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Summary

Background and Aims

The Particulate Matter (PM) is one of the main air pollutants typically present in urban
environments with high population density and industrial activities. The scientific concern
addressed to this complex mixture of organic and inorganic substances is mainly related to the
well documented associations between PM concentration levels typically observed in urban
and industrial areas and increased mortality and morbidity, as well as other adverse health
outcomes.

Nevertheless, the particulate concentrations reported to be associated with adverse effects in
epidemiological studies are much lower than those observed to cause health effects in
laboratory toxicological studies and the biological mechanisms that are able to cause serious
health damage even at such low concentrations are not yet clear. The problem is quite complex
because of the great spatial and temporal variabilities in the PM concentration levels and
because of the different composition of airborne particles that is not always adequately
reflected in the results of epidemiological studies. Moreover, although current International
Guidelines are focused on PM;, and PM, 5, an emerging literature appears to demonstrate an
increased toxicity for submicrometric (PM,;) and especially ultrafine (PM,,) particles
compared to larger particulates on a per mass basis.

Motivated by this paradox, there is particular interest in examining those aspects that might be
capable of producing injury while at the same time not contributing greatly to the measured
airborne particle mass concentration, and information about the size-resolved chemical
composition of airborne PM appear to be needed for an accurate evaluation of its toxicity.
Because of the great importance that this type of knowledge may have in terms of health
concern and due to the limited information available on a local scale on this topic, a research
project was specifically developed. Special emphasis was paid on the metal component of size-
fractionated PM, because of its known adverse effects exerted on human health, as well
documented in the scientific literature.

The general aim of the project could therefore be identified in the characterization of selected
trace metals in fine, submicrometric and ultrafine particles. For these purposes, an
experimental approach was specifically designed. Proper sampling lines and innovative
analytical methods were developed and obtained findings were then used to characterize the
study area in terms of mass concentrations, size-distributions, temporal variabilities. Moreover,
the potential non-carcinogenic and carcinogenic risks for human health via the inhalation
exposure route posed by the investigated metals were characterized.

Materials and Methods

To investigate the ambient mass concentration, size-distribution and temporal variability of
atmospheric PM, an intensive long-scale monitoring campaign was undertaken at an urban
background site in Como, Northern Italy. The experimental approach was designed to integrate
different meteorological and environmental conditions that could potentially influence the PM
mass and composition in the urban environment. For this reason, the total duration of the
planned campaign was 10 months. Atmospheric sampling started at the end of May 2015 and
was stopped at the end of March 2016, thus obtaining a large number of samples that could be
used to characterize the study area and investigate temporal variations in the measured PM
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concentration levels. Measurements generally started between 09:00-10:30 on Monday
mornings and lasted until Friday mornings, using a 96-h sampling duration every sampling
week. The sampling equipment consisted of different monitoring devices. A 13-stage Low
Pressure Impactor (DLPI) was used for the collection of size-segregated particulates in the
0.028—-10 um size range. To evaluate DLPI performance and accuracy, during most of the
sampling weeks PM, s was also monitored via an Harvard-type Impactor (HI) and an external
weather station was used to characterize meteorological conditions during the study period at
the sampling site.

In order to characterize the total metal content in the size-segregated PM, a novel Laser
Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS) measurement
protocol was properly developed. Special efforts were made to improve and optimize sample
pre-treatment steps and LA operating conditions in order to avoid some critical drawbacks
encountered during analysis and make the particulate samples suitable for an accurate and
reproducible LA-ICP-MS analysis, regardless of the mass loading on each dust filter. Under
the optimum conditions, dust samples as well as blank filters and standards for calibration were
analyzed by multiple line scan of each sample spot and quantitative analysis was accomplished
with dried-micro droplets of aqueous standard solutions. The accuracy of LA-ICP-MS results
was verified by comparison with conventional ICP-MS analysis of selected PM samples after
complete sample mineralization with mineral acids. In this context, an alternative approach for
sample pre-treatment in liquid ICP-MS analysis was developed, since the conventional
microwave-assisted digestion approach utilizing aqua regia does not allow the complete
dissolution of the filters used for particle collection in this study.

After method validation, the proposed LA-ICP-MS protocol was applied for the total metal
content analysis of selected trace metals (Cr, Mn, Fe, Ni, Cu, Zn, Ba and Pb) on the extended
set of size-segregated PM samples collected during the monitoring campaign.

Results and Conclusions

Despite some limitations, this thesis provides important insights about the concentration and
size-distribution of airborne particles and metal components, that could be useful in developing
larger air pollution and epidemiological studies.

As expected, the highest PM concentration levels were found during the heating period because
of a joint effect of meteorological factors and variations in type and/or number of emission
sources. One of the most interesting findings of this investigation was that the greatest increase
effect in the PM concentration levels was registered for particles having aerodynamic diameter
(a.d.) values between 0.15 and 1.60 pum (and mainly for particles having a.d. values between
0.4 and 0.9 um - more related to the presence of additional sources of submicronic particles
during the cold season), whereas no relevant and significant differences were found for
particles > 1.60 pm.

The proposed LA-ICP-MS method for the metal characterization provided precise and accurate
results, with a better sensitivity than the conventional ICP-MS technique. The LA treatment
procedure identified for sample preparation allowed accurate and reproducible analysis with a
simple and fast sample preparation, thus overcoming the laborious pre-treatment approach
required for wet chemical digestion. With the proposed LA-ICP-MS approach, risks associated
with sample contamination were minimized and the time needed for the application of the
whole measurement protocol was reduced, with the possibility to analyze a greater number of
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samples with several sample replicates in the same time required for the established ICP-MS
protocol. Because of the less-laborious and fast sample preparation and analysis, this method
could be used for routine application in order to monitor the elemental concentration and size-
distribution of airborne particulates with a suitable precision and accuracy for health and
sanitary purposes.

Regarding the elemental composition, the investigated elements accounted, on average, for a
very small percentage of the total PM, s mass concentration and results revealed characteristic
size-distributions and great variations in the concentration levels of the analyzed toxic metals,
with values differing by one or more orders of magnitude from element to element and
between the different sampling periods.

Although based on the assumption that people living in the study area are exposed every day
for a lifetime to the average metal concentrations monitored during the whole campaign, the
estimated hazard quotients for each element and the overall estimate for non-carcinogenic
effects posed by all of the metals under investigations were always < 1, suggesting no
significant risks for the exposed population. Nevertheless, acrosol particles > 0.3 um seemed to
play the major role in the characterization of the overall non-carcinogenic risk, whereas lower
contribution were found for particles < 0.3 um, with percentage contribution values decreasing
with decreasing aerosol particle size. Moreover, also the estimated PM, s carcinogenic risks
(CR) for Ni and Cr were below or within the acceptable range established in terms of
regulatory purposes for the general population (10 or 10~), thus indicating a negligible cancer
risk for people living in the study area. Nevertheless, it should be important taking into account
that, although the estimated CRs for Ni were two orders of magnitude lower that the calculated
CRs for Cr, the higher contributions to the total PM,s-CR for Ni were found to be mainly
related to airborne particles that are able to more deeply penetrate into the respiratory system.
Therefore, despite some assumptions or limitations, results obtained from this investigation
could represent important tools in epidemiological studies, as an innovative and alternative
target with respect to the typical PM fractions on which these types of research are generally
focused (PM;, or PM,;5). Because of the type of sampling site used for particle collection
(urban background) and the extended time series of size-segregated particle mass
concentrations and elemental composition, these data could be used to better assess if the
known and documented PM effects exerted on the general population (e.g., increased mortality
or morbidity) could be related to specific size fractions and/or components of PM, s, with a
particular focus on those particles that are able to reach the deepest parts of the respiratory tree,
and if these effects are really greater than or independent from the effects induced by larger
size particulates.
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Chapter 1 — Introduction

1.1 Background and Research Objectives

In the recent years, the monitoring of air quality and air pollution in outdoor, as well as indoor
or occupational environments, has become of increasing interest mainly because of the need to
verify the compliance with recommended guideline or threshold limit values and assess the
potential health risks for humans related to the exposure to various atmospheric contaminants.
Different chemical compounds are normally emitted in the atmosphere from natural as well as
anthropogenic sources. The Particulate Matter (PM) is one of the main air pollutants typically
present in urban environments with high population density and industrial activities and it may
comprise primary particles — directly emitted as liquid or solids from sources such as biomass
burning, incomplete combustion of fossil fuels, traffic related suspension phenomena of road or
soil, sea salt and biological materials (plant fragments, micro-organisms, pollens) — or
secondary particles — formed by gas to particle conversion in the atmosphere (Lohmann and
Feichter, 2005; Pdschl, 2005). The PM composition is variable and it generally includes
different compounds, from carbonaceous fractions (organic carbon, elemental carbon,
carbonate carbon) to inorganic components (crustal elements, trace metals and ionic species)
that undergo various physical and chemical interactions and transformations (atmospheric
aging, coagulation, gas uptake).

The scientific concern addressed to this complex mixture of organic and inorganic substances
is mainly related to the well documented associations between PM concentration levels
typically observed in urban and industrial areas and increased mortality and morbidity (Pope et
al., 1995), as well as other adverse health outcomes. Aerosol particles are indeed recognised to
have a strong impact on the environment and to be of concern in health-related effects.
Numerous epidemiological and toxicological studies have found associations between
measured particulate matter (PM) levels and adverse outcomes, as eye irritations, chronic
respiratory and cardiopulmonary disease, lung cancer (Erdinger et al., 2005; Schwarze et al.,
2006; Brook et al., 2010; Stafoggia et al., 2013; Raaschou-Nielsen ef al., 2016).

Nevertheless, the particulate concentrations reported to be associated with adverse effects in
epidemiological studies are much lower than those observed to cause health effects in
laboratory toxicological studies and the biological mechanisms that are able to cause serious
health damage even at such low concentrations are not yet clear (Harrison and Yin, 2000;
Raaschou-Nielsen ef al., 2016). The problem is quite complex because of the great spatial and
temporal variabilities in the PM concentration levels and because of the different composition
of airborne particles that is not always adequately reflected in the results of epidemiological
studies (Harrison and Yin, 2000).

Motivated by this paradox, there is particular interest in examining those aspects that might be
capable of producing injury while at the same time not contributing greatly to the measured
airborne particle mass concentration. One of the main goal of the scientific research in this area
is to understand if the mechanisms of particle toxicity are defined in specific size fractions and
how the particulate chemical composition can affect it (Harrison and Yin, 2000; Kelly and
Fussell, 2012).

Inhalation is the major pathway of exposure to airborne PM. The relation between the
concentrations and characteristics of air contaminants and the resultant toxic doses and
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potential hazards after their inhalation depends greatly on their patterns of deposition and the
rates and pathways for their clearance from the deposition sites.

