be those from soil dust, as particles coming from this 

source are a mixture of soil dust and other particles (i.e. coming from abrasion of 

mechanical parts and vehicle exhaust) previously deposited on the ground. For the 

re-suspended dust source resolved by PMF, Al/Si ratio is 0.45, higher than that 

expected for natural dust (0.3). Other important constituents of this source are OC 

and nitrate. The relative contribution of this source is 28% and 8% in summer and 

winter, respectively. As previously mentioned for construction works contribution, 

drier soils and higher atmospheric turbulence during summertime play a key role for 

the explanation of the variation of re-suspended dust contribution in the two seasons. 

Moreover, a high re-suspended dust contribution is registered during summer 
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afternoons (h. 12.00-20.00: 35% on average), while during the second part of the 

night (h. 0.00-8.00) it accounts only for about 20% of PM10 mass. In this case, 

differences in anthropogenic activities and atmospheric turbulence between daytime 

and night-time, and the short residence time of the larger re-suspended particles can 

justify this variation. 

Comparing construction works and re-suspended dust temporal trends, it can be 

evidenced the capability of PMF in identifying of sources with similar components 

(e.g. Al, Si, Ti, and Fe account for similar amounts in the above mentioned source 

profiles). As an example, when analysing the bare elemental trends a sudden strong 

increase during 23 November  morning was identified in Al, Si, Ti and Ca temporal 

trends, but it was not possible understanding the origin of these elements (see 

Figure 4). PMF ascribed this increase to construction works and this result is 

supported also by in-situ observation (e.g. analogous increase in particle number 

concentration with d > 2 �m by OPC), as during that day in the garden of the 

Department construction works were carried out. 

Secondary sulphates and organics 

figure 3.5: explained variation, source profile and temporal trends (including a source tracer) for secondary 

sulphates and organics source
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The source called secondary sulphates and organics is traced by sulphate (which 

accounts for nearly 20% mass in the profile) and ammonium. The other main 

contributor (20%) is OC. Thus the is a complex secondary source including 

sulphates and secondary organic compounds. This source gives significant and 

similar contributions to PM mass in both seasons (30% and 24% in summer and 

winter, respectively). 4-hour resolved apportionment evidences the highest 

contribution during summer afternoons, when photochemical activity is more 

efficient. During wintertime, maximum relative contribution is reached during 

night-time (about 27%) and it has probably to be ascribed to condensation (mainly 

of organic compounds).  

The analysis of bare data had been coupled to back-trajectory results in a previous 

work [Vecchi et al., 2009a], highlighting the presence of long-range transport 

episodes during the two field campaigns (5-6 July and 2 December). The 

identification of this episodes was confirmed by back-trajectories analysis: the air 

mass on Milan during that periods had travelled through eastern Europe countries 

during previous days. Fuels containing high quantities of S are still largely used in 

those countries, so that sulphates and/or their precursors, together with other 

components (e.g. organics), are occasionally transported to Northern Italy. PMF 

analysis carried out in this work allowed the quantification of secondary 

contribution during these episodes (about 55% in both seasons). 

Traffic 

As for traffic (see figure 3.6), Fe, Cu, and EC are the main tracers of this source. Fe 

and Cu had been already identified as traffic markers in the Milan area [Marcazzan 

et al., 2003]. EC and OC are the main contributors to the traffic source profile. This 

source, representing only primary traffic emissions, accounts for 14% and 16% 

during summer and winter, respectively. During summertime, the relative 

contribution of this source is higher during the night. This can be ascribed to the 

rapid deposition of particles generated by other sources (e.g. re-suspended dust and 

construction works). During wintertime, on the contrary, rush hours are well 

defined. More in detail, the traffic relative contribution and the total number 

concentration of particles with d > 4 nm (measured by the CPC) were compared 
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during working days: maxima in the time slots 8.00-12.00 and 16.00-20.00 were 

detected (see figure 3.7). It is noteworthy that no class in the range 0.25-10 �m 

shows an analogous trend. 

figure 3.6: explained variation, source profile and temporal trends (including a source tracer) for traffic 

source 

figure 3.7: representative day for traffic source relative contribution and for total particle number 

concentration (d > 4 nm) 

Industry 

In this work, Zn and Mn are the main tracers for industry source. Previous works 
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had identified these elements in Milan urban area as primary tracers for industrial 

processes including incinerators emissions [Marcazzan et al., 2003]. It should be 

noticed that OC, EC, nitrate, and ammonium are the main constituents of this source. 

figure 3.8 shows that the temporal pattern of this source is very regular during 

summertime, with maxima (well above 10 �g m
-3

) during night-time and diurnal 

minima. During wintertime, the temporal pattern is not so clear. This might be due 

to strong ground-based temperature inversions typical of winter nights in the Po 

Valley. In fact in these conditions industrial/incinerators chimneys are above the 

Mixing Layer; therefore, during night-time the pollutants cannot reach the receptor 

point, situated at ground level. Average relative contributions for this source were 

comparable in summer and winter (11% and 8%, respectively). 

figure 3.8: explained variation, source profile and temporal trends (including a source tracer) for industry 

source 

3.1.6 Secondary nitrate 

Secondary nitrate source (figure 3.9) is characterised by nitrate as main tracer. Main 
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contributors are nitrate (50%) and ammonium (10%). It is characterised by a 

peculiar seasonal trend: during summertime it accounts only for 7% on average. On 

the contrary, it becomes one of the main contributors during winter season (25%). 

During summertime, it is also noteworthy that nitrate contribution is higher during 

night-time (average 11% for h. 0.00-8.00). This has to be ascribed to the lower night 

temperature, which allows the presence of particulate nitrate and limits sampling 

artefacts to occur. Organic and inorganic artefacts were estimated in Milan urban 

area by Vecchi et al. (2009b), and an average nitrate loss of 22% on quartz fibre 

filters during summertime was reported. Also a tendency of greater nitrate 

volatilisation with temperature increase was detected, in agreement with other 

literature data [Chow et al., 2005; Keck and Wittmaack, 2005]. 

figure 3.9: explained variation, source profile and temporal trends (including a source tracer) for secondary 

nitrate source

Wood combustion 

This source is characterised by levoglucosan and its isomers as source tracers (see 

figure 3.10). The main contributors to this source are OC, EC, and levoglucosan. 
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Levoglucosan is a specific tracer for wood combustion, and the presence of K in the 

source profile is a further confirmation [Kleeman et al., 1999]. This source, which 

represents primary wood burning contribution, accounts on average for 14% during 

wintertime. The relative contribution of this source is higher during night-time. In 

the following paragraph, size segregated apportionment is reported. It can be 

noticed (see figure 3.11) that wood combustion source is a main contributor for fine 

particles, which have the longest residence time in atmosphere, thus justifying wood 

combustion daily trend. 

figure 3.10: explained variation, source profile and temporal trends (including a source tracers) for 

combustion source  

3.3.3 Size-segregated particle number source apportionment 

As previously mentioned (par 3.2), an optical particle counter (OPC) operated 

during the sampling campaign. It gave information on high-time resolved particle 

number concentration in 31 size bins from 0.25 to 32 µm. Our analysis was limited 

to the range 0.25-12 µm. Size bins with similar temporal patterns were summed 

together. 4-hour averages were calculated to make particle number temporal trends 
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directly comparable to PMF sources temporal trends.

Multi-linear regression was performed between particles number in each size range 

and PMF sources temporal trends. This allowed the apportionment of source 

contributions to the particle number distribution. Multi-linear regression was 

separately performed during summer and winter, due to the strong seasonal 

variation of some sources contribution. The results for both seasons are presented in 

figure 3.11. It is noteworthy that wood combustion was not considered in the 

analysis during summertime, as the tracer for this source was not measured in this 

season. 

figure 3.11: particle number distribution source apportionment during summer and winter. 

In figure 3.11, it is noteworthy that construction works contributes mainly to 

particles with d > 2 µm (> 30% for d > 4�m), while re-suspended dust gives a more 

significant contribution to lower size bins especially during summertime. In this 

season, re-suspended dust contribution accounts for more than 25% in almost all 
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size bins (more than 50% in 0.8-4 �m range). Indeed, as previously mentioned, re-

suspended dust is composed not only by soil, but it also includes a contribution 

from smaller particles (e.g. vehicle exhausts particles), which can deposit on the 

ground and then be re-suspended by traffic or by atmospheric agents (e.g. wind, 

thermal-driven turbulence). It is also interesting that there is no contribution of re-

suspended dust to particles with d > 6.5 µm during wintertime. This can be due to 

the lower atmospheric turbulence and wind speed during the cold season that limit 

the strength of re-suspension forces, as well as to high relative humidity that 

enhances particle sticking on the ground. On the contrary, the contribution of 

construction works to larger particles is observed also during wintertime because of 

machine excavation of the ground leading to important soil lift up.  

A strong variation of the relative contribution of secondary sulphates and organics 

source to the different classes in the two seasons was detected. During summertime, 

highest contributions are registered for particles with d < 0.5 µm (up to 35% for 

0.25-0.30 µm diameter particles). Moreover, a contribution to particles with d > 2 

µm is observed, correspondent to the increase in construction works contribution. 

However, it has been supposed that this can be ascribed to PMF analysis. In fact, 

sulphate is one of the main components of the secondary compound source, but it is 

also present in the construction work source (gypsum). Therefore, it is possible that 

uncertainties on the sulphate apportionment by PMF lead to the detected increase. 

During wintertime, the size distribution of secondary sulphates and organics source 

is completely different. It becomes the dominant component in the 0.5-2 µm 

diameter range. This can be ascribed to the different processes leading to secondary 

formation in the two seasons (i.e. photochemistry during summertime and 

condensation during wintertime), to the higher relative humidity during the cold 

season leading to particle hygroscopic growth, and to the reduction of the 

contribution importance of other sources (e.g. there is no re-suspended dust 

contribution during wintertime in the range 0.8-1.3 µm). 

Traffic contributes for 8-17% in all classes up to 3 µm during summertime, while 

during wintertime the main contributions are given to small particles (< 0.4 µm) and 

to particles greater than 1 µm (probably due to the increase of other sources 
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contribution in the intermediate classes). 

As for industry, the contribution is higher than 5% in all classes during summertime; 

maxima values are registered in the 0.4-0.8 µm range, where industry accounts for 

about 17% of the measured particle number. During wintertime the contribution is 

much lower in all OPC classes.  

Secondary nitrate gives a high contribution for sub-micrometric particles during 

both summer (up to 40% in the 0.4-0.65 �m range) and winter (about 40% in the 

0.2-0.5 �m range).  

As for wood combustion contribution, it is noteworthy that it is the main primary 

contributor in the 0.25-0.50 �m during the winter season (> 20%). 

It is noteworthy that the information given in this last paragraph has to be 

considered just as an indication of the importance of the identified source 

contributions to the different size bins. In fact, our research group in close 

collaboration with the research group of the University of Genoa, recently further 

developed this technique to gather information on elemental size distribution 

[Cuccia et al., 2010], thus limiting the need to use multi-stage cascade impactors 

(see Chapter 2) whose application in field campaigns is always highly time 

consuming. In that work, applied to Genoa samples, we proved that reliable results 

on elemental size distribution can be obtained only if source profiles are available in 

at least three main size fractions (PM10, PM2.5, PM1). This can be noticed by the 

comparison of figure 3.12 and figure 3.13: in figure 3.12, where only PM10 profile 

is used for size distribution reconstruction, the reconstructed data (grey) can be 

considered only indicative, as the general trend is similar to that obtained by 

cascade impactor (black), but the differences between the two are significant. On 

the contrary in figure 3.13, where PM10, PM2.5 and PM1 profiles are available, 

measured and reconstructed data are nearly always comparable within the estimated 

errors. 