The distribution of deposition sites is firstly dependent on the aerodynamic diameter of
particles. Particle size and shape are critical factors controlling the extent to which airborne PM
penetrates the human respiratory tract (Lippmann ez al., 1980), and they influence the potential
health toxicity, as well as other important variables. According to Yeh et al. (1976), since the
initial deposition pattern of inhaled particles determines their future clearance and insult to
tissue, the respiratory tract deposition plays a key role in assessing the potential toxicity of
aerosols. Factors influencing the deposition efficiency of inhaled particles can be classified into
three main areas: i) the physics of aerosols; ii) the anatomy of the respiratory tract and iii) the
airflow patterns in the lung airways.

In the physics of aerosols, the forces acting on a particle and its physical and chemical
properties, such as particle size and size distribution, density, shape, hygroscopic or
hydrophobic character, chemical and physical reactions, will affect the deposition. With respect
to the anatomy of the respiratory tract, important parameters are diameters, lengths and
branching angles of airway segments, while physiological factors include airflow and breathing
patterns. All these factors, together with the content of toxics, the total human exposure and the
health status of the population, determine the potential particles toxicity.

Coarse particulate (PM, 5 o) deposits in the upper respiratory tract while fine particles (PM, s)
travel deeper into the lungs. The ultrafine fraction, defined as those fraction with aerodynamic
diameter (a.d.) in the 1-100 nm range (UFPs, PM, ), is able to reach the alveolar region and it
is consequently more difficult to eliminate through the mucociliary clearance and the
physiological leaching mechanisms.

According to Lippmann et al. (1980), particle retention is a time-dependent variable equal to
the difference between the amount of aerosol deposited and the amount cleared. Several
mechanisms contribute to the particles clearance. The most important mechanism for insoluble
particles is the mucociliary clearance. Soluble particulates, depending on their physicochemical
properties, may either be incorporated into the mucus and be taken up by the airway
epithelium, or pass through it to be cleared by the bronchial and pulmonary circulation. For a
given individual, rates of clearance within the respiratory tract vary greatly from region to
region. In the ciliated nasal passages and the tracheobronchial tree, clearance in normal
individuals is completed in less than one day. In the alveolar zone, clearance proceeds by
slower processes, most of which vary considerably with the particles’ composition (Lippmann
et al., 1980).

For all the aforementioned reasons, in the last decade the knowledge about the chemical
characterization of airborne particles in different size-fractions began to grow, with a particular
focus on the smallest particle size ranges (submicronic (PM;) and UFPs). Increasing
toxicological and epidemiological evidences have indeed suggested strong correlations
between health endpoints and ultrafine particles (Ibald-Mulli et al., 2002; Oberdorster et al.,
2005; Karakoti et al., 2006; Ostro et al., 2015).

An emerging literature appears to demonstrate an increased toxicity for UFPs compared to
larger particles on a per mass basis, especially if considering that the respiratory deposition
fraction of these particles increases sharply with decreasing size (Montoya et al., 2004). At a
given mass, UFPs have 10” to 10’ times more surface area than particles with aerodynamic
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diameter in the 0.1-2.5 um range and approximately 10° times more surface area than the
coarse particulate (Harrison et al., 2000). This surface area-to-mass ratio confers to submicron
and ultrafine particles an important surface chemistry when in contact with epithelial cells
(Donaldson et al., 2002). Furthermore, although it makes a negligible contribution to particle
mass levels, the ultrafine fraction dominates the atmospheric number concentration (Cass et al.,
2000), and it comprises particles having residence times in air that allow the atmospheric
dispersion over a long distance from the original emission source, resulting in an enhanced
level of ambient PM concentrations even at rural or background sites.

As well documented in the scientific literature, among all of the PM chemical constituents, a
particular airborne PM component that is known to exert toxic effects on humans, even if at
trace or ultra-trace levels, is the metallic fraction. Many elements, like Cd, Cr, Cu, Mn, Ni, Pb,
V, Zn, are widely distributed in PM and hence are suspected to be an important source of PM
toxicity. The concern becomes even more critical when considering the larger surface area of
submicronic and UF particles and their higher deposition efficiency in the alveolar region.
Investigations suggested that trace metals distributed throughout the lung on UFPs could
catalyze the formation of oxidants within the lung, which in turn produce tissue damage (Li et
al., 2003). Some metals, especially transition metals as Cd, Ni, Pb, or Tl, can injure the
kidneys, the nervous and immune system as well as be teratogenic and carcinogenic (Sun ef al.,
2001; Raaschou-Nielsen ef al., 2016).

Consequently, metals-containing UFPs are potentially more harmful when inhaled. Therefore,
information about the size-resolved elemental composition of airborne PM appear to be needed
for an accurate evaluation of its toxicity.

Until about fifteen years ago, most of the research studies carried out worldwide focused on the
elemental characterization of Total Suspended Particulates (TSP), PM, and PM, s (Ayrault et
al., 2010; Hueglin et al., 2005; Lonati et al., 2008; Tahir et al., 2013). A recent large-scale
investigation provided a wide outlook on PM; mass concentration and chemical composition at
three Italian urban sites, aiming at the identification of PM; major sources and the estimation of
their contributions to mass concentrations (Vecchi et al., 2008).

The increasing interest in the ultrafine component led the research to focus on this aspect, still
little known until the beginning of the twentieth century. Different studies investigating the
size-distribution of elements in the airborne PM were carried out in the United States, Asia,
Europe. In order to find the main research studies dealing with this topic, a systematic research
on three of the main scientific databases of peer-reviewed literature (PubMed, Scopus and Web
of Science) was carried out.

For each database, a selected list of keywords, which were the same for the different databases,
was used (Table 1). Keywords/phrases and the query’s structure were arranged as a function of
the specific database. Ambient aerosol terms (ambient aerosol, atmospheric particulate matter,
atmospheric aerosol, airborne particulate matter, PM, particulate matter) were combined with
sampling-type search terms (impactor, cascade impactor, DLPI, nano MOUDI), chemical
composition referred terms (elemental composition, chemical characterization, chemical
composition, metallic elements, elemental, speciation, OR metal*) and to terms about mass
concentration (particle size distribution, mass concentration*®, gravimetric*, gravimetric*
analysis, size distribution) and referred to air or to atmosphere.
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As shown in Fig. 1, 262, 311 and 78 papers were identified in Web of Science, Scopus and
Pubmed, respectively (last search performed on July, 26™ 2016). All these manuscripts were
selected following the reported inclusion criteria:

- Papers in which atmospheric samplings were performed outdoor and during normal

conditions (e.g. dust storm events or volcanic eruptions were excluded)
- Papers reported the elemental characterization of size-segregated particulate matter
(elemental mass concentration and size-distribution)

- Papers between January 2000 and July 2016

- Papers written in English language
Among all of the considered manuscripts, 58 papers were found to meet all the selected
inclusion criteria. These papers were then systematically reviewed. Information about sampling
site and its characteristics, sampling period, analyzed elements, study design and methods,
mass and elemental distribution of size-fractionated PM, correlations between elements (when
possible) and other results were extracted. The main findings for all of the considered papers
are reported in Table 2.
Nevertheless, up to now, in Italy there are still very few researches on the elemental
composition and size distribution of atmospheric PM and such information are even more
scarce and limited on a local scale. Indeed, no data regarding the mass size distribution and
metal composition, especially for fine, submicronic and ultrafine particles, are available for the
Como urban area (Northern Italy).
Therefore, motivated by the importance that this knowledge may have in understanding the
particles’ toxicity and their human health effects by inhalation, in determining their emission
sources (Gugamsetty et al., 2012; Vecchi et al, 2008), in classifying their natural or
anthropogenic origins (Lim ef al., 2010), the main goals of the research project have been
defined as follows:

1. Assessment of the ambient concentrations and distribution of size-resolved
atmospheric particles in the Como urban area.

2. FElemental characterization of fine, submicronic and ultrafine particles in
different sizes through high-sensitivity analytical techniques, with a special focus
on those metals having a great toxicological concern (e.g. Cr, Mn, Ni, Pb).

3. Characterization of the elemental size-distribution in the measured particle
fractions, to understand how the chemical components are distributed in the
airborne PM. This is of significant interest both in epidemiological and toxicological
studies since different investigations suggest that some of the most toxic metals (e.g.
Pb, Cd, Ni, V) have high proportions in the smallest particle size ranges (Mbengue et
al., 2014; Niu et al., 2010; Sato et al., 2008).

4. Assessment of the potential health risks for the general population living in the
study area.

5. Evaluation of the contribution of anthropogenic sources to the ambient levels by
the use of Enrichment Factors (EFs). EFs relative to the average composition of the
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upper continental crust are widely employed in the atmospheric chemistry to classify
the natural (EF values close to unity, tipically for elements of crustal origins as Al, Si,
Fe) or anthropogenic (tipically, EFs > 5) origins of metals in the air (Mbengue et al.,
2014).

6. Assessment of temporal variations in the measured levels of particles and metal
components.

1.2 Outline of the Thesis

After a brief introduction on the topic, as explained in the previous paragraph, chapter 2
describes the experimental approach specifically developed to investigate the ambient mass
concentration, size-distribution and temporal variability of atmospheric particulate matter -
from coarse particles to the smallest particulate ranges - in an urban environment. For this
purpose, size-segregated PM was collected at an outdoor urban background site during an
intensive long-scale monitoring campaign by means of a multistage low pressure impactor.
Obtained results were then used to evaluate the performance of the particulate sampler, assess
ambient mass concentration and size-distribution of atmospheric PM in the 0.028—10 pm size
range, assess temporal and seasonal variations and evaluate the influence of meteorological and
environmental conditions on the measured PM concentration levels.

Chapter 3 focuses on the development and optimization of a novel Laser Ablation-Inductively
Coupled Plasma-Mass Spectrometry (LA-ICP-MS) measurement protocol for the elemental
characterization of size-segregated PM samples collected as described in chapter 2. The
analytical method was developed in collaboration with the Laboratory of Inorganic Trace
Analysis, Division of Instrumental Analytical Chemistry, at the Institute of Chemical
Technologies and Analytics, Vienna, under the supervision of Professor Andreas Limbeck.
This chapter provides detailed information about the improvement of sample pre-treatment
steps as well as the optimization of analytical operating conditions applied to obtain an
accurate, reliable and reproducible LA-ICP-MS analytical method.

The proposed LA-ICP-MS protocol was then applied for the analysis of selected trace metals
(Cr, Mn, Fe, Ni, Cu, Zn, Ba and Pb) on the extended set of size-segregated PM samples, as
presented in chapter 4. Obtained findings were used for a preliminary assessment of ambient
concentration levels, enrichment factors and size-distributions of the investigated elements.
Moreover, results were used to evaluate their potential non-carcinogenic and carcinogenic risks
for humans via the inhalation exposure route, based on the assumption that people living in the
study area are exposed every day for a lifetime to the average metal concentrations monitored
during the whole campaign.

The last two chapters present two others parallel research lines, equally focused on the
importance of assessing the human exposure to airborne contaminants for a risk assessment
and characterization in outdoor as well as indoor and occupational environments.

Specifically, chapter 5 describes a research study carried out in the framework of a main
research project, funded by the Emilia-Romagna Region and the Regional Agency for the
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Environmental Protection of Emilia-Romagna, that aims to develop and realize an accurate
survey on the atmospheric pollution in the Emilia-Romagna Region, through the monitoring of
physical, chemical and toxicological parameters, to improve the knowledge regarding the
environmental and health aspects of air pollution, both indoors and outdoors, with a particular
focus on fine and ultrafine particles. In particular, in this study an experimental approach to
investigate the indoor/outdoor (I/O) and spatial variability of traffic-related pollutants
simultaneously measured on the street- and back-side of a building in a trafficked urban area is
presented. The main goal of the study is to underline differences and trends between the two
opposite sides of the building, with a particular focus on PM; 5 mass and chemical composition,
size distribution and UFPs number concentration. Obtained findings could be used to assess the
human health risk associated with a different proximity to traffic sources in urban areas, both
indoor and outdoor, and could represent a valid support to avoid possible sources of
misclassification in epidemiological studies.

Finally, chapter 6 presents a study focused on the assessment of human exposure in an
occupational environment. Specifically, the monitoring protocol was developed in order to
evaluate the workers’ exposure to arsenic and cadmium in an industrial-scale plant devoted to
the production of CdTe-based solar cells for different working task and throughout the plant
history by means of environmental (air sampling) and biological (end-shift urine samples)
monitoring. Further, surface sampling campaigns were performed to qualitatively evaluate the
general workplace contamination.
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Tables

Table 1. Query’ structure used for each scientific database.

DataBase

Search Query

Pubmed

Web of
Science

Scopus

(((((((((((ambient aerosol) OR atmospheric particulate matter) OR atmospheric
aerosol) OR airborne particulate matter) OR PM) OR particulate matter)) AND
((air) OR atmosphere*)) AND ((((impactor) OR cascade impactor) OR DLPI)
OR nano MOUDI)) AND (((((((elemental composition) OR chemical
characterization) OR chemical composition) OR metallic elements) OR
elemental) OR speciation) OR metal*)) NOT indoor) AND (((((particle size
distribution) OR mass concentration®) OR gravimetric*) OR gravimetric*
analysis) OR size distribution)

((TS=("ambient aerosol" OR "atmospheric particulate matter" OR "atmospheric
aerosol" OR "airborne particulate matter" OR "PM" OR "particulate matter"))
AND (TS=(air OR atmosphere*)) AND (TS=(impactor OR “cascade impactor”
OR DLPI OR “nano MOUDI”)) AND (TS=("elemental composition" OR
"chemical characterization" OR ‘"chemical composition" OR "metallic
elements" OR elemental OR speciation OR metal*)) NOT (TS=(indoor)) AND
(TS=("particle size distribution" OR "mass concentration*" OR gravimetric*
OR "gravimetric* analysis" OR “size distribution”)))

((((( TITLE-ABS-KEY ("ambient aerosol" OR "atmospheric particulate
matter" OR "atmospheric aerosol" OR "airborne particulate
matter" OR "PM" OR "particulate matter" )) AND ( TITLE-ABS-
KEY (air OR atmosphere* ))) AND ( TITLE-ABS-

KEY (impactor OR "cascade impactor"” OR dlpi OR "nano
MOUDI"))) AND (TITLE-ABS-KEY ("elemental

composition" OR "chemical characterization" OR "chemical
composition" OR "metallic

elements" OR elemental OR speciation OR metal* ))) AND NOT ( TITLE-
ABS-KEY (indoor ))) AND ( TITLE-ABS-KEY ( "particle size
distribution" OR "mass concentration*" OR gravimetric* OR "gravimetric*
analysis" OR "size distribution" ))

25



Table 2. Summary of research studies on the elemental composition of size-segregated PM.

Reference Location

Site characterisation

Sampling period

Main Results

PM mass distribution

Elemental characterization

Malandrino et Turin
al. (2016)

Site localized near the
historical centre (45° 3'
6,412" N; 7° 40' 51,919"
E) at an elevation of 15 m
with respect to the road
level. Urban site

autumn-winter
2012)

(2011-

February sampling: PM,,
distribution is bimodal, with modes
around 5 um and 1 pm (typical of
urban aerosol)

Identification of three main bahavioural types: 1)
elements associated with coarse particles (Cd, Cr,
Cu, Fe, Mn, Mo, Sn). 2) Elements found within fine
particles (As, Co, Pb, V). 3) Elements spread
throughout the entire size range (Ni, Zn)

February sampling: the
accumulation mode (1 pum) is by
far the highest

Most of the elements present lower concentrations in
Turin than in other considered urban areas

During February PM,s represent
80% of the total mass of PM
collected

The highest metal concentrations were reached by Cr
(0.83 ng/m*), Zn (32.7 ng/m*), Cd (1.85 ng/m’) and
Sn (30.02 ng/m’) in October sample. Co (0.06
ng/m?), Ni (1.55 ng/m®), Cu (2.52 ng/m’®), As (0.13
ng/m?), Mo (0.34 ng/m*), Pb (2.25 ng/m’) in January
sample. V (0.30 ng/m*), Mn (3.10 ng/m®), Fe (207
ng/m’) in February sample

There is a grater diference in elements size
distribution between the firts sampling (October) and
the last two ( January and February)

Co, V, Ni show a larger mode in the finest fraction
(<1.6 um) in winter than in autumn

Zn presents a larger mode in the fine fraction (<2.7
um) in autumn

26

Elements could be diveded into 3 groups: 1)
elements are mostly concentrated in the coarse mode
(2.7-11 pm: Cd, Cr, Cu, Fe, Mn, Mo, Sn);
2)elements show higher concentrations in the
acumulation mode (<2.7 pm: As, Co, Pb, V); 3)
elements presents several modes spread throughtoth
the size distribution (Ni, Zn) -> these bheaviour is
generally in line with the findings reported by other



authors

Tan
(2016)

et

al.

Beijing

Site localized on the December
rooftop of a building (5 m 27th 2006
above the ground) in an

urban area

4th-December The size distributions of particle
mass during heavy haze and
normal days were both bimodal but
slightly differet: these mode peaks
were within the range of 0.32-1.0
pum and 3.2-5.6 pm

Ca>Si>Fe>Al>K>Mg>Na (consistent with the

previous result in Beijing)

The peak of accumultion mode
shifted toward larger size during
heavy haze period from 0.32 pm to
1.0 pm

The crustal elements ( Ca, Si, Fe, Al, Mg) were
mainly present in coarse mode and the proportions of
their concentrations of coarse mode particles to the
total mass concentrations were 70%, 65%, 68% and
73.1% respectively

Averagely 51.5% and 74.1% of the
total ambient aerosol mass was
distribuited in the sub-micron and
fine particle, rispectively

Atmospheric heavy metals (Pb, Zn, Cu, Ni) were of
great concern

Cr, Ni, Cu, Zn, Ga, Ge, As, Se, Mo, Ag, Cd, Sn, Sb,
Cs, Hg, Ti, Pb were dominated by sub-micron
particles (PM,/PM,o >50%)

Ti, V, Zr, Ba were dominated in fine particles
(PM,.5/PM;o >50%)

Si, Fe, Al, Ca, Mg, Sc, Co, Sr were dominated in
coarse particles (PM,.s/PM;o <50%)

Size distriubtion of elements wew classified into 4
main type. 1) elements whose mass was enriched
mainly within accumulation mode (<Ipm: Ge, Se,
Ag, Sn, Sb, Cs, Hg, Ti, Pb); 2) those elements (K,
Cr, Mn, Cu, Zn, As, Mo, Cd)were resided mainly
within the accumulation mode, ranged from 1 to 2
um; 3) Na, V, Co, Ni, Ga were distribuited among
fine, intermediate and coarse modes; 4)those which
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were mainly found within particles larger than 2.7
um (Al, Mg, Si, Ca, Sc, Ti, Fe, Sr, Zr, Ba)

Crustal elements (Al, Mg, Si, Ca, Sc, Ti, Fe, Sr, Zr,
Ba) exhibited a single modal size distribution, and
their highest mass peaks appeared int he range of
3.2-5.6 pm

4 main type: elements were enriched within the
accumulation mode (<1 um: Ge, Se, Ag, Sn, Sb, Cs,
Hg, Ti, Pb). Those mass (K, Cr, Mn, Cu, Zn, As,
Mo, Cd) was resided mainly within the accumulation
mode, ranged from 1 to 2 um. Na, V, Co, Ni, Ga
were distibuited among fine, intermediate and coarse
moed. Those which were mainly ofund within
particles larger than 2.7 pm (Al, Mg, Si, Ca, Sc, Ti,
Fe, Sr, Ba)

Masiol et al.
(2015)

Venice

Semi-rural coastal site. 15 cold season (late autumn
m above ground on a and winter); October

lighthouse
12,4368 E)

(45,4227 N, 2007-January 2008
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Antropogenic elements are strongly inter-correlated
in the submicrometric (<1 pm): S, K, Mn, Cu, Fe, Zn
and intermediate mode (1-4 um). Mn, Cu, Zn, Ni

In the intermediate mode, association having
geochemical significance between marine (Na, Cl,
Mg) and crustal (Si, Mg, Ca, Al, Ti, K)

In the coarse mode (>4 um) Fe an Zn are well
correlated

Basing on median values, sulfur is the most abundant
element (746 pg/m?), followed by Cl (469 ng/m®),
Ca(193 ng/m’), K (183 ng/m’) and Na (153 ng/m’)

Ti, Cl, Ni, Cu, Ca are more concentrated in the
intermediate mode (1-4 pm)

Sulfur, potassium, vanadium, manganese are mostly
in the submicrometric range mode (<1 pm)

Na, Mg, Al, Cr show bimodal distributions in both



submicrometrical and coarse rages

Distribution reproduce a general trend, showing the
antropogenic elements linked to te finest fraction and
those related with the coarse one

Submicron-sized aerosol is usually attribuited to
hight energy sources or secondary aerosl fomration
process. Sulfurm potassium, manganese and iron
present in the highest number of significant
correlations among them, generally with titanium,
copper, zinc

In the intermediate mode, associations having
geochemical significance exist between marine,
crustal and anthropogenic elements

28,12°N; 112,59° E 13th-May 6th of

Fe>Zn>Mn>Pb>Cr>Cd>Cu>Ni

The most aubundant HM was Fe. The size
distribution for Pb and Cu, they were concentrated in
fine particles (<2.1 um)

Concentration of Ni and Cr were higher in the coarse
particles

Cd, Fe, Mn, Cr were presented a unifomr distribution
in both fine and coarse particles wich indicated that
they were contributed by antropogenic emissions and
natural sources including soil dust re-suspension and
second aerosol aggregation

Traffic linked ambient air. October 2011; December

Content of Fe was the greatest

1.5 m above the ground 2011; March 2012; April

(26,847°N; 80,947° E) 2012, May 2012

Fe accumulation was more in PMgg, PM; o, PMj s,
PMys6 fraction and less in PMgss, PMo3s, PMy,
fractions