During the Milan field campaign considered in this chapter, only PM10 samplings 

were available. Future measurement campaigns will be carried out allow further 

steps of our analysis. 
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figure 3.12: elements size distribution obtained by multistage impactor (grey) and by the combination of 

PMF and OPC analysis (black), when only PM10 profile is available [Cuccia et al., 2010]. On the x-axis 

particle diameter in µm is reported, on y axis % PM concentration is reported. 

figure 3.13: elements size distribution obtained by multistage impactor (grey) and by the combination of 

PMD and OPC analysis (black), when only PM10, PM2.5 and PM1 profiles are available [Cuccia et al., 2010] 
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Chapter 4: Carbonaceous particles and the role of 14C 

in source apportionment 

4.1 Introduction. 

Carbon is one of the major components of atmospheric aerosol, especially in the 

fine fraction. 

Carbonaceous particles affect the atmosphere properties at both local and global 

scale (see par 4.1.3). They can have either natural or anthropogenic origin; in both 

cases, they can be of primary or secondary origin. For example, primary 

carbonaceous particles of natural origin are plants debris, spores, pollens, virus, and 

bacteria. Secondary particles of natural origin are formed by biogenic VOCs-to-

particle conversion (e.g. VOCs like terpens emitted by trees). Primary carbonaceous 

particles of anthropogenic origin are mainly originated by combustion processes 

(e.g. traffic, industry, biomass burning), while secondary carbonaceous particles are 

formed by organic gas-to-particle conversion, mainly resulting from oxidation due 

to hydroxyl radical (OH
�
), ozone (O3) and nitrate radical (NO3

�
) [Jacobson et al., 

2000] or from aqueous–phase oxidation [Haywood and Boucher, 2000].  

4.1.1 Organic and elemental carbon. 

Total carbon in the aerosol (TC) consists of two main fractions: elemental (EC) and 

organic (OC) carbon. Another small contribution from carbonate carbon (CC) may 

also exist; Chow and Watson (2002) consider it always negligible in PM2.5 or 

lower size particles. Also in PM10, it can be neglected except in regions near 

carbonate deposits.  In this work carbonate will be considered as negligible in our 

PM samples.  

EC has only primary origin and it is produced by the incomplete combustion of 

fossil and biomass fuels in an oxygen–poor environment; it is a complex three 

dimensional polymer and it is not present in atmosphere in its purest form (graphite): 

it is composed by randomly oriented crystals of 2–3 nm in diameter, interspersed 

with other elements (mainly oxygen, hydrogen, sulphur and nitrogen), in less than 

10% of elemental carbon content [Chow et al., 2001].  Moreover, it is the main light 
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absorber material in atmosphere [Novakov, 1997].  

OC, which is the most abundant fraction in carbonaceous aerosol, is either directly 

released in the atmosphere in the particulate form or it is formed in the atmosphere 

by gas-to-particle conversion of anthropogenic or biogenic precursor gases 

[Novakov, 1997]. It consists of thousands of chemical constituents belonging to 

many compound classes, such as aromatics or alcohols alkanes, and it covers a wide 

range of molecular forms, solubilities, reactivities, and physical properties which 

make a complete characterisation extremely difficult. In many areas, organic 

compounds represent the majority of particulate matter [Jacobson et al., 2000] and a 

lot of organic species have been recognised as biologically toxic [Chow et al., 2007]. 

It is noteworthy that the analytical separation of OC from EC using thermal 

protocols is, at the state of art, ambiguous because some of the EC thermally 

evolves in presence of oxygen, and part of OC can change to EC (this process is 

called pyrolysis or charring) in an oxygen–poor atmosphere [Watson et al., 2005], 

so the two fractions are operationally defined (see more details in paragraph 4.3.1). 

The definition of OC and EC is further complicated by a number of different 

methods (based on thermal or optical properties) used to quantify them. Results of 

round–robin tests carried out on samples of atmospheric aerosol show good 

agreement (better than 10%) for TC concentrations obtained by different 

instruments and techniques, while discrepancies up to a factor 2 are commonly 

found in EC measurements carried out with different methodologies (i.e. optical, 

thermal) [e.g. Schmid et al., 2001; Watson et al., 2005 and therein literature]. 

Further problems have to be ascribed to the absence of commonly accepted 

standards and reference materials that can be used to quantify EC as it appears in 

the atmosphere [Chow et al., 2001], thus it is impossible to characterise the EC 

thermal behaviour under different thermal analysis conditions [Yu et al., 2002]. In 

the last years, work on the realisation of a suitable reference material has been 

carried out [Popovicheva et al., 2010].  

4.1.2 Global primary emission inventory of OC and EC from 

combustion 

Bond et al. (2004) reported a new global inventory of black carbon (BC, which can 
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represent elemental carbon resulting from optical measurements) and organic 

carbon, as well as the uncertainties in these estimates.  

figure 4.1: Emissions of primary organic carbon aerosol based on 1996 activity data. (a) Contained 

combustion, based on 1996 activity data. (b) Open burning, annual average. The colour variation is 

approximately logarithmic and is the same as in figure 4.2. Units are ng/m
2
/s [Bond et al., 2004].

figure 4.2: Emissions of black carbon aerosol. (a) Contained combustion, based on 1996 activity data. (b) 

Open burning, annual average. The colour coding is an approximately logarithmic scale. Units are ng/m
2
/s (1 

ng/m
2
/s = 32 kg/km

2
/yr) [Bond et al., 2004]. 
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The calculation procedure is based on combining fuel consumption data, application 

of combustion technologies, and emission controls. Bond et al. (2004) estimated 

primary organic carbon emissions from contained combustion of fossil fuels and 

biofuels in the range 5-17 TgC yr
–1

, while open burning OC was estimated in the 

range 12–57 TgC yr
–1

 (see figure 4.1). As for BC emissions, Bond et al. (2004) 

estimated contained combustions in the range 3–10 TgC yr
–1

, while open fires 

contribution was estimated in the range 1.6–3.8 TgC yr
–1

 (see figure 4.2). It is also 

worth noting that Ito and Penner (2005) report an increase of a factor three from 

1870 to 2000 for BC emissions. 

4.1.3 Importance of carbonaceous particles 

Carbonaceous particles have great importance at both local and global scale. 

In fact at the local scale: 

– they account for a large part of PM concentration. For example, in the Milan 

urban area, they explain about 40% of PM10 (particles with aerodynamic 

diameter lower than 10 �m) mass during both summer and winter (see figure 

4.3) [Vecchi et al., 2009a]; 

– there is evidence for a relationship between the presence of carbonaceous 

PM components and cardiovascular diseases and mortality. Recent studies 

indicate that OC and EC can have health importance equal to, or greater than, 

the other commonly measured pollutants. On the contrary, no evidence for a 

relationship between OC or EC and respiratory mortality was found 

[Mauderly and Chow, 2008 and therein literature];  

– carbon interacts with light, removing it from a sight path and thus 

influencing visibility. Currently, visibility monitoring is mandatory in the US 

[EPA, 1999b; Watson, 2002 and therein cited literature], while no systematic 

monitoring is statutory in the EU; 

– carbonaceous particles, together with sulphates, are the main responsible for 

the damage of monument surface in urban area. Both OC and EC are present 

in surface crusts, in different relative quantities depending on the analysed 

site [Bonazza et al., 2005]. The dark component of carbonaceous aerosols 

(EC) plays a key role in surface soiling and black crust formation. 
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Furthermore, carbonaceous particles, because of their high specific surface 

and the possible heavy metal content (especially when formed due to 

condensation processes), act as catalytic support to the heterogeneous 

oxidation of SO2, thus fostering the transformation of carbonate calcium 

(marble, of which many monuments are made) into gypsum [Ghedini et al., 

2000].  

figure 4.3: chemical mass closure as reported in Vecchi et al., 2009a 

At the global scale carbonaceous particles influence the radiative budget of the 

Earth–Atmosphere system in two different ways: they can scatter and absorb solar 

and thermal infrared radiation (direct effect), and they modify the microphysical 

properties of clouds with effects on their interaction with the radiation and lifetimes 

[Haywood and Boucher, 2000].  

The Intergovernmental Panel on Climate Change reports a radiative forcing 

estimation of –0.05 ± 0.05 W m
–2

 for fossil fuel OC, 0.20 ± 0.15 W m
–2

 for fossil 

fuel BC and 0.03 ± 0.12 W m
–2

 for the whole biomass burning aerosol (see figure 

4.4) [IPCC, 2007]. It should be noticed that central values for fossil and biomass 

carbon contribution are quite different and an improvement in the quantification of 

these two contributions may be important for the assessment of global scale effects. 

Great uncertainties are associated to these estimates and they are due to different 

reasons. For example, BC has different effects if modelled as external or internal 

mixture (see figure 4.5): in the last case the radiative effect may be considerably 

enhanced. Moreover, the BC radiative effect depends on the reflectance of the 

underlying surface or if BC is above or below clouds.  

As for OC, direct measurements are difficult and secondary production processes as 
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well as the presence of the natural component further complicate the correct 

estimation [Haywood and Boucher, 2000]. Moreover, a considerable fraction of OC 

is water soluble and at low relative humidity more water is often associated to 

organic fraction than to inorganic material, while at higher relative humidity the 

hygroscopicity of organic carbon is considerably less than that of sulphate aerosol 

[IPCC, 2007], modifying particle–radiation interactions. Therefore, also local 

meteorological conditions play an important role in the assessment of direct 

radiative forcing. 

figure 4.4: radiative forcing of different atmospheric components as reported in IPCC (2007) 

figure 4.5: a) external mixture; b) internal homogeneous mixture ; c) internal heterogeneous mixture
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As regards the indirect effect, different aspects can be considered [Lohmann and 

Feichter, 2005 and therein cited literature] (figure 4.6): 

a) the Twomey effect, which refers to the enhanced reflection of solar radiation 

due to more but smaller cloud droplets, whose liquid water content remains 

constant. In fact, anthropogenic aerosol can act as CCN, reducing the 

dimension of droplets in clouds; 

b) the higher number of smaller droplets reduces the precipitation efficiency 

and therefore enhances the cloud lifetime and hence the cloud reflectivity 

(second indirect effect or cloud lifetime effect) 

c) absorption of solar radiation by aerosol (especially BC) can lead to an air 

heating, which can result in cloud droplets evaporation with a dependence on 

the relative vertical position of clouds and BC (semi–direct effect). 

figure 4.6: direct and indirect aerosol effect 

The average forcing due to anthropogenic aerosol influence on cloud albedo is 

estimated to be –0.7 W m
–2

 (ranging from –1.8 to –0.3 W m
–2

) [IPCC, 2007], but 

the degree of scientific understanding is still considered low. Moreover, effects 

linked to cloud lifetime and precipitation were not considered in this estimation 

because potential cloud–dynamic feedbacks complicate the calculation of this effect 

[Pierce and Adams, 2009]. 