The contents of Ni in PM;3 to PM,; exceeded the
permitted levels marginally

The contents of transitionals metal (Cu, Fe, Pb) were
greater in PM g to PMg 1s



Ni and Fe accumulated in PM, g; Cd in PM, o; Cr and
Cu in PM0_56; Pb in PM()_32

Contents of Cr, Ni, Cu, Fe on submicron fractions
are below the recommended and permissible
exposure levels

Sulejmanovic ~ Sarajevo Urban. 6 m from the August 2008-December The average concentrations of The decreasing trend of average trace elements
etal (2014) ground 2008 particulate matter are 37% 18% concentrations in the particulates revealed the
15% 8% 15% of total suspended following order: Fe> Mn>Cu>Co
particle for PM<g4, PMjos.049,
PMis.095, PMsg.s, PM7ase and
PM>7,2
The highest average concentrations Fe showed the highest concentration and Co the
of PM was obtained in fraction lowest one
<0.49
Lowest average level of PM was Maximum concentrations of all analyzed metals are
obtained in fraction >7.2 pm found in the PM;,30 um with the values of 3.83
ng/m’ for Co, 179.20 ng/m? for Cu, 6.82 ug/m’ for Fe
and 208.70 ng/m* for Mn
For each month, except August, the The trace element calue in the urban atmosphere of
highest average concentrations of Sarajevo in comparison with some European urban
PM were observed in fraction sites were times higher
<0.49 um
Onat et al Instanbul Yenisbona: 40° 59' 60" N Yenisbona: January-July Log-normal distributions showed The higher metal rte in fine and medium coarse PM
(2012) 28° 49" 2493" E 14 m 2006; Goztepe: February- that the particles at the Yenibosna ahowed that the antrhropogenic sources were the

altitude. Goztepe: 40° 59'
32,82" N 29° 04' 26,96"E
19 m altitide (urban)

August 2007

site have a smaller size compared
to the Goztepe samples and the
size distribution of PM was
represented the best by the tri-
modal

most significant polluted sources

The fine particles (<3.3 um)
constitute a significant part of TSP
and particulate size distribution
was best rapresented as tri-modal

50-90% of the metal mass is concentrated in the fine
PM

The metal concentration at two site were variable
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V concentration value were similar at the two
stations

The higher value of all metals were determined at
Goztepe station (except Pb)

At Yenisbona the seasonal variation of Cd, V, Cr,
Co, Cu, Ni and Pb have peak values during the
hating season

At Goztepe (except Pb) the seasonal concentration of
Cd, V, Cr, Sn were similar during the heating and
non-heating seasons

The highest correlation was between Pb and Cd at
Yenisbona

At Yenisbona there are high correlations between Cd
and V, Ni, Pb, As; between Ni and Co, Cu, V;
between As and Sn, Co; between Cr and Co

All of the metals (except Ni) are related by a high
correlation at Goztepe site

and (51°34N 3¢
EROS: urban background
(1,93°W, 52,46°N)

industrial EROS: March 30th-april Port Talbot: bimodal peaks (0.5-
11th. PT: April 17th-May and 2-6 pum).

Highest mass
concentration observed on April
23-26

Al and Fe were the metals

concentrations at both sites

with  highest

EROS: modal peaks in the fine and
coarse PM ranges at 0.5 and 2-4
pm

Mean concentrations of Cr, Mn, Fe and Zn were
higher at PT than EROS

Particle mass, for wich the fine
mode was very similar at both sites
but the coarse mode was much
more prominent at PT due largely
to increase marine aerosol

The traffic signatures of Cu, Sb, Ba and Pb were
particuulary prominent at EROS

EROS was dominated by fine
particles while PT showed an
elevated coarse particle
concentrations reflected in a higher
ratio of PM, s/PMq
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EROS: all of the metals displayed at least two peaks
covering fine and coarse PM fraction (excet Pb and
Zn and Sb, where the two modes were both in the
fine fraction). Multiple modes were observed for Al,
V and Cr



PT: the concentration of Fe was tge highestm
followed by Al and Zn

Generally the moeds in the size distributions were
similar at the two sites. Notable differences: Calcium
showed a fine mode at PT wich was not evident at
EROS; alluminium showed a pronunced mode >10
pm at EROS wich has no parallel at PT; chromium
shows a multi-modal behaviour at both sites, but the
smallest mode at PT it is around 0.2 pm, whereas at
EROS it is close to 0.5 um; manganese at PT shows
a very pronunced coarse particle mode, while at
EROS the mode is much broader, peaking at 1-2 um;
iron, for wich in both sites show a bimodal
distribution

EROS was dominated by fine particles while PT
showed an elevated coarse particle concentration

Kuzu et
(2013)

al.

Instanbul

Urban

March 2009-March 2010.

Two prevalin particulate modes are
found throughought PM,,. First
mode in the fine mode is found to
be between 0.43 and 0.65 um. The
other peaks was observed between
3.3 and 4.7 pm

The maximum concentration of Fe are observed in
rush hour sample between the size range of 1.1-4.7

pum

The mean PM, concentrations was
determined as 41.2 pg/m3. PMo.43
has the highest mean concentration
value of 10.67 ug/m’, making up
nearly one fourth of the total PM,
mass

For Cu, higher concentrations were monitored during
day-time, between diameters of 0.65-0.43 um

The fine mode (0.43-1.1 pm); the
coarse mode (5.8-9.0 pm)

Zn has a maerly unifrom distribution througthought
the stages
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The maximum elemental composition comprised
alkaline and alkaline earth metals (Na, K, Mg, Ca).
The maximum concentrations of these elements were
observed in rushhour sampples, between 1.1 and 4.3



pwm

Ny and Lee. Ulsan

(2011)

Urban area of an industrial ~April 2008-January 2009
city. 12 m from the ground

Most of the fine and coarse particle
mass was concentrated in the size
range 0.7-1.1 pm and 9-10 pm
respectively. PM mass showed two
peaks in spring: the firts peak was
observed for the smallest particles
(<0.7 pm) and the second one was
found in the coarse particles (2.1-
10 pm). Fine particles (0.7-2.1 pm)
showed the highest PM
concentrations in winter

3 main group were determined: 1) heavy metals (Cd,
Zn, Mn, Ni, Cr) which were present in high
concentrations in fine particles (<2.1 pm) particulary
at the size of 0.4-0.7 um. 2) light metals (Na, Ca, K,
Al) anf Fe which had high concentrations in coarse
particles. Other heavy metals (Pb, Mg, Cu) showing
high concentrations at size larger than 5.8 pm

Metals (Cd, Zn, Mn, Ni, Cr) in group 1 had much
higher concentrations in fine particles (<2.1 um) as
compared in coarse particles (>2.1 um) and the metal
concentrations decrease with increasing size of
particles within the fine mode. group 2 including
light metals (Na, Ca, Al, K) and Fe, showed
increased concentrations with increase in particle
size, wich is wella matched with the size
characeristics identified in the previously studies. the
metals in group 3 (Pb, Mg, Cu)showed increasing
concentrations in the size group abovr 5.8 um

Pipalatkar
al. (2012)

et Nagpur

Residential cum winter period
commercial —area. 3m
above ground level

The average concentration of PM;,
and fine particulate matter (<2.2
um) was found to be 300 and 136.7
wich  was
Central

pug/m’  respectively,
exceeding  limit  of
Pollution Control Board

Metals (Sr, Ni, Zn) were found to large proportions
in below 0.7 pm particle size

Maximum mass concentration of
41 pg/m’ in size range of 9-10 um
amd minimum mass concentration
of 19 pg/m’ in size range 2.2-3.3

Maximum contribution of Sr (32%) and Mg (14%)
were found in the bolow 0.4 um
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pum was observed

Ni (31%) and Zn (21%) were found maximum in the
particle size range 0.4-0.7 um whike As (21%) and
Ba (17%) were maximum in the size rane 0.7-1.1
um. The remaing metals like fe, Pb, Si, Cu were
observed maximum in seze range of 2.1-3.3 um; 3.3-
4.7 pm; 5.8-9.0 pm; 9.0-10 um respectively. There
was no significant variation for Mo (11-12%) in all
size fractions

Zn (45%), Sr (65%) and Ni (55%) contribute
maximum and other metals varied from 30-45% in
fine mode

Percent contribution of Si (40.3%) and Pb (63.3%)
was maximum in coarse mode and in medium mode,
respectively

Hays et al. North
(2011) Carolina
interstate

Near highway

26-31
August 2006

July 2006; 3-10 PM mass size distribution was

trimodal with a major
accumulation mode peak at 500-
800 nm. PM mass levels reflected
daily traffic activity, while mean
near-highway PM,, (33 pg/m’),
PM,s (29 pg/m’) and PM,, (1.4
pg/m’) mas levels variede less than
24% over the two week samplig
period. On average, the PM,s
fraction represent 86% of the total
PM,( mass

Numerous metals (An, Cr, Ni, Co) showed a variety
of dealy enrichment and size distributions, indicating
that the raleigh near-highway PM is influenced by
multiple source contributions

Kopanakis er Akrotiri
al. (2012)

Suburban/rural
(35°31'48"N; 24° 03'36"E)

August 2007; July 2008

The mean PM;, conentration
during the measuring period was
equal to 36.1 pugm’. The PM,;
concentration was equal to 23.6
ng/m’
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The concentration of antropogenic elements (Cu, Cr,
Pb, Ni) are low, in comparison to the concentration
of Fe (crustal element)



The mean PM,;, concentration
during the first sampling period
was equal to 283 pugm’
(10/08/2007-28/08/2007) whereas
during the second sampling period
(9/07/2008-19/07/2008) was 41.6
ng/m’

A good pearson correlation has been shown between
PM levels (PM,, and PM,s) and concentration of Fe,
and also between PM, ; and concentration of Pb

The measurenment showed a
bimodal size distribution for the
aerosol mass concentration

The average concentration of Fe is high and it is
nearly equally distribuited in coarse ad fine PM
fractions

A significant decrease of PMys
annual means (35.2%) was
recorded between 2004 and 2007,
alike other studies in the region of
mediterranean sea

Copper chromium and lead showed the highest
concentrations in the coarse PM fraction with
aerodynamic diameters larger than 4.7 pm

Nickel presented the highest concentration in the
ultrafine PM fraction with aerodynamic diameters
less than 0.4 pm

Kertésez et al.
(2008)

Debrecen

Downtown

before, during and after
the Easter holdays

Two different kind of particles could be identified
according to the size distribution

In the size distribution of Al, Si ,Ca, Fe, Ba, Ti, Mn,
Co one peak can be found around 3 um (these are the
elements of predominatly natural origin)

The size distribution of elements like S, Cl, K and
Zn has a bimodal shape. One peak can be observed at
0.25-0.5 pm and another at 2-4 pm, indicating
different sources of these elements

Concentration values are lower in the weekend than
in the working days

The result obtained are in good agreemeent with
mass size distribution measured in other hungarian
and European cities
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Ntziaxhristos
et al. (2007)

Southern
california
freeway

1 mile downwind of the February-April
freeway (1710 freeway in (Monday-Friday)

Los Angeles)

2006 The freeway location exhibits

significantly higher mass
concentrations than the urban site
for all particle size, with coarse
PM mas consituting about 50% of
PM,, at both samplig locations

The most abundant trace elements in the
accumulation mode were S (138 ng/m®), Na (129
ng/m’), Fe (89 ng/m®)

S (35 ng/m’) and Fe (35 ng/m’) were the most
abundant in the ultrafine mode

The concentration of several trace elements,
including Mg, Al, Zn and, in particular Ca, Cu, Pb,
did not uniformly increase with size within fine PM.
The most abundant elements in the PMj 35 mode
are S, Na, Fe, followed by Ca, K, Al and Mg

In the PM; ;s mode S and Fe are the most abundant,
followed by Ca, Al, Na

Most elements fall into two distinct concentration
profile with particle size: several elements present a
monotonic increase in their profile with size, such as
Na, S, Ti, V, Mn, Fe, Sn, Ba. The second
characteristic ~ concentration  profili  reflects
distribution that does not uniformly increase with
size, i.e the distribution is "flatter" bacause
concentration are similar across the lower aize ranges
(Ng, AL, K, Ca, Cu, Zn, Pb)

Nanoparticles (18-32 nm) appear to have a much
higher fraction of mg, Ca, Cr, Ni, Cu, Zn, Sr, and Pb
from all other size fractions whitin the ultrafine mode

The concentration of most trace elements is below
100 ng/m’

Hieu and Lee.
(2010)

Ulsan

Urban, residential area

April-August 2008

The identified concentrations of
PM, 0; PM,s; PMyo were 18.5, 27.6
and 50.5 ug/m’

Na, K, Ca, Mg, Al, Fe, Zn were detected in high
concentrations in the coarse particles

The highest value for the mean
mass fraction (16.4%) was

Cd, Cr, Cu, Ni, Mn, Pb were found mainly in the fine
particles
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observed in the size range of 9.0 to
10 um, followed by the size ranges
of 0.7 to 1.1 pm (14.3 pm) and 0.4
t0 0.7 um (12%)

The mean concentrations of PM;,
PM,s and PM,, during the study
period in the largest city of Korea
were 18.5, 27.6 and 50.5 pg/m’
respectively

The crustal elements were found in higher
coincentration in the spring and the antropogenic
elements were found in high concentrations in the
summer

Here were 2 distinct concentratio groups during the
study period for the mean concentration of metals in
PMo

The light metal group (Na, K, Ca, Mg, Al) was found
in very high concentration as compared to the heavy
meal group (except Fe and Zn) wich was found in
trace concentrations

For the light metals, the principal metal component
was Ca followed by Al and Na

For the geavy metals the concentration of Fe, Zn and
Pb were much higher than the concentration of Cd,
Cr, Cu, Mn, Ni, wich were less than 100 ng/m’

The difference in metal concentration between the
two season was relatively small, except that for Pb
wich was found at a concentration in summer that
was twice as hight that in spring for all particle sizes

There were fluctuations in the metallic element
concentrations during the sampling periods, the
concentration ratio of the metallic elements in the
fine and coarse particles were very similar in both of
the season except for the PM,s/PM, s ratio in Ca,
Cd, Mn, Ni
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The concentration of Al, K, Na,Zn, Ni were higher in
spring than in summer



Light metals and Fe and Zn trended to accumulate
in coarse rather than fine particles

Cd, Cr, Cu, Mn, Ni, Pb trended to accumulate in the
fine particles rather than in the coarse particles

Niu
(2010)

et

al.

Ottawa

Urban

ECH-93 (1992-1993) and Both EHC-93 and EHC-2K show

ECH-2K (1999-2000)

the same distributiom pattern: the
mass is concentrated in the coarse
size fraction and decrease with
decreasing particle size showing
the lowest mass in the nano-size
fraction

A general trend of increasing element concentration
with decreasing aerodynamic diameter was observed
for V, Mn, Ni, Cu, Zn, Se, Cd.-Fe, Sr, Mo, Sn, Sb,
Ba, Pb were predominately concentrated in the fine-
size range

For the ECH-93 samples, Fe is the most abundant,
followed by Zn and Pb. Manganese, Cu, Sn, Ba show
moderate abundance. elements with lower median
values include V, Ni and Sr

For EHC-93 samples the best association exist
between V, Mn, Cu, Zn, Se, Ba.The strong
correlation remains in the finer particle size fractions
for V with Cu, Zn and Se but no longer with Mn and
Ba

For EHC-2K samples elements concentration
increase as aerodynamic particle size decrease for V,
Mn, Ni, Cu, Zn, Cd, Se with maximum concentration
in the nano-size fraction.Sn, Sb, Mo, Fe, Ba, Sr, Pb
are dominated in the fine-size fraction

V, Mn, Ni, Cu, Zn, Se and Cd exibithed the relative
highest mass concentration in the nano size (<100
nm) and the lowest concentration in the coarse
size(>1.0 nm) for these elements, a genarel trend of
increasing element concentrations as aerodynamics
particle size decrease was obsewrved. Other elements
(Fe, Pb, Ba, Sn, Sb, Mo, Sr) predominatly occur in
the fine-size fraction (100-1 nm)
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Pakkanen
al. (2003)

et Heliski

One sample at 3.5 m June 1997
height and one sample at
20 m height

The average concentrations of PM,
were pratically the same, about 11
ug/m’, at the two heights

Cu, Ba, Fe, Sb, Bi, Al were higher at street
levelsuggesting that local trafic and road dust were
importnt sources for these components

Concentrations of Ca, Co, Li, Mo, Na, Ni, Pb, Rb,
Se, Sr, Ti, T, V were similar at the two heights or
higher at the rooftops site pointing

Comparison of size distribution and concentration
revealed several groups of correlating chemical
components: Ti, As, Cd, B, Pb; V, Ni, Co, Mo; Ba,
Cu, Fe, Sb; Zn, Rb, Pb, Mo

At rooftop both the average concentrations and
average mass fractions of fine particle (Co, Se, Ti)
were >20% larger than lose at street level. The
average concentrations and mass fractions of Li, Ni,
T1, V were slightly higher at he rooftop site

The concentrations of Se, Li, Tl were larger at the
rooftop site for all sampling periods

The average submicron concentrations and mass
fractions of Ag, Al, As, B, Ba, Bi, Cu, Fe, K, Mn,
Sb, Th were clearly larger at street level

The concentrations of Ba , Th, Fe, Mn, Pb and Sb
were larger at street level for all sample pairs

Pakkanen
al. (2001)

et Helsinki

One sample at an urban April 1996- June 1997
area. One sample at an

rural site (3.5 m above the

ground)

The average PM,; (fine particle)
concentrations at the urban and
rural sites were 11.8 and 8.4 pg/m’.
The PMjss (coarse particles)
concentrations were 12.8 and about
5 ug/m’ respectively

The average fine particle concentration of the
chemical components appeared to be fearly similar at
the two sites for most of these components.
Exceptions were the average fine particlea Ba, Fe,
Sb, V concentrations that weere clearly highest at the
urban site pointing to traffic (Ba, Fe, Sb) and to
combustion of heavy fuel oil (V)

Average mass concentrations of
coarse particles were 12.8 ug/m? at
the urban site; 5.8 pg/m’ at the
rural site; 10.6 pg/m® at the semi-
urban site
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The strongest correlation at the urban site was
between Ni e V. Mo had its strongest correlation
with Ni, and Co with Mo. Ba, Cu and Fe formed a
clear group at the urban site having their stronget
correlations with each other. Sb  had its strongest



correlation with Ba, K and Cu but a weaker
correlation with Fe

Average mass concentration of
PM;s particle were 25.5 pg/m’® at
the urban site; 14.4 pug/m® at the
rural site; 18.9 pug/m® at the semi-
urban site

The average concentrations were relatively low when
compared to those reported in the literature for
central and southern Europe and for the densely
populated areas in North America

The average Ba, Fe, Sb and V concentrations were
clearly higher at the urban site. In coarse particles,
there were strong to moderate correlations between
the common major and minor crustal elements,
including Al, Ba, Ca, Co, Fe,K, Li, Mn, Rb, Sr, Th,
Ti, U,V

Alvarez et al.
(2004)

24 areas of The

Seville
23'N;
58"W)

50

different

three  categories:  sites week)
under the influence of

industrial
stations

emissions,
unedr the
influence of  vehicular
emission, and peripheral
stations under the
influence of resuspended
soils

days

sampling January 2000-June 2001
(37° points were classified into (differnt

in each

Average PM; level over the
sampling period was 41.8 pg/m’
(this concentration exceeds even
the annual limit value of PMj,
estabilished by the new european
framework directive of evaluation
and management of amient air
quality)

The highest mean cincentration was obtained (in
PM,,) for Pb, followed by As and Ni. The lowestr
concentrations were obtained for Cd and especially
for Hg. Toxic elements As and Pb were accumulated
in the fine particles of <0,6 um, as well the metals
Cd and Ni. the size interval where Hg contents were
higher than in PMy4 corresponded to a fine and a
coarse mode, meanwhile Ni presentes similar
percentage between all size range

Two size dependent log-normal
ditributions. One mode correspond
to the accumulation mode, a fine
mode below 1.3 pm, and other one
correspond to mechanical erosions

In PM;y samples the highest concentration was
obtained for lead. Arsenic and nikel presente medium
levels. the lowest concentratins were obtained for
cadmium and mercury

The more abundant particles in air
are the finest sizes, consiuting
48.4% of the total suspended
particles

All metals were highly associated with fine particles.
the resultas of distribution expressed as percentages
were 74.8% for arsewnic, 69.0% for lead; 61.3% for
cadmium, 57.5 for nickel and 40.4% for mercury
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Maximum percentages were obtained in particles
between 1.3 and 0.61 um for cadmium and lead.
Nickel presented a uniform distribution over all size
ranges. Mercury shows a different profile from the
other studied elements, with a maximum value in
particles between 4.9 and 2.7 um and similar values
in particles between 2.7 and 0.6 pm. Mercury was
mainly distribuited in a size range between 4.9 and
0.6 um. Arsenic presented the miximum value in the
finest fraction (<0.6 pm)

Kuhn et

(2005)

al.

State
110
(Pasedena)

route

Two diferent sites were
used : site A (very close to
the three  northbound
traffic lanes-2.5 m from
the edge of the freeway) +
site B (used to characterize
background aerosol. 150 m
from the freeway)

winter 2005 (weekdays)-
12/01-25/01/2005 from 12
pmto 7 pm.