In this context, source apportionment gains great importance, as the possibility to 

correctly separate anthropogenic and natural components would allow the 
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assessment of human activities contribution to the locally measured carbonaceous 

PM. Moreover, among anthropogenic contributions, the apportionment between 

fossil fuels and biomass burning contribution would lead to the development of 

efficient abatement strategies and a better estimation of the effects at global scale of 

anthropogenic carbonaceous aerosol. The detection of specific chemical tracers (e.g. 

organic species) for the identification and quantification of the sources contributing 

to carbonaceous particles in atmosphere is a hard task. Indeed, a detailed carbon 

chemical speciation requires many analyses, and organic species identification is 

not completed yet. Moreover, high reactivity of organic species in atmosphere and 

temporal variation of emission factors further enhance uncertainties on source 

contribution estimates. Thus, another tracer for the separation of natural and 

anthropogenic carbon contribution is needed: 
14

C measurements on aerosol samples 

(see paragraph 4.2) have a key role to achieve this goal.  

4.2 14C in atmospheric aerosol and source apportionment 

4.2.1
 14

C as a tool for apportioning natural and anthropogenic 

sources  

14
C is an unstable natural carbon isotope. It is formed in the atmosphere by reactions 

between 
14

N and thermal neutrons originated by secondary cosmic rays. 
14

C/
12

C 

ratio is about 10
–12

 and it is almost constant during time. 

A very important 
14

C feature is its half–life: 5730±40 years. As fossil fuels need 

millions of years to be formed, no 
14

C is contained in these fuels anymore. 

Therefore, 
14

C analyses on total carbon contained in atmospheric aerosol samples 

allow the discrimination between the contributions due to fossil fuels and to sources 

of modern carbon (i.e. biomass burning and biogenic emissions). 

However, the aim of this work is separating natural from anthropogenic emissions. 

As biomass burning emissions at our latitudes have to be considered anthropogenic 

and they contain 
14

C, the separation between fossil and non fossil contributions on 

the total carbon fraction does not allow the separation between natural and 

anthropogenic sources.  
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Nevertheless, 
14

C analysis on the OC and EC fractions can be useful to achieve this 

separation (figure 4.7). In fact, EC is emitted only by combustion processes, thus it 

has two contributions: one from fossil fuels (where no 
14

C is contained) and one 

from biomass burning (containing 
14

C). Once these two contributions in the EC 

fraction are quantified, and knowing (from literature or experimental studies) the 

emission ratio (OC/EC)ER,bb by biomass burning, it is possible to assess the biomass 

burning contribution in the modern fraction of OC and, by difference in the 
14

C–

containing OC fraction, the natural contribution can be evaluated. Therefore, 
14

C 

analysis on separated carbon fractions allows quantifying the contribution of natural 

and anthropogenic sources [Szidat et al., 2004a]. 

figure 4.7: scheme of 
14

C contribution to the different carbon components and identification of natural and 

anthropogenic contribution

4.2.2 Fraction of modern carbon and source apportionment 

14
C analyses are carried out using Accelerator Mass Spectrometry (AMS, see par. 

4.4). This analysis gives information about the fraction of modern carbon (fm) in the 

sample, which is defined as: 

1950
1214

sample
1214

m
)C/C(

)C/C(
f =

where (
14

C/
12

C)1950 is the ratio between the concentrations of these two carbon 

isotopes in the atmosphere in 1950. The fraction of modern carbon is often 

represented also as percent Modern Carbon (pMC = 100fm). 

The fraction of modern carbon is zero for fossil fuels, because of their long time of 
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formation. On the contrary, for biological materials originated in the last 50 years, it 

is higher than 1 because of the enrichment in 
14

C atmospheric content generated by 

nuclear tests in the ‘50s; in particular: 

a) for fossil fuels: 0f fossil,m =

b) for biogenic contribution: 015.0055.1f bio,m ±= , obtained by long–term CO2

series at rural Schauinsland, Germany [Szidat et al., 2009]; 

c) for biomass burning contribution the integral signal of 30–50 years old trees 

harvested in 2004 gives bb,mf =1.16±0.05 [Szidat et al., 2009]. However, 

depending on the age of the tree, it can vary in the range 1.08-1.24 [Mohn et 

al., 2008]. 

As fm is 1.055 in today atmospheric CO2, the fraction of contemporary carbon 

defined as fc=1/fm, today is sometimes used to represent the 
14

C content in a sample. 

The above mentioned data, coupled to AMS results on 
14

C in the OC and EC 

fractions, allow the source apportionment of fossil, biomass burning and biogenic 

carbon contributions. 

In fact, starting from the balance equations:  

bb,mbbfossil,mfossilm fECfEC)EC(fEC ⋅+⋅=⋅

bio,mbiobb,mbbfossil,mfossilm fOCfOCfOC)OC(fOC ⋅+⋅+⋅=⋅

and recalling that the fraction of modern carbon for fossil fuels is zero, it can be 

derived: 

bb,m

m
bb

f

)EC(f
ECEC =    and    

�
�

�

�

�
�

�

�
−=−=

bb,m

m
bbfossil

f

)EC(f
1ECECECEC . 

Moreover, considering a known value of (OC/EC)ER, bb, ratio in biomass burning: 

bb,ERbbbb )EC/OC(ECOC ⋅=     
bio,m

bb,mbbm
bio

f

fOC)OC(fOC
OC

−
=

biobbfossil OCOCOCOC −−=

In conclusion, summing up fossil fuel and biomass burning contributions, the 

anthropogenic contribution to carbonaceous aerosol can be estimated (see figure 

4.7). 
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4.2.3 Different approaches to solve the problem. 

In paragraph 4.2.2, the possibility to apportion anthropogenic and natural carbon 

sources was shown. As mentioned, AMS measurements have to be performed to 

obtain the information necessary to achieve the source apportionment. It should be 

remembered that: 

TC=OC+EC                   and                   TCfm(TC)= OCfm(OC)+ ECfm(EC). 

As these equations are linked and six parameters are indicated, it is sufficient 

measuring four of them to completely solve the problem. Thus, it is mandatory to 

evaluate which are the four physical quantities less affected by uncertainties in the 

experimental determination, to obtain the better solution to the problem. 

It is worth noting that total carbon measurements (both TC quantification and fm(TC) 

evaluation) are the less affected by uncertainties as no carbon fraction separation is 

needed. If the interest is focused on TC quantification, the CO2 evolving during 

combustion can be measured using an IR detector or a flame ionisation detector 

(FID) after CO2 conversion to methane and ± 5% precision can be obtained. For 
14

C 

analysis on TC, the evolved CO2 can be separated from the carrier gas (oxygen) and 

it can be directly sent to the graphitisation line (see par. 5.1.6) for the production of 

solid samples for AMS analysis (par. 4.4). Once TC and fm(TC) are determined, the 

following approaches can be used to completely solve the problem: 

a) the measurement of both fm(OC) and fm(EC);  

b) the quantification of one carbon fraction (OC or EC) and measurement of the 

fm of OC or EC.  

It is noteworthy that the determination of fm in carbon fractions does not require to 

completely collect the separated fractions: indeed, only part of OC and EC can be 

analysed by AMS, provided that it is representative for the whole fraction. 

Furthermore, for fm analysis it is important that no contamination of a fraction into 

the other occurs. 

During the set-up of the sample preparation line and to choose the definitive 

measurement protocol, both approaches were simultaneously tested in order to 

verify their consistency. In the final choice, the first approach was excluded because, 

as better explained in paragraphs 4.3.2 and 4.3.3, the determination of fm for both 



86 

carbon fractions is highly time-consuming. Therefore, the simultaneous 

determination of both fm(OC) and fm(EC) will be avoided in the final measurement 

protocol.  

4.3 The problem of carbon fractions measurement and 

separation 

4.3.1 EC and OC quantification: the thermal approaches 

As mentioned in paragraph 4.1.1, thermal analyses are widely used for OC and EC 

quantification. They are all based on the different evolution characteristic of the two 

fractions as a function of the temperature and type of atmosphere and on the 

quantification of the evolved CO2 at the thermal steps chosen for the separation. 

Different approaches are reported in the literature for thermal analyses, but they can 

be divided in two main categories: 

a) OC separation in inert atmosphere (He) [Chow et al., 1994; Birch and Cary, 

1996; Cavalli et al., 2010]; 

b) OC separation in oxygen at low temperature (320–450°C) for different 

combustion periods [Cachier et al., 1989; Kirchstetter et al., 2001; Watson et 

al. 2005 and therein literature]. 

After the first step for OC separation, the remaining carbon is oxidised at 850–

900°C and the carbon evolving during this second step is considered to be the EC 

fraction (possibly corrected for measurement artefacts, as explained in the 

following). 

Thermal–optical transmittance method 

One of the most widespread techniques for thermal quantification of OC and EC 

fraction is the Thermal–Optical Transmittance method (TOT) [Birch and Cary, 

1996]. 

TOT analysis consists of two main steps: in the first part of the analysis the thermal 

evolution is carried out in inert atmosphere, up to 850°C (NIOSH 5040 protocol). 

During the evolution in inert atmosphere, pyrolysis of the material deposited on the 

filter can occur. Pyrolysis consists in the conversion of an organic compound into 
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one or more different compounds by thermal energy and it mainly occurs in an inert 

environment (lack of oxygen or catalysts). Carbonatation occurs in extreme 

pyrolysis to form EC [Chow et al., 2007]. In these conditions, pyrolysed OC (PyC) 

cannot evolve in the inert atmosphere anymore, thus an underestimation of OC and 

an overestimation of EC are registered if the separation of the two fractions is 

carried out only considering the atmosphere of evolution without any correction. 

Pyrolysis leads to the variation of the optical properties of the sample as PyC is 

light-absorbing; thus, in the TOT analysis, the optical transmission of a laser 

through the filter is continuously monitored. Due to pyrolysis, the transmittance of 

the filter decreases during the first part of the analysis (He atmosphere). When 

oxygen is injected into the line, EC (both originally present on the filter and derived 

from OC pyrolysis) evolves causing an increase of the laser transmission. When the 

filter transmittance reaches the value registered at the beginning of the analysis, the 

method assumes that a quantity of EC equal to the one formed by pyrolysis has 

combusted and therefore all the carbon evolved up to this point has to be considered 

OC. All the remaining carbon is considered EC (see figure 4.8).  

figure 4.8: example of a thermogram by TOT

It is noteworthy that this method does not physically separate the two fractions, but 

it simply corrects the measured concentration using EC optical properties. As AMS 

analysis requires the physical separation of the carbon fractions, the He atmosphere 

is not suitable to this aim, therefore other techniques for carbon fraction separation 

to obtain fm(EC) and fm(OC) were explored (see paragraphs 4.3.2 and 4.3.3).  

Water Soluble Organic Compounds and pyrolysis 

It is known that Water Soluble Organic Compounds (WSOC) are particularly prone 
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PyC
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EC

PyC
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to pyrolysis, also in an oxygen atmosphere [Yu et al., 2002]. Thus, for a more 

reliable EC quantification and to limit OC transformation into EC during 

combustion when the two fractions have to be physically separated, the WSOC 

have to be removed from the sample.  

Reduction in PyC formation when the analysis is carried out on washed filters is 

shown in figure 4.9: the laser reduction during TOT analysis on the correspondent 

washed filter is definitely smaller than the one registered during TOT analysis on 

non–washed filter. Reduction in charring leads to a more reliable EC measurement 

as the analytical interference is minimised. It is also noteworthy that EC is not 

soluble, thus EC measured on washed filters was chosen as the most reliable EC 

value on the filter. Once EC is evaluated on washed filters and TC is measured on 

the filter as-is, OC can be reliably evaluated as OC=TC–EC. 

figure 4.9: laser pattern during TOT analysis on washed and non–washed filters. 

4.3.2 EC separation procedure for fm(EC) determination 

As previously mentioned (par. 4.3.1), the application of TOT method does not 

physically separate the OC and EC, but it simply allows a quantification correcting 

the measured concentration using the EC optical properties. On the contrary, 
14

C 

measurements by AMS analysis require solid samples of a specific carbon fraction 

to be analysed. The carbonaceous fractions in the sample have to be physically 

separated, and the CO2 derived from each fraction has to be converted into graphitic 

form.  

Thus, the hypothesis to carry out OC–EC separation following TOT protocol had to 

be abandoned due to the high PyC formation, and other techniques for the 

separation of EC and OC fractions, aimed at fm(EC) and fm(OC) determination, 

were explored. In figure 4.10, the laser transmittance through a filter when analysed 
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using different measurement procedures is shown. It is noteworthy that the smallest 

variation in the transmittance signal is registered when working in oxygen on a 

washed filter, further demonstrating the reduction in PyC formation. 

figure 4.10: comparison among laser patterns during thermal analyses carried out on washed and non–

washed filter in He or He–O2 atmosphere

Charring has to be minimised to correctly separate the two fractions, therefore the 

protocol for the fraction separation had to fulfil the following guidelines:  

a) washing the filters for WSOC removal (see the set-up of the washing 

procedure in par. 5.4.1); 

b) the first heating step for OC evolution has to be carried out in oxygen;  

c) a rapid heating ramp (flash-heating, about 150°C/min) was chosen to further 

reduce pyrolysis formation following Cachier et al. (1989). 

Tests carried out in this work (see par 5.4.2) showed that oxygen step is not 

sufficient to efficiently remove OC from the filter. Thus a further step in He at high 

temperature was inserted in the final protocol. 

4.3.3 fm(OC) measurement  

For fm(OC) determination, the direct measure on the whole OC fraction on not-

washed filters is difficult because of the WSOC charring, which removes a 

significant OC fraction from the evolved OC sample. However, OC fraction may be 

divided into two sub-fractions: WSOC and water–insoluble organic carbon 

(WINSOC). The following balance equation can be written: 

WINSOC)WINSOC(fWSOC)WSOC(fOC)OC(f mmm ⋅+⋅=⋅ . 

WSOC can be obtained as TC–TCww, where TCww is the total carbon measured on a 

washed portion of the filter: indeed, the difference in total carbon content between 
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non-washed and washed filters is due to WSOC, as EC is not water soluble.  The 

first term on the right hand of the previous equation can be re–written as: 

wwwwmmm TC)TC(fTC)TC(fWSOC)WSOC(f ⋅−⋅=⋅

Therefore, )WSOC(fm  can be determined by measuring fm(TC) and fm(TCww). 

WINSOC is represented by the OC measured on the washed filter. fm(WINSOC) 

can be evaluated collecting the CO2 produced at the beginning of the analysis (in 

our case during the first 20 minutes) burning a washed filter portion at 325°C in 

oxygen (as 325°C will be also the final temperature chosen for EC separation, see 

par 5.4.2). In this case, as no selective separation of a specific component of 

WINSOC is expected, the evolved CO2 can be considered as representative of the 

whole WINSOC fraction.  

It is worth noting that three fm measurements are required to determine fm(OC). 

However, the fractions to be analysed for 
14

C quantification (TC, TCww and 

WINSOC) are easier to separate than EC. Moreover, this method allows to 

determine fm(OC) independently from the fm(EC) measurement and it gives 

information on the two main OC sub-fractions. 

Hence, the determination of both fm(EC) (par. 4.3.2) and fm(OC) allows checking 

the reliability of the obtained results using the following equation: 

OC)OC(fEC)EC(fTC)TC(f mmm ⋅+⋅=⋅ . 

This is very important during the set-up of the method, in order to verify that the 

application of different measurement protocols gives comparable results. However 

in the final choice, only the fm of one fraction will be measured, because of the time 

required by the samples preparation for AMS. 

4.4 14C measurements: accelerator mass spectrometry 

High-sensitivity analytical techniques are required to measure 
14

C in aerosol 

samples as radiocarbon does not exceed one part on 10
12

 of the total carbon. 

Therefore, the use of Accelerator Mass Spectrometry (AMS) is mandatory to 

perform 
14

C measurements. 

AMS measurements were performed at LABEC-INFN (LAboratorio di tecniche 
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nucleari per i BEni Culturali - Istituto Nazionale di Fisica Nucleare) in Sesto 

Fiorentino (Fi), Italy (figure 4.11). This laboratory is equipped with a 3 MV 

terminal voltage tandem accelerator (Tandetron) used for both Ion Beam Analyses 

(IBA) and for AMS measurements.  

Solid samples of the desired material have to be prepared (in our case, graphite 

samples from the evolved CO2). They are inserted in the accelerator source, 

bombarded using positive caesium ions to produce a negative ion beam, which is 

injected into the line. The isotopes selection is carried out at both the low and the 

high energy sides of the accelerator using electrostatics analysers and suitable 

magnets. 

At the end of the separation procedure, 
12

C and 
13

C ions, during the respective time 

windows of injection, follow inner trajectories and are collected by Faraday cups, 

where the current integration provides an indirect measurement of their abundance. 

On the contrary, 
14

C ions are counted in a gas chamber implementing a two-stage 

telescope detector. Further details on the AMS line can be found in Fedi et al. 

(2007 ). 

figure 4.11: Scheme of the accelerator facility at Labec-INFN 

figure 4.12: AMS device (http://labec.fi.infn.it/Facilities.html)  
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Chapter 5: Set-up of a sample preparation line for 14C 

measurements in atmospheric aerosol 

In Chapter 4, problems concerning 
14

C measurements in aerosol carbon fractions 

were explained. Summarising, there is the need to suitably thermally treat the 

sample in a combustion oven. Thermal separation requires the use of a carrier gas 

completely depleted of carbonaceous species (organics and CO2), and the CO2

produced during the thermal treatment has to be separated from other combustion 

gases as well as from the carrier gas because the combustion phase is carried out 

under gas flow. The CO2 is then sent to the graphitisation line in order to convert it 

into solid samples for AMS analysis.   

Thus, the sample preparation line has to match different requirements, considering 

the small quantities of carbon available for the analyses (usually a few hundred 

micrograms of carbon: �gC): 

a) any CO2 contamination from ambient air, carrier gases or parts of the line 

has to be avoided; 

b) the CO2 produced during the combustion phase has to be highly purified to 

allow graphitisation of small CO2 quantities; 

c) high efficiencies in the CO2 separation and recovery process are needed in 

order to have enough material for the production of solid carbon samples 

(graphitisation) and for the subsequent analysis by AMS. 

To this aim, a new sample preparation line was designed and set-up during this PhD 

thesis in close collaboration with the LABEC research group [Calzolai, 2009]. The 

final line is now available at the LABEC-INFN in Sesto Fiorentino, where also the 

AMS facility is located.  

In this chapter, a description of the line realised in this PhD work and the first 

results are presented. 

5.1 The sample preparation line. 

In figure 5.1 a scheme of the sample preparation line designed and realised during 

this PhD thesis is shown. Even if different solutions were tested before realising the 
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definitive line, only the final set-up will be described in detail in the following 

paragraphs.  

figure 5.1: scheme of the sample preparation line 

The main improvements in this preparation line, when compared to the (few) others 

already existing for this type of measurement, consist in the sample combustion 

oven (see par. 5.1.2) and the system for CO2 trapping (see par. 5.1.5) 

5.1.1 Purification of carrier gases. 

Helium or oxygen are used as carrier gases, to create the proper atmosphere for the 

sample combustion. Two thermal mass-flow controllers, placed at the entrance of 

the line, are used for flow regulation. The carrier gases are supplied by gas cylinders 

of high-purity helium (99.998%) and oxygen (99.999%).  

In the first part of the sample preparation line (figure 5.1), carrier gases are purified 

to avoid possible contamination deriving from carbonaceous gaseous traces (CO, 

CO2 and organics) in the carrier gas. To this aim, a CuO oxidiser (kept at 700°C) 

was inserted to convert possible carbonaceous trace gases into CO2. The produced 

CO2 is then trapped in a non-reversible soda–lime CO2 trap, assuring that the carrier 

gas used for combustion is completely carbon-free. 

5.1.2 Sample combustion oven and oxidising catalyst. 

Once purified, the carrier gas enters the sample combustion oven (figure 5.1), which 

allows suitable thermal evolutions of the sample. The combustion oven is home–
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made and it was designed, realised and optimised during this work. Its main 

features are the following: 

a) it allows flash heating (150°C/min) to reduce pyrolysis during the 

combustion of OC for a better OC/EC separation;  

b) it has a small volume and it is optimised to obtain a good temperature 

uniformity (� 3°C) inside the oven; 

c) it is remote-controllable, in order to allow future line automation. 

In the final configuration, a second oven is inserted in the same box of the 

combustion oven to lodge the CuO catalyst necessary for the complete oxidation of 

combustion gases.  

It is interesting to note that in the first prototype of the line the main oven was 

completely separated from the oxidising catalyst oven. However, problems in the 

line were registered with this configuration. The main problem was the formation of 

a dark “stain” at the output of the main oven (see figure 5.2). 

figure 5.2: stain at the output of the main oven in the prototype 

The analyses of the deposit on the oven were carried out by the colleagues of 

Department of Inorganic, Metallorganic and Analytical Chemistry of the University 

of Milan, evidencing the presence of organic material and sulphates. They could 

result by the condensation of non-completely oxidised material: indeed, in the 

prototype the oxidising catalyst was about 30 cm far from the main oven, thus the 

gases leaving the main oven could cool before entering the catalysing oven. In this 

configuration, low vapour pressure gases could condense, giving origin to the 

observed effect. 

Therefore, the main oven was re-designed and set-up. In the final configuration the 

two ovens are placed as near as possible (< 5 cm) in the same metallic box (see 

figure 5.3).  
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figure 5.3: the main oven: the core (left) and the final configuration with the thermal insulation (right)

The core of the final oven is composed by a double quartz furnace. The left part is 

the sample combustion cell and it is surrounded by a heating coil (60 �). The coil is 

inserted in a quartz fibre cloth, to ensure electrical insulation. The system is  

thermally insulated using quartz wool sheets, and enclosed in a metallic box. 

Temperature monitoring inside the combustion cell is achieved by a K-type 

(chromel-alumel) thermocouple inserted through the joint cap that closes the main 

furnace. It is positioned along the main furnace axis, in the middle of two sample 

boats used for sample insertion. The connection of the joint cup to the previous part 

of the line and to the thermocouple is realised by a Swagelok Ultra-Torr Tee 

connection. 

The right-side of the quartz furnace is used for the CuO catalyst lodgement. It is 

surrounded by a small heating coil (about 110 �) and the temperature control, less 

critical than in the combustion cell, is carried out by a thermocouple inserted in a 

quartz finger that reaches the external surface of the furnace.

The main problem faced in this configuration was to obtain the thermal decoupling 

of the two ovens. In fact, the catalysing oven has to be always kept at high 

temperature (700°C), while the combustion oven has to rapidly increase or decrease 

its temperature and it has to be thermally uniform inside. It is noteworthy that the 

main oven has one side at room temperature (inlet) and the other at few centimetres 

from the catalysing oven.  