At site A, the mass concentrations
were higher than site B in all three
size modes. Contrary to the
study, the  mass
concentrations in the accumulation
mode were higher than the coarse
mode. In the summer study the
coarse mass concentrations were
highest (23 and 21.5 pg/m® for site
A and B respectively) compared to
19 ans 19.2 pg/m’® in accumulation
mode and 5.1 and 3.3 pg/m’ in
ultrafine mode for site A and B
respectively

summer

Na, Si, Cl, K, Ca, Ti, Fe, Cu, Ba were dominated by
the coarse moed concentrations. All these species
were much higher in summer

Concentrations for other species (Na, Si, S, K, Ca,
Fe) were similar or slightly higher at site B. most of
these species are dominated by the coase mode
concentrations

Lin
(2005)

et

al.

Taiwan

Busy road

February-April 2004

The mean concentration of the
nano, ultrafine, fine, coarse, and
PM,, particles were 13, 31, 140,
51, 191 pg/m’ respectively

The nano particles were found to contain more of
traffic-related metals (Pb, Cd, Cu, Zn, Ba, Ni) than
particle of other size, althought crustal metals
accounted for over 90% of all the particulate metals

Most crustal metals (Ba, Ni, Pb, Zn) in ultrafine
particles displayed aitken modes
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Particle-bound Zn was more aboundant in the
accumulation mode than in the
nucleation/condensation mode, but the opposite was
true for Ag, Cd, Sb

The Ag, Ba, Cd, Pb, Sb, V and Zncontents in nano
particles were strongly associated withdiesel fuel,
while the Cu, Mn and Sr in particles <0.1 um were
more strongly associated with gasoline

The metallic components were divided into 3 groups.
Majour crostal metals (Si, Na, Mg, Al, K, Ca, Fe),
sub-major metals (Cr, Ni, Zn, Sr, Ba, Pb), minor
metals (Mn, Cu, Ag, Cd, V, Sb)

K exhibited a trimodal size distributions, but the
other major metals exhibited approximatly bimodal
size distributions with primary peaks in the 3.2-5.6
um range and secondary peaks in the nano size
range. Some major metals, including Si, Al, Ca, e,
Na, K, displayed Aitken modes in the ultrafine range

Some sub-major metals, such as Ba, Pb, Zn
exhibithes bimodal distributions

Fang et
(2005)

al.

Central
Taiwan

Traffic site (1.7 m above winter (November 2004- The mass size distribution of

the ground)

January 2005)

ambient suspended particles has
two modes. The range of the sizes
of the particles in the teo modes are
between 1.0 and 1.8 and 3.2 and
5.6 um

Concentrations followed the order
Fe>Mg>Cr>Zn>Pb>Cu in PM,, fine, ultrafine and
nano-sized particles

The distribution of the sized of the
fine and coarse paricles were 0.18-
1.8 and 1.8-10 pm espectively

The average metallic elements Fe and Zn have
similar concentrations distributions:the
concentrations decrease as the particle size fell in the
nano size range

The mean cumulative fractions of
PMlo, PM2,5, PMl, PM()_] and nano-
particles size of 0.018-0.056 pum
were 94.4, 68.9, 50.13, 16.9 and
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Mean metallic elements Fe and Zn exhibit similar
trends in concentrations: the concetrations dropped
as the particle size decrease in the nano-size range



12.3%

Concentrations followed the order Fe> Mg> Cr>
Zn>Pb> Cu in PM,, fine, ultrafine, nano-sized
ranges. This order was Fe>Mg>Cr>Zn>Pb>Cu for
coarse particles

Pennanes et 6
al. (2007) sampling

sites  across

Europe

urban Urban

background
environment

7 weeks campaign in
2002-2003: Diusburg
(autumn:4 october-21
november 2002); Prague
(winter: 29  november
2002- 16 january 2003);
Amsterdam  (winter: 24
january-13 march 2003);
Helisinki ~ (spring. 21
march-12 may  2003);
Barcelona  (spring: 28
march-19  may 2003),
Athens (summer: 2 june-
21 july 2003)

Common soil derived metals (Al, Fe) were generally
more abundant in PM.,5 size range compared with
the asmples in PM, 59> and PM, size ranges

Some metals (Cr, Mn, Pb, Zn were consistenlt more
abundant in Duisburg than elsewere in two or three
size ranges

The As content in particulate samples in thr three
size ranges of Prague winter was strikingly much
higher than that in all the other particulate samples.
The Ni and V contents in the PM;s., and PM,
samples were highest in Barcelona and Helsinki

Salma er al. Budapest
(2002)

Nakamura and Setagaya

4 sites: 1)KFKI (urban
background); 2)Eotvos
University (39 m above
the street level); 3)Sezena
Square (downtown. 4.5 m
above the ground); 4)CD
tunnel

Residential area

April-June 1999

weekdays in  Februay,

Typical coarse-mode elements (Na, Mg, Al, Si, P,
Ca, Ti, Fe, Ga, Sr, Zr, Mo, Ba) exhibited unimodal
size distributions at all four urban locations studied,
with most of their mass in the coarse mode, and with
little mass below 1 pm

Elements typically related to high-temperature or
anthropogenic aources (S, Cl, K, V, Cr, Mn, Ni, Cu,
Zn, Ge, As, Se, Br, Rb, Pb) had a unimodal size
distribution. Significant differences between the size
distributions of four sampling sites were noted

There was a clear tendency for the accumulation
mode to decrease and for the coarse mode to increase
with increasing total aerosol mass concentration
Table 3
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Ise (2002)

March and April; on
weekends in February and
in the period of Asian dust
events in March

During Asian dust events, the Al and Fe
concentrations increased in comparison to other
periods

John et al. Dusseldorf
(2001)

Traffic related site

17-21 November 1999
(6:00-20:00 and 20:00-
6:00)

PM,(, mass concentrations were 45
pug/m’ on average during this
measurement campaign; 34% of
these data excedeed 50 pg/m’

Sulfur: nearly 90% of the PM;, mas is already
contained in the PM, 5 fraction

Silicon, iron, calcium are elements on the coarse-
mode aerosol

No distinct diurnal pattern could be observed for
some elements (sulfur). In the case of other elements
(calcium), the time period of day and night sampling
revealed clear differences between the samples

Maenhaut e Gent

al. (2002)

Urban area (top roof)

6 September-30 October
1999

Sulphur was mainly in the fine size range, with
maximum at 0.5 pm

Other elements with mainly a fine mode were V, Ni,
As, Se, Pb

The crustal elements (Al, Si, Ti, Fe, Zr) exhibited
mostly a unimodal coarse mode size distribution,
with maximum at about 4 pm

Other elements with mainly a coarse mode were Na,
Mg, P, Ca, Cr, Mn, Cu, Ga, Sr

K, Zn, Rb were generally bimodal

Kuloglu and Antalya
Tuncel (2005)

Mediterranean coast (30°
54" E; 36° 81' N). Rural

station

August 1993-May 1994
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Pollution derived elemets (As, Cd, Mo, Pb, Se, Zn)
have MMD's between 1.25 and 1.01 um

Coarse component in concentraions of Cd, Pb, Sb
and particulate Hg are due to adsorption of fine
antrhopogenic particles on coarse crustal aerosol,
whereas coarse fraction (Z, As, Se, In, Mo, Au) are
crustal

Bromine, Cr, Ni and V have bimodal distributions



Approximately 30% or 40% of the mass of crustal
elements (Al, Ca, Ce, Dy, Au, Fe, Gd, Hf, La, Lu,
Mn, Nd, Rb, Sc, Sm, Ta, Tb, Th, Ti, Yb) occur in the
second impactor stage (4.2 pm cut-off diameter)

The first three stages, wich cover particle diameters
larger than 2.1 pm include approximately 70% of the
masses of soil related elements

Majority of the masses of pollution-derived elements
in the submicron range, apporoximately 10-30% of
the masses of As, Cd, Mo, Pb, Sb, Se, Zn are found
to be in the first three impactor stages

Bromine, Ci, Ni, V have 27-48% of their masses in
the first two stages of the impactor, and 29-42% of
their masses on the last impactor stage and on the
backup filter

Crustal elements (Al, K, Mg, Ca, Fe, Sc, Co, Ti, La,
Ce, Sm) are correlated with each other in both coarse
(stage 1-3) and fine fraction particles (stage 4-6), as
expected

Marine elements (Na, Cl) are correlates with each
other at every impactor stage. These element are also
correlated with Mg and K in the coarse fraction

K and Mg are not correlated with sea salt elements in
the fine fractions

Vanadium, Cr and Ni are correlated with Al in the
coarse fraction

Sulfate correlates with Al (and other crustal
elements) in the second impactor stage

Pakkanen
al. (2001)

et Helsinki

Vallila
(rural)

(urban);

Luukki

12 June 1996-5 June 1997

In the Helsinki area, the average
UFP mass was about 0.5 pg/m’ at
both sites

The average chemical composition of UFP was
similar at the two sites

The average UFP mass
concentrations were 490 and 520
1‘1g/m3 at the urban and rural site,
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The most important metals at both sites were Ca, Na,
Fe, K, Zn



respectively

Ni, V, Cu, Pb were important with average ultrafine
concentrations between about 0.1 and 0.2 ng/m’

At both sites the contribution of ultrafine to fine was
especially high for Se, Ag, B, Ni and at the rural site
also for Co and Mo

The Aitken modes of Ba, Ca, Mg, Sr were similar in
several samples, suggesting a common local
combustion source for these elements

Of heavy metals, concentrations in the UFP size
range were the highest (in decreasing order) for Zn,
Ni, V, Cu, Pb

The highest individual Aikne mode concentration
sobserved were in the range 10-25 ng/m° for Ca, Na,
Fe, K. Zn, Al, Mg, Cu, Ni, Pb showed maximum
Aitken mode conecntrations between about 1 and 4
ng/m’. Li, Th, T, U showed none or only few Aitken
modes

Compared to the urban site the UFP contribution to
PM, s, was higher at the rural site for most of the
components. The difference was especially high for
Ni, Co, Mo, Bi, V, Cu, Al, Ti, Fe, Rb. Only Cd had
a higher average and median UFP contribution at the
urban site

Compared to the rural site, the UFP concentration
was higher at the urban site especially for Fe, B, Ba,
V, Mn, Sb

Yang et
(2013)

al.