Thus, to obtain good thermal decoupling the joint between the two ovens was 

narrowed and two layers of insulating material (quartz wool sheets) were inserted in 

order to limit irradiation effects. Tests were also carried out to determine the lowest 

operational temperature of the CuO catalyst, in order to minimise its influence on 

the main oven. Known carbon quantities were burnt in inert atmosphere and the 
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results obtained at different temperatures were compared. No significant differences 

in the CO2 output was observed working with the CuO catalyst at 650°C, 750°C or 

850°C. In the final setup, the CuO catalyst was kept at 700°C (figure 5.4). 

figure 5.4: IR signal during the on the catalyst temperature 

Also careful optimisation of the combustion oven was needed; many tests were 

performed slightly moving the heating coil winds until the correct temperature ramp 

and temperature uniformity (at least in the central part of the cell) were obtained. In 

the final configuration, ± 3°C were obtained @ 400°C for 10 cm in the centre of the 

cell (figure 5.5). 

figure 5.5: temperature detected inside the furnace when a fixed thermocouple was reading 400°C

5.1.3 Sulphates and halogen traps 

A fourth oven was also inserted in the line. It contained two commercial reagents 

(EA–1000 and Silver Vanadate from Perkin–Elmer) used to trap sulphates and 

halogens, respectively. All these reagents are kept at about 800°C to ensure a good 

trapping efficiency. 
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5.1.4 Water and NO2 trap 

Also water and NO2 have to be removed from the gas flow, in order to separate CO2

and the carrier gas from all the other combustion products. They are removed using 

a cryogenic trap, kept at about -55°C to obtain water and NO2 condensation (see 

table 5.1), while CO2 and the carrier gas go on flowing in the line. This trap is based 

on a coil inserted in a dewar partially filled with liquid N2 as better explained in the 

next paragraph. 

5.1.5 CO2 trap 

The CO2 trap is necessary because the CO2 produced during sample combustion has 

to be completely separated from the carrier gas. Indeed, the graphitisation process 

requires that only pure CO2 enters the graphitisation line. The CO2 trap realised in 

this work was designed, realised, and tested following an original idea. 

Gas 

Melting 
temperature 

(°C, at 1 
atm) 

Sublimation 
temperature 
(°C, at 1 atm)

Sublimation 
temperature 

(°C, at 1 
mbar) 

Sublimation 
temperature (*)

(°C, at 2�10-4

mbar) 

Boiling 
temperature 
(°C, at 1 atm)

H2O 0.0    100.0 

NO2 -11.2    21.1 

CO2 -78.8 -137.2 -173.2   

O2 -218.4    -183.0 

N2 -210.0    -195.9 

He         -269.0 

table 5.1: phase transition temperatures of interest for the preparation line; 
(*) 

[Azreg-Aïnou, 2005] 

CO2 can be separated from the carrier gas because of the difference between CO2

sublimation temperature (-79°C) and oxygen and helium condensation temperatures 

(-183°C and -269°C, respectively, see table 5.1). When the gases enter a part of the 

preparation line which is kept at a temperature between -183°C and -78°C, the CO2

solidifies and it is trapped at that point, while the carrier gas remains in the gas state.  

In this work, the separation of the CO2 from the carrier gas was realised starting 

from the following principle: in a dewar partially filled with liquid nitrogen (LN2), a 

temperature gradient is established between the LN2 surface (–196°C) and the 

dewar top (at room temperature) (see figure 5.6). Provided that the dewar is 

sufficiently deep for the temperature gradient to be smoothed enough to obtain a 
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good temperature resolution, it is possible to realise a thermal trap working at the 

desired temperature giving a spiral shape to a stainless steel tube and positioning the 

spiral at the proper depth into the dewar. As the spiral is connected to the line, the 

distance between the spiral and the liquid nitrogen can be regulated lifting up and 

down the dewar by a controlled elevator (figure 5.7). A resistive thermal element 

(PT100) connected to the coil allows the temperature monitoring.  

figure 5.6: scheme of the temperature inside a dewar partially filled with liquid nitrogen 

figure 5.7: left: CO2 trap spiral; centre: water and CO2 traps inserted in the dewars; right: dewars and 

controlling elevators 
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Before being installed in the sample preparation line, the CO2 trap efficiency had 

been verified using Thermo Gravimetric-Infrared Analysis instrumentation (TGA-

IR) by Perkin Elmer, which was accessible at the Department of Inorganic, 

Metallorganic and Analytical Chemistry of the University of Milan. A known 

carbon quantity was combusted and cryogenically trapped. In figure 5.8, the IR 

signal during CO2 trapping and release phases is reported a for a vertical and a co-

planar spiral configuration. It can be noticed that in the vertical spiral configuration 

the CO2 was not trapped even when the lowest part of the spiral was at -150°C. On 

the contrary, in co-planar spiral configuration, no CO2 signal was registered during 

the trapping phase, while a strong CO2 peak was registered when the spiral was 

heated to ambient temperature. Therefore, co-planar spiral was used in the final set-

up. 

As the IR detector was calibrated, it was also checked that no CO2 losses occurred 

during the whole procedure, using the CO2 produced by a known quantity of 

sucrose. A 98% recovery efficiency was found in the co-planar spiral configuration. 

figure 5.8: left: IR signal in the vertical coil configuration during trapping phase (bottom at -150°C); right: 

the IR signal during trapping (-150°C) and release (coil outside dewar) phases in the co-planar coil 

configuration. 

Once the CO2 is trapped, it has to be transferred to the graphitisation line. To this 

aim, the trapping coil has to be isolated from the rest of the line and it has to be 

evacuated.  

The CO2 trap usually operates at -150°C. At this temperature, only primary vacuum 

(3-4 mbar) can be created in the spiral avoiding CO2 sublimation (see table 5.1). To 

reach the 5 10
-4 

mbar pressure needed to ensure that all impurities are removed 
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from the line, the spiral must be cooled to the LN2 temperature to avoid CO2

sublimation. However, at this temperature oxygen condensates; thus, before 

evacuating the spiral, the oxygen used as carrier gas has to be removed. Therefore, 

He flows in the spiral for 5 minutes after combustion, purging off all the oxygen. 

The coil can be now connected to the graphitisation line and primary vacuum is 

created, the spiral is cooled to LN2 temperature, and high-vacuum is realised.  

Then, the CO2 can be moved to graphitisation line. 

5.1.6 Graphitisation line 

The last part of the line (called “graphitisation line”) is devoted to the conversion of  

gaseous CO2 into solid graphite and it was completely developed at the LABEC-

INFN in Sesto Fiorentino [Calzolai, 2009]. Unlike the upstream parts of the line 

working with a gas flow, this part has to be kept under vacuum conditions (a few 

10
-4

 mbar) before CO2 insertion. Therefore, the graphitisation line is equipped with 

a compact dry vacuum system, based on a turbo-molecular pump backed by a 

diaphragm fore-pump (oil diffusion pumps were avoided because of the possible 

contamination deriving from malfunctioning). 

Once moved to the graphitisation line, CO2 is reduced to graphite according to the 

well-known Bosch reaction [Vogel et al., 1984; Lowe and Judd, 1987]: 

                         CO2 + 2H2           
Fe,600°C

    C + 2H2O 

The core of this part of the line is the graphitisation reactor, which is constituted by 

a Swagelok Ultra-Torr ¼’ Tee union, modified to lodge a pressure transducer. It is 

connected at one side to the upstream line and houses two quartz vials into the other 

two connections (see figure 5.9). 

figure 5.9: the graphitisation reactor 
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As the reaction occurs at 600°C, one of the two vials is heated by insertion in an 

oven; the second vial is cooled to -30°C by a Peltier chiller and acts as a "cold-

finger", where the water produced during the reaction is cryogenically trapped. 

The H2 for the reaction is supplied by a gas generator, producing 99.999% pure H2

by hydrolysis of ultra-pure water. Iron powder (Alfa Aesar, 99.9+%, < 10 µm) is 

used as catalyst; it is pre-treated by heating for 30 minutes at 600°C in vacuum and 

subsequently at 350°C in H2 environment for 30 minutes. 

A low-vacuum capacitive pressure transducer placed on the upper part of the reactor 

allows the monitoring of the pressure trend during reaction: the reaction is 

completed when all the CO2 has been converted into graphite, i.e. when the pressure 

settles to a constant value (note that the graphitisation is always carried out in 

excess of H2). Finally, the iron powder coated by graphite is pressed into aluminium 

capsules (in the following called “cathodes”) to be inserted into the accelerator ion 

source for radiocarbon measurements (par. 4.4). 

5.2 The final TC measurement protocol. 

Before carrying out the first tests on the line, a measurement protocol was 

established for TC sample preparation to ensure that all the samples followed the 

same handling. 

First of all, the catalyst for carrier gas purification and the oven with the traps for 

sulphate and halogens are switched on at 700°C and 800°C, respectively. He (180 

cc/min) flows in the line during this phase. About 10 minutes are required for the 

catalyst oven to reach the temperature, thus ensuring pure gas enters the line. Then 

the sample is inserted in the combustion cell. He flows in the line for 20 minutes to 

completely purge the line before the sample combustion. After this period, the traps 

for water and NO2 and for CO2 are inserted in the dewars until the desired 

temperatures are reached (i.e. -55°C and -150°C, respectively). The importance of 

He flowing in the line in this phase is that, during traps positioning, it is possible 

that the spirals touch the LN2 at the bottom of the dewar. In this case, oxygen would 

condense, while He remains in the gaseous state also at that temperature. Once traps 

are positioned, oxygen (100 cc/min) is injected in the line and the CuO catalyst for 
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combustion gases oxidation is switched on. When it reaches the correct temperature 

(700°C in about 10 minutes), the combustion of the sample can begin: the 

combustion oven is switched on (final temperature: 800°C) and combustion occurs 

for 20 minutes. 

Then, oxygen has to be removed from the line (see par 5.1.5) and He (100 cc/min) 

is injected in the coil through the rapid line connecting the exit of the soda-lime trap 

to the entrance of the CO2 trap spiral (see figure 5.1) for 5 minutes. The spiral is 

then isolated from the combustion line and it is connected to the graphitisation line 

creating a primary vacuum (a few mbar). The trap coil is then inserted in the LN2 to 

avoid in-vacuum CO2 sublimation while creating about 710
-4

 mbar vacuum. Then 

the pump is turned off and the CO2 is cryogenically transferred to the graphitisation 

reactor (where Fe pre-treatment has been performed in the meanwhile), and it is 

quantified. Only the CO2 quantity established for a specific AMS measurement shift 

is selected, suitable amount of H2 is added, and the graphitisation process can begin 

(it lasts about 150 minutes). 

It is noteworthy that the procedure requires more than four hours to be completed. 

The preparation of these samples is very time-consuming and no more than two 

samples per day can be prepared.  

5.3 Tests on the sample preparation line for TC 

measurements 

To verify the reliability of the sample preparation procedure with the new line, 

several cathodes (i.e. graphite samples pressed inside capsules to be inserted into 

the AMS ion source), all having the same size (i.e. about 450 �gC), were produced 

and analysed by AMS. Samples were prepared following the matching-size method 

(i.e. samples and standards must have the same size): in fact, with this method, it is 

possible to compensate for machine induced isotopic fractionation [Pearson et al., 

1998, Nadeau et al., 2004].   

In total 20 cathodes were prepared as follows: 13 samples from NIST 4990C 

standard (OxAcII) to check the reproducibility of the results; 3 cathodes from “dead 
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graphite” samples (Alfa Aesar graphite) to investigate the background level in our 

measurements; 4 cathodes from the C7 reference material by IAEA (International 

Atomic Energy Agency) to measure the accuracy of the results. 

Measurements lasted until collecting at least 40000 
14

C counts on every OxAcII 

cathode, to limit statistical uncertainties. 