Seoul

Urban area

December 2007-
December 2009 (except
during unusual weather
phenomena such as rain,
snow, Asian dust)

The PM size distribution were bi-
modal, peaking at 0.18 to 0.32 and
1.8 to 3.2 pum. During the sampling
period, the annual level of PM;,
was less than 100 um/m?® (the 24h
air quailty standards in Korea), but
excedeed 50 um/m’ (the annual air

The mass concentrations of the metals in fine
particles (0.1 to 1.8 pm) accounted for 45.6 to 80.4%
of the mass concentrations of metals in PM,
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quality standard for PM,, in Korea)

The average montly sampling
concentrations of PM;q and PM;
on the nearby roadside were 34 to
124 pg/m® and 20 to 80 pum/m’
respectively

The mass proportions of fine particles of the
pollutants relatesd to traffic emission, lead (80.4%),
cadmium (69.0%), and chromium (63.8%) were

higher than those of other metals

The average levels of PM;, and
PM,s were 77.7 and 45.6 pm/m’
respectively

Iron was the dominant transition metal in fine
particles, accounting for 64.3% of the PM,; mass in
all samples

The percentage of UFP (<0.1 pm) ,
fine particles (0.1 to 1.8 um) and
coarse particles (1.8 to 10.0 um)

Weak correlations between PM mass and the
concentrations of chromium, lead, and iron

were 7%, 58.5% and 34.5%
respectively
Miranda and Campinas Avenue  with  intense August 2003-August Result showed an annual mean of The size distribution for chemiacl elements indicated
Tomaz (2008) vehicle traffic 2004. MOUDI:  8-12 20.85; 10.68; 10.17 pg/m’® for soil-derived elements in the coarse fraction
December 2003; 9-13 PM,,, PM, s and PM, 510
August 2004 respectively
Concentrations for PM,, were Comparing the diurnal and nocturnal concentration
higher in winter (August and sof two seasons, higher concentrations of soil-
September) than in summer. The derived elements were observed during the day in
annual mean was 20.85 +16.61 summer and winter
pg/m’; 10.68+ 825 ug/m® and
10.17 £10.00 pg/m*® for PM,,
PM, s and PM 5. respectively
Richard et al. Zurich Urban courtsyde (urban 28 November 2008-5 Aerosol sample are segregated into three size
(2011) kaserme background) January 2009 ranges: the coarse fraction (PM(.s), an intermediate
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size range (PM, s.,) and the fine fraction (PM,,)

Fe, Cu, Sn, Sb how a related pattern to the rush-hour
times of increased traffic activities



No clear diurnal variations were found for fine mode
S and K. Daytime concentrations of Si, K, Ca, Sr in
PM¢.s, exceeded night-time mass concentrations
without specific daily pattern

Srivastava and Delhi

Jain (2007)

6 differnt sites

3 diferent seasons: winter
(1/01/2001-15/02/2001),
summer (1/05/2001-
15/06/2001), monson
(1/07/2001-15/08/2001)

The impactor stage frectionations
of particles shows that a major
portion of TSPM concentrations is
in the form of PM, 7

Mn, Cr, Cd, Pb, Ni, Fe are concentrated in the PM,;
mode

The 24h average TSPM levels are
relatively  high in winter and
summer season at OK, wich is not
unexpected since it is an industrial
area

The only exceptions era size distribution spertaining
to Cu and Ca

Dominace of fine particles (<0.7
um) at all sites for all seasons
except DK, when the dominance of
fine particles is confined in
summer season only

Though, Cu is more in PM; mode, its presence in
size intervals 5.4-1.6 um and 1.6-0.7 um is also
significant

Unimodal distribution

No specific trend for any metal is being observed in
any particular season at any of the chosen sites

The only important cocnlusion that can be drawn i
that DK and VV (heavy traffic sites) are
comparatively more affected whilst JNU and HK
(residential areas) less affected sites

Most of the metals are associated with the PMy,
except Ca, P, Cu, Cr

Cu and Cr, apart form last stage, are also present in
fourth stage

Ca and Pb has no definite pattern of its association
with various fractions of TSPM

Canepari et al.
(2013)

Rome

Parking site

spring 2010
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Elements that are maily relased into the atmosphere
by natural sources or by re-suspension process (Ba,
Li, Mg, Mn, Na, Sn, Sr) are mostly present in coarse
particles



Elements having significant contribution from
combustive sources (As, Cd, K, Pb, Rb, Sb, Tl, V)
show a bimodal distribution, with substantial
contributes also from fine particles

Some elements (Na, Li, Mg, Ba, Mn, Sr) show a
dimensional distribution almost completely in the
coarse stage of the impactor

The size distribution of a second group of element
(Rb, Tl, K) was mainly confined in the fine fraction

A third group of elements (Sb, Cd, V, As, Sn, Pb)
also exhibited a significant fine contribution, but the
values obtained after thr elution were maredly lower
than those obtained from the direct analysis

Cuccia et al.
(2010)

Genoa

Urban area

March 2008-August 2008

Six sources were resolved: re-suspended soil (Al, Si);
Sea Salt (Na, Cl, Br); Traffic (Cu, Zn, Pb); heavy oil
combustion (V, Ni); secondary (S); unidentified
sources

Sea salt and re suspended soil show larger
conctributions in the coarse fraction (0.6-6 um)

Secondary componunds are mailnly concentrated in
the fine fraction

Traffic PM is resolved in all size bins

Heavy oil combustion sources shows a flat
distributions up to 3 um

Eleftheriadis
and Colbeck
(2001)

Colchester

Rural and urban area

Fraction for earth metals (Ca, K, Ti) is comparatively
grater in the rural site than the urban site, while for
trace metal (Mn, V, Cu, Cr) this fraction conctitutes a
more significant part of the coarse mass at the urban
site

Most crustal elements (Fe, Ca, K, Ti) display a peak
in their mass concentration between 3 and 7 pm. The
shape of their respective size distributions is
generally similar. The only exception in potassium
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which displays a clear second mode at around 10 pm
at the rural location

A clear distinction between the two sites is evident.
All these elements (Co, V, Mn and Cu), excluding
Cr, appear to have their ambient concentrations
maximising between 2 and 3 pm at the rural site and
between 4 and 6 um at the refuse site

Chromium displays a surprising bimodal distibution
with a first peak similar to those of the other metals
and a second peak at around 80 pm

Almeida ef al. Lisbon Suburban area The fine  particulate  mass Aerosol can be classified into eight types: crustal
(2006) concentrations varied between 2.4 matter sea salt, ammonium, sulphate, nitrate, organic
and 30 pg/m® (mean value 14 matter, black carbon, minor elements
um/m?’)
The coarse particulate mass Very similar size distribution fo La, Sm, Fe, Sc.
concentrations veried between 4 They skewed to the larger size range and ha done
and 88 pg/m’ (mean value 18 peak in the coarse particle region (2-4 and 4-8 pum)
ug/m’)
The mass size distribution fo K is rapresented as a
bimodal distribution having two peaks in the stages
0.25-0.5 and 2-4 um
The mass size distribution for Zn, As, Se, Sb, Hg did
not present a common similar pattern
Se and As skewed to the smaller size range and had
only one peak in the fine fraction region
Zn and Sb not only had similar mass size
distributions with a peak in the fraction 2-4 pm
Ma et al Kansai Urban Area Wintertime PM, ;s levels are higher in the day Insuloble Si and Fe are enriched in coarse fraction
(2004) time with an average level of 21.3 (>2.05 um) showing the bimodal distribution

ug/m’, while the levels are lower in
the night time, with an averge level
of 12.6 pg/m’

The number concentration of
particles larger than 0.3 pm
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K and Ca show the monomodal distribution with
coarse fraction enrichment



appears dominated by the ultrafine
particles ranged between 0.3 and
0.5 um

The size distribution of insoluble minor trace
elements like Cu, V, Br display the bimodal with
major peak in coarse fration and minor peak in fine
fraction

Soluble S showing the maximum concentration is
prinicpally enriched in a range of 0.01-1.17 pm fine
fraction and shows the bimodal distribution by
border with 0.19 um. Ti and Cu rapresent the
multiple peaks. The soluble fraction of Fe shows
dominant peak in coarse particle region

The total mass and elements
concentrations  during  daytime
were higher than nighttime

Yun et al
(2002)

Kunpo Metropolitan area (12 m February, May,

high) September, October 2000

The average fluxe of total mass and elements
measuring during daytime were higher than the
nighttime fluxes

The average fluxes of al and Ca were 1-2 orders of
magnitude higher than Mn and antrhropogenic
elements such as As, Cd, Cu, Ni, Pb, Zn

The size distribution of the crustal elements (Al, Ca,
Mn) showed two peaks, one in a small particles (<9
um), the other large particles (>9 pum). The mass
concentrations of Al and Ca were higher than those
of Mn and anthropogenic elements in all measured
periods

The ambient concentration sof both Al and Ca were
highest in October daytime

Zereini et al.
(2005)

Frankfurt am Three different sites with August 2001-July 2002

Main different traffic densities: the particle distribution of urban
1) 32500 cars/day. 2) air, with an average fraction of
<1000 cars/day. 3)large 60%

Coarse dust (>2.1 pm) dominates

The highest airborne heavy metal concentrations
occurred at the main street with a large number of
traffic

garden on a hill The fine dust fraction (<2.1 pum)
dominates at the side street and
rural sites, with an average fraction
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With exception of Co, V, Ce, Mn, the heavy metals
had an elevated enrichment factor compared to thei
copncentation sin the continental crust



of 55-64%

For As, Cd, Pb, V, the main fraction can be found in
fine particles (<2.1 pm). Ce, Cr, Co, Ni occour
mainly in coarse particles (>2.1 pm). Cu, Mn, Sb,
Zn, Pt, Pd, Rh occour in high concentration sin the
medium range (1.1-4.7 pm)

Salma et al
(2000)

Budapest

Urban background,
downtownsites, road
tunnel

two April-May
1998;
(semi-consecutive days)

1996; June
April-June 1999

In the downtown, the median TSP
was found to be higher by
approximately 25% than the sum
of the median PM for the coarse
and fine size fractions

The elements can be classified into two groups: 1)
Na, Mg, Al, Si, P, Ca, Ti, Fe, Ga, Sr, Zr, Mo, Ba. All
these elements have essentially a unimodal size
distribution for all data sets with most of their mass
in he coarse mode, and with little mass below 1 um.
2) S, Cl, K, V, Cr, Mn, Ni, Cu, Zn, Ge, As, Se, Br,
Rb, Pb. They either have a unimodal size distribution
with their mass occurring primairly in the
accumulation mode or exhibit clearly a bimodal size
distribution at the urban background site

At to the relatioship between the
mass concentrations of PM;, and
fine size fraction (PM,), the latter
makes up only 43% and 33% of the
PM,, mass at the wurban
background and downtown

Toscano et al.
(2011)

Venice
Lagoon

Three different sites. Site March 2002-July 2003
1: influenced by industrial

and urban sources. Site 2:

efecteed by marine aerosol

and long range sources.