5.3.1 Reproducibility 

The reproducibility was tested on the OxAcII standards. The average 
14

R ratios (i.e. 

the 
14

C/
12

C ratios) in all the standard samples, calculated over all the measured 

batches, are shown in figure 5.10. The reproducibility is quantitatively evaluated as 

the ratio between the standard deviation of the mean (�mean) and the averaged 

isotopic ratio (Rav) over all the measured standards. As shown in table 5.2, the 

overall reproducibility of sample preparation and sample AMS measurement is 

better than 3‰ for both 
13

R (i.e. the 
13

C/
12

C ratios) and 
14

R.  

Samples 14Rav   σ14

mean

  σ14

mean
/14Rav

13Rav   σ13

mean

  σ13

mean
/13Rav

OxAcII 1.5395E-12 0.0041E-12 2.7 ‰ 0.011832 0.000023 2.0 ‰ 

Reference   < 5 ‰    < 3 ‰ 

table 5.2: statistics on 
14

Rav and 
13

Rav obtained by the average over all the standards. The reference values are 

taken by the laboratory protocols 
14

C measurements for dating

figure 5.10: 14
R ratio in the Oxalic Acid samples measured by AMS

5.3.2 Background 

The background contribution is much less critical in aerosol source apportionment 

than in radiocarbon dating. However, it is important to keep this aspect under 

control; therefore, three cathodes from Alfa Aesar graphite were prepared and 
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analysed. The average background level is 0.43 ± 0.03 pMC (recall: pMC=100*fm) 

and it does not represent a limitation for our measurements. Indeed, the minimum 

radiocarbon concentration expected in aerosol samples is at least one order of 

magnitude higher than the background value reported above. For example, a study 

on particulate matter collected in Göteborg reported radiocarbon concentrations in 

the range 5÷17 pMC for the EC fraction at an urban site, rising up to 35 pMC at a 

rural site, while radiocarbon concentration in the OC fraction were always higher 

than 50 pMC [Szidat et al., 2009]. 

5.3.3 Accuracy test 

The accuracy of both sample preparation and AMS measurement was tested using 

some cathodes prepared from the IAEA C7 reference material, i.e. oxalic acid with 

pMC = 49.53 ± 0.12 [Le Clerq et al., 1998]. After background subtraction, the 
14

R 

ratios (corrected for isotopic fractionation) were normalised to the isotopic ratio 

measured for the OxAcII standards. Results are summarised in figure 5.11, and the 

certified concentration is also reported for comparison. As can be seen, our results 

are fully consistent with the reference value. 

figure 5.11: Measured radiocarbon concentrations in the IAEA C7 samples; certified concentration and ±1 

sigma uncertainty are shown with continuous and dashed lines, respectively. 

5.3.4  Participation to an international inter-comparison

In September 2009, we were involved in an international inter-comparison on 

radiocarbon measurements on aerosol samples. At the time of the inter-comparison, 

we could perform only TC measurements, as the final procedures for OC/EC 
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separation were not available yet. 

Two aerosol samples (JP2 and JP7) and a standard reference material RM8785 by 

NIST were available for the inter-comparison. 

Only one graphitisation process was carried out starting from JP7 sample 

combustion. Problems during combustion and graphitisation occurred and AMS 

results gave low currents (i.e. not reliable results), thus it was rejected. 

As for JP2, four graphitisation processes were carried out.  

From RM8785, two graphitisation processes were carried out. 

Measured data are represented in figure 5.12. Final data after elaboration (sent for 

the inter-comparison) are summarised in table 5.3. 

Unfortunately, the results of the inter-comparison are not available yet.  

figure 5.12: measured pMC for the inter-comparison samples 

Sample ID pMC 

RM8785 45.38 ± 0.33 

JP2 52.32 ± 0.50 

table 5.3: final data sent to the organising laboratory for the inter-comparison 

5.4 Tests on OC and EC separation procedure 

As previously mentioned (paragraph 4.3), the problem concerning OC and EC 

separation is still open. During this thesis, tests were carried out in our laboratory to 

select suitable protocols aimed at the separation of (at least) a representative part of 

the EC fraction from OC. 

Attention was focused on the washing procedure for the filters and on the “best” 
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thermal protocol for OC/EC separation. 

5.4.1 Set-up of the washing procedure 

Different washing procedures were tested in our laboratory, to verify if there was a 

minimum water quantity necessary to completely eliminate the WSOC (Water 

Soluble Organic Compounds). All these tests were carried out using ultra-pure 

MilliQ water by Millipore (Resistivity: 18 M�•cm @ 25 °C, TOC < 5ppb). The 

filter washing was carried out punching PM10 samples collected on a 150 mm 

High-Volume (HV) quartz fibre filter into many circular parts (diameter 32 mm, see 

figure 5.13 left). Each punch was enclosed in two glass fibre filters that could be 

changed after each washing procedure to avoid contaminations, and placed on a 

porous membrane. The porous membrane was the lower base of a cylinder that can 

be filled with a known water quantity. The slow passage of the water through the 

filter and the porous membrane allowed WSOC removal (see figure 5.13 right). 

     

figure 5.13: (left): punches from HV filter; (right) washing set-up 

First of all, the reproducibility of the washing procedure was verified. A sampled 

HV filter was cut in punches. Three punches were washed with each washing 

procedure, and 1cm
2
 sub-punch per punch was analysed by TOT method. 

Reproducibility (standard deviation to average value ratio) is reported table 5.4. 

Filter 
Extraction 

volume 
Reproduc. 

OC 
Reproduc. 

EC 
Reproduc. 

TC 

FV15_1 2ml/cm
2

6% 7% 3% 

FV15_2 4ml/cm
2

10% 5% 8% 

FV15_3 7ml/cm
2

8% 6% 7% 

FV15_4 10ml/cm
2

9% 6% 9% 

FV15_5 13ml/cm
2

5% 6% 1% 

table 5.4: reproducibility tests using different water quantities 
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Then, tests to choose the water quantity to use were carried out. Two filters with 

different carbon contents (27 and 57 µg/cm
2
 TC, respectively) were divided in 

circular punches. Each punch of a filter was washed using different water quantities 

from 1 to 14 ml/cm
2
. Average results for the two filters are shown in figure 5.14. 

It can be noticed that strong reduction in PyC (Pyrolytic Carbon) formation is 

registered when washing is carried out. Moreover, TC quantification is nearly stable 

when a few ml/cm
2
 of water are used for filter washing. Also EC quantification is 

very stable with small error bars when a few ml/cm
2
 water are used. In the final 

procedure, 7 ml/cm
2
 was chosen as the water quantity for washing filters. 

The strong decrease registered in PyC when the filter is washed is a further 

evidence of the importance of washing filter for EC quantification and for EC/OC 

separation (see par. 4.3.2 and 4.3.3). 

figure 5.14: test to evaluate the optimal water quantity for filter washing 

5.4.2 Set-up of the EC separation procedure 

The optimisation of the procedure for the EC isolation was a relevant and hard task 

to perform during this thesis. 

The work was carried out as follows: parts of samples were washed and combusted 

in oxygen at different temperatures (325-400 °C) for variable times trying to 

optimise OC removal from the filter and limiting EC losses.  

Then the residues on the samples were analysed using the TOT method (paragraph 

4.3). For each combustion condition, three circular punches were combusted and at 

least one 1-cm
2
 sub-punch per punch was analysed. The residual OC and EC 

measured on the combusted filters were compared to the values measured on the 
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corresponding washed non-combusted filter to evaluate possible OC remaining on 

the filter and EC losses due to the pre-combustion process. 

In table 5.5 the average results of tests carried out using only a step in oxygen are 

shown. In yellow, reference results on washed non-combusted filters are reported. 

The other results are the residuals on filters after combustion at the reported 

measurement conditions compared to reference results in percent.  

It is noteworthy that about 15% of OC is always found as residue, except in the 

combustion at 400°C, but in this case a significant EC loss is registered. Thus, it 

was clear that carrying out EC isolation working only in oxygen was not possible. 

  
Combustion 

temperature (°C) 
Combustion 
time (min) 

He OC EC TC 

FV6 (µµµµg/cm
2
)       14.32 4.88 19.20 

FV6ABC 400 90 No 9% 27% 14% 

FV6DEF 400 40 No 10% 39% 18% 

FV6GHI 400 20 No 12% 66% 26% 

FV18 (µµµµg/cm
2
)       16.34 14.07 30.40 

FV18ABC 385 30 No 18% 73% 44% 

FV18DEF 370 60 No 15% 64% 38% 

FV18GHI 385 60 No 14% 58% 35% 

FV18LMN 355 75 No 15% 68% 39% 

FV18OP 340 75 No 15% 74% 42% 

FV19 (µµµµg/cm
2
)       21.15 24.62 45.77 

FV19ABC 340 95 No 14% 72% 45% 

FV19DEF 355 95 No 12% 73% 45% 

FV19GHI 325 120 No 14% 76% 48% 

table 5.5: tests on EC isolation using only a step in oxygen  

Therefore, a second step in He at high temperature was added. In fact, most of OC 

should have been combusted in the previous phase, thus the possibility of PyC 

formation from the residual OC is negligible. Tests were carried out to choose the 

most suitable combination of oxygen and He steps temperature and duration. 

During this set-up phase, the He step was not carried out in the combustion oven, 

but in the TOT instrument. Focus was mainly posed on the conditions that gave the 

best EC recovery in the tests carried out in oxygen (325°C, 120 min and 355°C, 75 

min). The latter was chosen as two tests were carried out at 355°C: one for 75 min 

and one for 95 min. It is curious that in the second case (95 min) the recovery was 

higher than in the case of combustion for 75 minutes. This was probably due to 

differences in the composition of the samples analysed for the two different 
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protocols. Finally, it was chosen to test 355°C at the shorter time, to differentiate it 

from the other protocol (325°C, 120 min). Also a test at 375°C was carried out, as 

done in Szidat et al. (2009). 

In table 5.6, TOT data referring to washed filters combustion without the He step 

are reported in white rows. In grey rows are the results after the He step (sometimes 

carried out also at different temperatures). For grey data, OCres is the OC quantified 

by TOT on the filters after the oxygen and He steps. In the column “carbon 

available for 
14

C measurements on EC”, the ratio between the total carbon detected 

on the filter after the two pre-combustion steps and the EC measured on washed 

filters is presented. In fact, the residue on the filter after the two steps is definitely 

analysed as EC. He step at 750°C was chosen to perform the EC separation, as 

recovered carbon using this protocol is comparable to the EC measured on the filter 

after the oxygen step. 

table 5.6: tests for EC isolation using a combination of an oxygen step (T, t) and an He step. 

Therefore, two main protocols were considered: 325°C, 120 min + He 750°C (i.e. 

the protocol with the best EC recovery) and 355°C, 75 min + He 750°C. 

Once these protocols were identified, on-line tests were carried out to verify the 

reproducibility in combustion conditions and recovery when the He step is carried 
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out. After combustion in the main oven of the line, the residues on punches were 

analysed by TOT to verify the EC recovery (see figure 5.15). 

It is noteworthy that oven temperature uniformity was tested at 400°C and this is 

further proved by the very good uniformity in EC recovery after the oxygen pre-

combustion step only. However, when He step is added, a recovery efficiency 

reduction is registered in the outer part of the oven. This can ascribed to the 

construction features of the oven. Indeed, heating coil winds are closer each other at 

the outer part of the oven to overcome the thermostatic effect of the external 

atmosphere (about 20°C) and their configuration was optimised to have uniformity 

@ 400°C. However, as the time required to reach 750°C is definitely higher than 

the time needed to reach 400°C, it is possible an overheating of this part of the oven, 

that can justify a reduction in recovery efficiency. 

figure 5.15: comparison between the carbon recovery after pre-combustion @ 325°C-120min and after the 

same combustion +He step (750°C) 

These tests confirmed the good recovery efficiency of the step @ 325°C for 120 

min + He step @ 750°C, which was the protocol used to obtain the first data of fm

on OC and EC carbon fractions shown in this work. 

Thus, the final procedure chosen for EC isolation consisted in different steps of 

sample preparation: 

a) the sample is washed (with 7 ml/cm
2
) of MilliQ water to remove WSOC, 

which are the main responsible of charring; 

b) the sample is pre–combusted in 100% oxygen atmosphere @325°C for 120 

minutes to eliminate as much as possible OC from the sample;  
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c) the pre-combusted sample is heated @750°C in He atmosphere to remove 

possible residual OC. 

After these processes all the OC should have been removed from the filter. The 

remaining EC is combusted in oxygen @ 800°C for 20 minutes (following the TC 

protocol), the evolved CO2 is separated from the carrier gas and sent to the 

graphitisation line. It is noteworthy that, due to pre-combustion steps (and 

consequent carrier gas changes), the procedure mentioned in paragraph 5.2 is 

further time-extended: two hours for oxygen pre-combustion, 20 minutes for 

purging-off line before He step, few minutes to reach 750°C, and 10 minutes after 

He step to cool the main oven below 325°C before re-injecting oxygen have to be 

added to the TC procedure. This makes impossible to produce more than one 

sample per day. 

5.5 Comments on the sample preparation procedures.  

As previously mentioned (paragraphs 5.2 and 5.4.2), the sample preparation 

procedure limits the possibility of producing more than 1-2 samples per day.  

It is noteworthy that, if the available sample quantities allow performing two 

graphitisation procedures (i.e. the produced CO2 is at least two times that 

established for the AMS measurement), it is useful to carry out both of them. Indeed, 

it is possible that problems occur during the graphitisation process, after sample 

preparation while pressing the graphitic samples into the aluminium capsules for 

cathodes production, or during the AMS analysis, thus causing complete sample 

loss. Therefore, the possibility to perform two graphitisation procedures of the same 

sample strongly reduces the possibility of missing data. Thus, no more than one 

sample per day is actually produced at the moment. 

It is also worthy to note that even a single AMS measurement on real samples 

requires the production of normalisation standard samples, graphite (blank) samples, 

and checking standard samples (for a total of at least 10 samples). The prescribed 

standards to be prepared are usually increased of 1 every 7-8 real samples for a 

better quality assurance on the produced data. For each of these samples previous 

considerations about preparation time have to be considered. 
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55 samples (standards + first tests on the line + inter-comparison samples + summer 

TC data on real samples) in total were analysed during the TC set-up phase (par. 

5.3), during 3 AMS shifts. They were all prepared during a Ph.D. thesis in Florence. 

[Calzolai, 2009] 

Moreover, 79 samples (standards + TC + TCww + OC + EC) in total were prepared 

for EC/OC analyses during this Ph.D. thesis in joint collaboration with the LABEC 

staff. 

5.6 Preliminary results 

5.6.1
14

C samples and AMS analysis. 

In the next paragraphs (5.6.2, 5.6.3), 
14

C data for TC in samples collected during 

summer 2008 and winter 2009-2010 and for the OC and EC fractions in the 

wintertime samples will be presented. 

As regards TC summer data, they were obtained from 450 µgC samples analysed in 

the same AMS shift when tests on the preparation line were performed (paragraph 

5.3). As previously mentioned, reliable AMS control data were obtained during that 

shift. 

All the winter data were obtained from 220 µgC samples during a different AMS 

shift. In the following, AMS control data for the winter samples are presented. The 

halving of the analysed carbon quantity was necessary because of the reduced 

carbon quantity available for 
14

C measurements on separated carbon fractions.  

Seven OxAcII, six Alfa Aesar graphite, and four IAEA C7 samples were analysed 

for quality assurance during this measurement shift. These samples were produced 

at different steps of sample preparation, to be representative for possible 

modification occurring in our preparation line during the three months necessary for 

the whole preparation of the samples for the measurement shift. Among the 

analysed standard cathodes, results were obtained only for 3 OxAcII, 5 graphites, 

and 4 IAEA C7 samples due to some cathodes flaking off when irradiated by the Cs 

source.  

More problems were detected during this shift if compared to what presented in 
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paragraph 5.3 during the TC set-up control. These problems might be ascribed to 

the lower size of the analysed samples (the smaller are the samples, the higher can 

be the contribution of possible contaminations and the greater can be problems 

during graphitisation, cathodes production, or AMS analysis), to a slight increase in 

the accelerator blank values recently reported at LABEC during other AMS shifts 

(1-2 pMC), and also by other causes which still have to be identified. 

Oxalic Acid results used for pMC calculation are shown in figure 5.16. It is 

noteworthy that reproducibility for 
14

R and 
13

R (  σ14

mean

/
14

Rav and   σ13

mean

/
13

Rav, see 5.3.1)

was 12‰ and 5‰, respectively. These values are higher than the standard quality 

control values for radiocarbon dating analysis (<5‰ and <3‰, respectively, see par. 

5.3.1), and it is also due to the limited number of standards that did not flake off in 

the source. However, we considered them acceptable for radiocarbon analysis on 

aerosol samples. In fact, final estimated uncertainties on source apportionment due 

to analytical uncertainties were few percents. We considered this analytical 

uncertainty acceptable, especially when considering that much higher (and variable) 

uncertainties can be associated to fractions separation, and to fm,bb and (OC/EC)ER,bb

used for the OC apportionment in our model.  

figure 5.16: measured 
14

R for OxAcII samples used for normalisation 

As for Alfa Aesar graphite results (blank, see figure 5.17), four samples resulted in 

few pMC contamination (3.58±0.30 pMC).  As previously mentioned, 1-2 pMC 

was expected due to recent machine contribution. Moreover, at least a 2-fold 

increase in blank contamination if compared to data obtained with 450 µgC samples 

can be ascribed to the reduced carbon quantities analysed (i.e. about 1 pMC). 

Sample 10GIU28 resulted in 6.59±3.51. Its value is higher then the other blanks and 
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it is also affected by a greater uncertainty. However, a contamination of 10GIU28 

sample could have occurred during graphitisation as a slight leakage in the 

graphitisation reactor (few mbar/h) was noticed only after the graphitisation was 

completed. However, our calculation predicted only tenths of pMC contamination 

due to this problem. This blank was excluded from the average blank evaluation for 

most samples. It was considered in the average only for four samples for which a 

slight leakage during graphitisation was detected. 

figure 5.17: Alfa Aesar graphite pMC results used for blank correction 

IAEA C7 standards (figure 5.18) were used to check the reliability of the obtained 

results. IAEA C7 standard results were comparable to the certified values except for 

10GIU39 sample. The uncertainty associated to 10GIU04 sample measurement (± 

4.12 pMC) has to be ascribed to the rapid deterioration of the sample in the source 

(only 2 measurements were available). 

figure 5.18: C7 data, blank corrected using the average of all the measured graphite samples. Also the 

average certified value (± 1 �) is represented in grey 

It is noteworthy that for all the measured standard samples, the uncertainty 

associated to a single sample (error bar) measured in this run (220 µgC samples) is 
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often much higher than that measured with 450 µgC samples. This was ascribed to 

the specific features of the accelerator source, which had been designed for much 

bigger samples (> 600 µgC). The reduced size of our samples can lead to a non-

uniformity of the layers sputtered during different batches and to a reduced count 

statistics, thus causing an increase of the uncertainties associated to a single sample 

measurement. 

Moreover, the reduced carbon quantity graphitised made the cathodes more brittle, 

thus causing a higher number of sample losses if compared to standard analysis.  

Summarising: data for quality assurance obtained during this measurement shift are 

affected by higher variability and uncertainty if compared to the data presented in 

paragraph 5.3. Moreover, higher blank values were measured and a higher number 

of cathodes was lost during the sputtering in the source. All these facts have to be 

ascribed to the lower carbon quantity analysed, to an increase in machine blank 

values, and to other reasons not completely understood yet. Thus, the measured 

winter samples will be generally affected by higher uncertainties if compared to the 

summer data analysed during the measurement shift presented in paragraph 5.3. 

However, this uncertainty was considered acceptable when compared to other 

parameters involved in the source apportionment and important indications were 

obtained by winter samples, especially concerning OC/EC separation strategies to 

be adopted in the future. 

5.6.2
14

C in TC measurements 

14
C measurements on TC were carried out on both summer and winter samples 

collected at two urban background stations in Milan: Milan-Pascal, which is a 

monitoring site of the Environmental Protection Agency of Lombardy Region 

(ARPA Lombardia), and a site located at the Department of Physics of the 

University on Milan during summer and winter respectively. It is noteworthy that 

the two sites are placed at about 150 m distance, thus they can be considered 

completely comparable. 

Three summer samples were analysed (450 µgC samples). The results obtained on 

the three samples were pMC = 67.3±0.6, 53.7±0.4, 52.2±0.7. These first results are 

comparable to the percent Modern Carbon found in other studies (range: 55-75 
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pMC) [Lewis et al., 2004; Szidat et al., 2004b].  

These results do not significantly differ from the results obtained from five 

wintertime samples (220 µgC) analysed: for winter samples, pMC were in the range 

49.2 – 64.8 (49.2±0.7; 50.5±0.8; 63.2±1.3; 63.4±1.2; 64.8±0.9). Also these data are 

in agreement to data reported in the literature for the winter period (range: 0.49-0.93 

pMC) [Zencak et al., 2007; Huang et al., 2010]. 

5.6.3
14

C in OC and EC measurements 

Of great relevance are our first data on OC and EC. Indeed, few groups perform 
14

C 

measurements on the EC fraction [Currie and Kessler, 2005; Zencak et al., 2007; 

Uchida et al., 2010]. It is noteworthy that different isolation methods are used in 

these works. An inter-comparison on 
14

C measurements on EC was carried out on 

the Standard Reference Material 1649a by NIST, and discrepancies up to a factor 5 

were detected by the different separation approaches used by the three involved 

groups [Currie et al., 2002]. Moreover, some research groups performed 

measurements on specific organic compounds or compound classes (PAHs) [Currie 

et al., 1997; Uchida et al., 2010]. 

Up to now only one research group published data on the whole OC and EC 

fractions [Szidat et al., 2004b; Szidat et al., 2006; Szidat et al., 2009].  

In this work, during the performed testing phase, the direct measurement of fm(EC) 

and the determination of fm(OC) starting from WSOC and WINSOC fractions were 

investigated (see par. 4.3). Results for the five winter samples are given in table 5.7. 

Dark blue cells indicate carbon quantification carried out on not-washed filters; 

light blue cells refer to carbon quantification carried out on water washed filters. 

Yellow cells are directly measured pMC, while white cells represent physical 

quantities derived from the others using the formulas in paragraph 4.3.1 and 4.3.3.  

It is noteworthy that wintertime pMC (EC) is about 20 on average (range: 11.9 – 

25.9), while the OC components (i.e. WSOC and WINSOC) show a higher modern 

contribution: on average pMC (WINSOC) = 58.3 (range: 49.8 - 63.7) and pMC 

(WSOC) = 86.8 (range 82.7 – 88.9). The big uncertainty associated to pMC (WSOC) 

is also noteworthy (25%). This was ascribed to the quantification methodology 

which gives WSOC as the difference between TC and TCww. Indeed, statistically 
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combining the uncertainties on these two quantities, a 23% uncertainty is obtained 

for WSOC quantification on average. Of course this uncertainty also influences 

pMC (WSOC) evaluation.  

table 5.7: measured data and errors on the five samples analysed for carbon fractions. Carbon quantification 

(left) is in µg/cm
2
. 

On the two samples for which the data for all the measured fractions were available, 

pMC (OC) was evaluated using the two approaches explained in par. 4.3:  

a) from TC and EC measurements: EC)EC(fTC)TC(fOC)OC(f mmm ⋅−⋅=⋅ ; 

b) from WSOC and WINSOC measurements: 

WINSOC)WINSOC(fWSOC)WSOC(fOC)OC(f mmm ⋅+⋅=⋅ , where 

wwwwmmm TC)TC(fTC)TC(fWSOC)WSOC(f ⋅−⋅=⋅ .  

Even if the uncertainty on pMC (WSOC) is significant, the results for the two filters 

for which the complete pMC data-set was available after AMS measurements are in 

agreement within 5% (see table 5.8). Thus, our approaches for OC/EC fractions 

separation can be considered reliable. It is also noteworthy that the uncertainties on 

pMC (OC) evaluated from the pMC (EC) are on average 11%, while when it is 

calculated by the separate analysis of OC sub-fractions this value rises up to 16%. 

Another indication on the best approach can be obtained when pMC (EC) is 

calculated starting from the pMC (OC) obtained by OC sub-fractions, and it is then 

compared to the directly measured value. It can be noticed (table 5.9) that 

significant discrepancies occur. It has also to be considered that errors associated to 

this measurement are higher than 100%, thus totally invalidating pMC calculation 

using this approach. The hypothesis of a systematic influence of the thermal 

protocol used for EC quantification by TOT was expressed. Tests were carried out 

estimating EC quantification by a different protocol (EUSAAR2 [Cavalli et al., 
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2010], Tmax for the He step: 650°C), but the corrections do not indicate systematic 

improvements of the obtained results. 

    

pMC(OC) 
(from EC) 

pMC(OC) (from 
WSOC & WINSOC)

� pMC (OC) 
(%) 

SC9 71.6 73.4 -2% 
Data 

SC17 59.9 62.7 -4% 

SC9 7.8 11.8   
Uncertainties

SC17 6.3 10.5   

table 5.8: pMC (OC) derived from the two different approaches 

  

pMC (EC) 
directly 

measured  

pMC (EC) from 
pMC (WSOC & 

WINSOC)  

� pMC (EC) 
(%) 

SC9 23.1 14 -38% 

SC17 11.9 2 -80% 

table 5.9: pMC (EC) directly measured and evaluated from pMC (OC) measured starting from OC sub-

fractions 

Therefore, the approach including only the determination of fm(TC) and fm(EC) has 

to be chosen for future measurements, even if information on the fm of the OC sub-

fractions will be lost. 

Moreover, source apportionment was carried out using the formulas in paragraph 

4.2.2 and an (EC/OC)ER,bb=0.16 ± 0.05 [Szidat et al., 2006]. Results are reported in 

table 5.10. Uncertainties on the obtained apportionment are calculated starting from 

analytical uncertainties on fractions and pMC measurements and from variability 

reported in the literature on fm,bb and (EC/OC)ER,bb. A brief discussion on the limits 

of the applied model is presented in the following.

 table 5.10: carbon fractions source apportionment

It can be noticed that fossil fuel combustions strongly influence EC concentrations 

(about 80% on average). The apportionment for EC fraction is in agreement with 

literature data in urban area during wintertime (ECbb = 25% ± 5%) [Szidat et al., 

2006].  

  ECbb ECfossil OCbb OCbio OCfossil

SC8 18% ± 2% 82% ± 9% 25% ± 9% 41% ± 14% 34% ± 18% 

SC9 20% ± 2% 80% ± 9% 26% ± 9% 40% ± 14% 35% ± 18% 

SC10 22% ± 3% 78% ± 10% 17% ± 6% 48% ± 11% 36% ± 14% 

SC17 10% ± 1% 90% ± 8% 19% ± 6% 36% ± 11% 45% ± 15% 
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As for OC data, it is noteworthy that fossil contribution accounts for 34-45% only. 

Moreover, in the OC modern fraction (on average 62%), a strong contribution 

(about 40% of OC) is ascribed to a biogenic source by the applied model. 

Considering that during the winter season only a small contribution from biogenic 

activity is expected, this result has to be carefully analysed. It is noteworthy that the 

(EC/OC)ER,bb emission ratio is strongly dependent on the type of stove or fireplace 

used for wood combustion and on the type of wood burnt: literature studies over the 

last 10 years report average (EC/OC)ER,bb ratios for primary emissions from 

domestic heating in the range 0.086-0.213 [Szidat et al., 2006 and therein literature], 

but  the range can be much wider depending on the wood type (e.g. 0.04-0.58 [Fine 

et al., 2001; Iinuma et al., 2007]). It is noteworthy that, if (EC/OC)ER,bb = 0.086 is 

used, the biomass contribution in the OC fraction estimated by our model increases 

on average to 40%, while the “biogenic” contribution reduces to 21%. On the 

contrary, the possible variation of fm,bb as a function of the age of the burnt material 

(range 1.08-1.24, see par. 4.2.2) has negligible influence on the apportionment if 

compared to the variation of (EC/OC)ER,bb. 

It is also important to consider that (EC/OC)ER,bb ratios found in the literature (and 

applied in this study) account only for primary contribution, while no indication 

about secondary formation is available. Therefore, the real biomass burning 

contribution can be strongly underestimated by the applied model. 

Another factor influencing the possible biogenic contribution overestimation is the 

addition of biodiesel (up to 7% fatty acid mixed esters in Europe [2009/30/EC]) to 

the diesel fuel. Bennett et al. (2008) showed that the addition of biofuel to the diesel 

fuel leads to the emission of 
14

C proportionally to the inserted biofuel. Thus, a small 

modern OC fraction (no more than few percent) can be ascribed to biofuel this kind 

of emission. On the contrary, Lewis et al. (2006) did not found 
14

C contribution in 

particulate emitted by small engines fuelled by gasoline and ethanol due to different 

partitioning of the two fuel emissions in particulate and gaseous form.  

Finally, it has to be considered that, even if low emissions from biological activity 

are expected during wintertime, plant debris and fungal spores contribution cannot 

be completely excluded during this season [Puxbaum and Tenze-Kunit, 2003]. 
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Conclusions

This work aimed at the set-up of innovative experimental methodologies for the 

atmospheric aerosol characterisation and source apportionment. 

It is worth recalling that particle size and composition influence aerosol effects both 

at local (human health, air quality, visibility, cultural heritage degradation) and 

global scale (radiation balance). Thus, the study of size-segregated aerosol and the 

source identification are among the main topics of interest in up-to-date aerosol 

science. 

In this work, attention was focused on the following points: 

1) the set-up of an Energy Dispersive X-Ray Fluorescence (ED-XRF) for the 

analysis of size-segregated samples;  

2) the application of Positive Matrix Factorization (PMF) analysis to a 

detailed dataset for source apportionment assessment, and the analysis of 

sources temporal trends and particle number concentration in different size 

bins from 0.25 to 32 µm aimed at obtaining indications on the size 

distribution of source emissions; 

3) the design and set-up of a new sample preparation line for 
14

C analysis in 

atmospheric aerosol samples. The line was realised fulfilling the 

requirements for organic and elemental carbon separation, in order to allow 

the discrimination between natural and anthropogenic source contributions 

to carbonaceous particles in atmosphere. 

The set-up of the ED-XRF had to follow different steps due to the peculiar features 

of size-segregated aerosol samples (not-homogeneous deposit and small deposit 

quantities): 

1) the identification of an homogeneous sensitivity area; 

2) the determination of the sensitivity curve; 

3) the sensitivity curve validation; 

4) the inter-comparison with a different analytical technique (Particle-Induced 

X-Ray Emission: PIXE). 

The validation of the sensitivity curve and the inter-comparison with PIXE showed 
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that reliable results can be obtained by our set-up. The set-up methodology has been 

recently presented at international and national conferences (see Appendix: C7, C8, 

D11, D13), and a paper was submitted to X-Ray Spectrometry (see Appendix: B2). 

A winter sampling campaign was carried out to test the set-up and the first data of 

elemental size distribution in Milan area were obtained by our ED-XRF set-up. 

Data concerning this campaign were presented at a national conference (see 

Appendix, D13). However, further work is still needed for source apportionment of 

size-segregated samples in Milan area.  

Moreover, the development of the ED-XRF set-up for size-segregated samples 

analysis (a similar set-up was realised at the University of Genoa for parallel 

analysis and joint measurement campaigns) allowed a comparison between 

measured data and size-segregated data modelled starting from a PM10, PM2.5, and 

PM1 database coupled to size-segregated number concentrations in Genoa area. The 

group presented the work in a recent paper ([Cuccia et al., 2010], see also Appendix 

A5), and at international and national conferences (see Appendix: C5, C10, D8, 

D10). 

PMF was applied to a high-time resolved dataset. Elemental, ionic, and 

carbonaceous compositions had been determined in a previous work by ED-XRF, 

ion chromatography, and thermal-optical transmittance method, respectively. 

Moreover, levoglucosan had been measured by a methodology developed jointly 

with the Department of Inorganic, Metallorganic and Analytical Chemistry of the 

University of Milan, and presented in Piazzalunga et al. (2010) (Appendix: A6).  

The dataset main features were reported in Vecchi et al. (2009a) and a peculiar 

episode was studied and presented in Vecchi et al. (2008) and at national and 

international conferences (see Appendix: A1, A3). 

In this work, the identification and the contribution quantification of the sources 

influencing the Milan area were carried out by PMF analysis. Seasonal variability 

was evidenced and the importance of specific PM sources during peculiar episodes 

was evaluated. Moreover, indication on source contributions in different size bins 

was obtained following the methodology proposed in Mazzei et al. (2007). A paper 
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containing this information is now in preparation and 4-hours biomass burning 

apportionment was presented at an international conference (see Appendix, C2).  

The design and set-up of the new preparation line for 
14

C analysis was the most 

innovative, important, and demanding part of the work. The line was designed and 

set-up in close collaboration with the LABEC-INFN research group. Different 

prototypes were realised before achieving the final configuration. Some parts of the 

line (i.e. the combustion oven and the CO2 trap) are based on original ideas; they 

were developed in this work and are now implemented in the line. Reliable results 

were obtained by our sample preparation line for TC data, and a paper presenting 

the line and the tests carried out for quality control on TC is under second revision 

on an international journal (see Appendix: B1). Moreover, the line final set-up and 

quality TC data control were presented at international and national conferences 

(Appendix: C3, C9, D9). 

We also participated to an international inter-comparison exercise on 
14

C analysis 

on aerosol samples, but its results are not available yet. 

During the last months, tests were also carried out on separated carbon fractions on 

winter samples. These data are the first data in Italy and among the few ones in the 

world. However, work is still in progress to obtain smaller samples and to further 

verify thermal separation protocols, as well as to have data for the summer season. 

Moreover, further work is needed for the assessment of the secondary organic 

component deriving from biomass burning, which is probably not correctly 

accounted for by the applied model.  

Finally, during my PhD thesis I also contributed to experimental or data analysis 

concerning other works carried out by the research group in the frame of the 

projects FIRST2007, PRIN2007, PUR2008 and of the INFN experiments 

NUTELLA and NUMEN. Papers and presentations to national and international 

conferences referring to these works are also presented in the Appendix (A2, A4, 

C1, C4, C5, C6, C11, C12, D1, D2, D3, D4, D5, D6, D7, D12, D14, D15). 
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