Site 3: located downwind

from a mainland urban

area close to Venice

Airport

At all stations , particles with an
aerodynamic diameter <3 pm were
predominant (78% of the total
aerosol mass concentration)

Similarity in size distribution of elements at all sites
allowed the identification of three main behavioural
types: 1) elements found mainly whitin coarse
particles (Ca, Mg, Na, Sr); 2) elements found mainly
whitin fine particles (As, Cd, Ni, Pb, V); 3) elements
with several modes sread throughout the entire size
range (Co, Cu, Fe, K, Zn, Mn)

The general particulate distribution
in the three sites in the warm and
in the cold season was bimodal,
registering the highest abundance
in the 0.49-1.5 um fraction
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The highest metal concentrations for almost all
elements was foun dat site 1



Only at site 3 a unimodal with a
maximum of the fine particulates
was observed during the cold
season

The distribution of na, Mg, Sr, Ca showed a large
mode in the coarse fraction (3-10 um) in all stations

Cd, Pb, Ni, V, As showed a large mode between
0.49 and 1.5 pm at all sites. Cd, Ni, V and As
showed an additional mode for dp< 0.49 pm at site 1

Al, Fe, Mn, Cu, Zn, Co, K presented a bimodal
distribution: the first at 0.95-1.5 pm and the second
at 3-10 um

Salma et al
(2005)

Budapest

Downtown (7.5m above April 26th- May 5th 2002
the street level). The site

can be classified as

kerbside
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For the crustal elements, two modes were identified
in the mass size distributions: a major coarse mode
and a intermediate mode, wich contained about 4%
of the elemental mass

The typical anthropogenic elements exhibited usually
trimodal size distributions including a coarse mode
and two submicrometer modes instead of a single
acumulation mode

An Aitken mode was unanbiguios observed for S,
Zn, but in a few case only

For Al, Si, Ca, Ti, Fe, the size distributions generally
consisted of a large coarse mode with a GMAD of 4-
5 um containing about 96% of the elemental mass

Correlation between the coarse-mode concentration
pairs of the typical elements (Al, Si, Ca, Ti, Mn, Fe)
was strong

For Cl, Zn, Na, Mn, Ni, Cu, Pb, S, Br, the
distributios were generally trimodal

On average, more than half of the elemental mass
for Cl, Zn, Na, Mn, Ni, Cu was observed in the
coarse mode

For K four modes were detected in the ize
distribution, but the intermediate mode had a
significantly larger mean



The Aitken mode was observed only as an exception
for S, K, Zn, but in general, it was missing

Yang et al
(2014)

Beijing

Urban site; rural site

April 9th- April 23th 2012

The total concentation of the elements at urba site
was 1.4 times higher than that at the rural site

Al, Ca, Mg, Fe, Ba, Th, Sr were mainly asociated
with coarse particle with a peak at 4.7-5.8 um

Cd, As, Tl, Pb were found to be most dominant in
fine particles with the peak at 0.43-1.1 um

Na, K, Ni, V, Zn, Cr, Se, Co, Mo, Cu, Mn, U had a
multi-mode distribution

The conecntrations of Na, Mg, Al, K, Ca, Fe
contituted the major proportion in the measurements
of particulate matter, occupying 95.5 and 95.6% of
all the elements

High elemental concentrations were still observed at
both sites, especially for pollution elements such as
Cu, Zn, As, Se, Pb

Chen et al Lu-Lin

(2013)

Background

July-August
September-November
2010

2009;

The PMy; was 0.08-0.2 pg/m’ at
the LABS, much lower than that in
uban area

K, Mn, Pb, As in sample f and the average
distributions for other samples shows a bimodal
pattern

Fang et al Taiwan

(2012)

Traffic site (Hungkuang);
wetland  site  (Gomei);
industrial site (Quanxing)

November 2010-July 2011

PM,, contributed more than 50%
to the bulk concenration at the
traffic and the industrial sites, but
only contribuoted 25% at the
wetland site

At all three sites, PM;, and PM(,s dominated the
total Hg(p) concentrations. However, their
percentage contribution sto the total Hg(p) were
different from site to site

PM, 5.0 contribuited 25%-50% to
the bulk mass

PM, was the dominate mode at the traffic site and the
industrial site

Coarse fraction (PM,5.15)
contribuited 7% at Hungkuang,
25% at Gaomei, 19% at Quandxing

PM,,5 was the dominant mode at the wetland site

Samples with very high bulk
concentrations had larger fine
fractions
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Smolik et al
(2003)

Finokalia

Coastal site (3 m above the
ground)

10-31
January 2001

July 2000; 7-14 Time series for PM; and PM;,

mass and elemental concentrations
showed both daily and seasonal
variation

The crustal elements and sea-salt had a unimodal
distribution

The mass size distribution swere
predominanty bimodal with mode
ean diameter around 0.4 and 5 pm
and a minimum between both
modes at around 1 pm

Sulphur was found predominantly in submicron
fraction. K, V, Ni exhibited a bimodal distribution
with a submicron mode

Antropogenic elements had broad and not well-
definited distributions

Monomodal distribution with particle size >1 pm and
a mode centred about 4 um were tipical for Al, Si,
Ca, Ti, Mn, Fe, Sr. Multimodal distribution of Al and
Si was observed during winter. Also Cl exhibited
monomodal distribution with particle size >1 pm and
a mode around 5 pm

S, Br, K, V, Ni exhibited bimodal distribution with
modes at around 0.3 and 3 pm

Cu, Cr, Zn and Pb showed rather flat multimodal
distributions centered at abount 1 pm

Espinosa et al.
(2001)

Seville

12 different areas

Spring 1996 (Apil-June)

Tipical bimodal distribution, one
corresponding to the fine mode
below 1 pm (55%) and the other to
the coarse mode around 10 pm
(32%)

Nickel, lead, cadmium are mainly accumulated in the
smaller partiles, with percentages of 72.6, 69.4 and
63.8% respectively

Two size dependent log-normal
distribution, one corresponding to
the accumulation mode (a fine
mode below 1 um) and the other to
mechanical erosion, a coarse mode
around 10 um

One group of metal are present in high percentages
in the fine particles (<0.61 um): nickel, vanadium,
lead, cadmium (except vanadium they correspond to
the most toxic metals)

Mean TSP levels obtained for the

whole city over the sampling

55

One group is formed by the metal that have highest
percentages in the coarse particles: iron, magnesium,



period was 79 pm/m’

titanium, manganese

Aerosol particles of <0.61 pum
predominate in all sampling sites.
Particles <1.3 um account for over
55% of the total aerosol
concentration of this area, aerosol
particles of <10 pm represent 85%
of the TSP particles and those of
<2.7 um represent 61%

Ynoue and Sao Paulo Metropolitan area 3-11 August 1999 Sodium, potassium, magnesium, chloride had total
Andrade. concentrations up to 2.6 times higher in nightime
(2004) than in daytime sampling

Fang et al. Taichung Westin Park+ Gung-Ming Semptember 2011- Comparing the particle size of Zn, Ni, Cu, Cd, Pb in the ambinet air, the raletive
(2014) (Taiwan) Junior High School February 2012 PMis; PMis.qo; PMygos revaled concentrations were PMs>PM1g.¢>PM;5.1>PMjo.25

higher concentrations in Westin
Park than those Gung-Ming Junior.

for all sampling site

At the Westin Park, the average
concnetration of PM;s, PMjs o,
PMio.2s, PM, s werel9.67; 16.42;
16.09; 3.18 and 12.38 respectively

The relative concentrations of Zn particle were
PMi5>PMg2.5>PMa 5.1>PMis.10

At the Gung Ming sampling site,
the mean particle concentrations of
PMis, PMis.0; PMigas; PMasy
were 14.54; 9.90; 3.28: 12.70;
12.63 repectively

The relative concentratio of Ni particles were PM;,.
25>PMig>PM 5.10>PM, 5.

The relaive concentrations od Cu and Hg particles
were PMg>PMis.10>PM925>PMa 5

The relative concentrations of Cd particles were
PM0.2.5>PM;s>PM,; 5 1>PM18-10

Zn, Cu, Hg tended to associated in the particle size of
PMi.1s during the sampling period of September-
November 2011 at the Westin Park. Ni and Cd
tended to associated in the particle size of PM .5 at
this sampling site
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Han et al

(2005)

Gosan

The site is know to be the March 29th-May  29th
ideal location for the study 2002

of long-range transport of

air pollutants

More than 60% of the major soil components ( Al,
Si, Fe, Ca, Ti, Cr, Cu, Br, K, Mn, Zn, As, Rb) were
distribuited in stage 1 and 3 (1.15-12 pum)

About 30% of S, Br and Pb was found in stage 4
(0.75-1.15 pm)

About 20% of S, V and Ni was distribuited between
stages 6 and 8 (0.09-0.34 um)

Especially S, Zn, As, Pb, Cu, Se, V, Ni, Br had their
maximum concentrations in stage 6 (0.34-0.56 um)
during the AD period

Gokhale
Patil. (2004)

and Mumbai

October,
December

Traffic and industrial area November,

The fraction sof the PM;, adn that
of Pb showing a tendency of
trimodal distributions with the first
peak at coarse mode (9.0-10.0 um),
second at 5.8 um and the third at
coarse mode (1.1 pm)

The significant percentage of Pb was found in the
range below 2.5 um at both sites

Average PM,, concentraytions
values were found 258 and 528
pgm® in AQCR1 and AQCR2
respectively

The lead content of the particels at both sites is found
very high: 4.5 and 2.24 ng/m’

The PM,;; concentration (fine
mode) has been found contributing
between 20 to 30% of the total
PM,, in both sites

The distribution at both site is tendind to be trimodal
with peaks at 5.8; 1.1 and 0.4 pm

In AQCRI the % of Pb in coarse mode is 27%, in
medium mode 32% and in fine mode it is high as
41%

In ACQR2, the % of Pb in corse mode is as low as
8%, in medium mode it is 44 % and in fine mode it is
48%

Pakkenen
al. (2001)

et Helsinki

June 12th 1996- June 5th
1997

Two sites: urban and rural
(3.5 meters above ground)

The average particulate mass
concentration was higher at the
urban site, especially for the coarse
and accumulation size ranges
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At both sites, especially As, B, Bi, Cd, Ni, Tl, V
were enriched in fine particles (<2.3 pm)



At both sites As and Pb had similar accumulation
modes to sulphates suggests that long range transport
is important for these components

V, Ni, Mo, Co fromed another group of similar
accumulation modes at btoh sites

The average fine-particles concentrations of B, Ba,
Ca, Cu, Fe, Li, Mn, Mo, Ni, Sb, V, Zn were higher at
the urban site than the rural site. Only Se showed a
higher fine-particle concentration at the rural site

The average coarse-particles concentrations were
clearly higher at the urban site for nearly all
components. Exceptions were coarse Pb and Se,
wich showed similar average concnetrations in both
sites

At both sites Ag, Bi, Co, Mo, NI, Se, Sr, Zn had
about 10% or more of their fine-particles mass in the
Aitken mode

Most components showed two modes, called the
lower and the upper accumulation mode, in the size
range 0.15-1 pm

In uban site similar accumulation modes were
observed: 1)Pb, As, Co, Tl; 2) Ca, Ba, Sr; 3) Bi, TI;
4) Cd, Pb, K, Rb; 5)Mo, No, V, Fe, Co

At rural site the shape of the accumulation size
renage was similar for the groups:1)As, Pb; 2)Bi, Ag,
Cd, Na, Tl, Zn, Rb; 3)Cu, Cd; 4)Fe, Mg, Ti; 5) Co,
Mo, Ni, V; 6) Na, Rb, K, As

58

At the urbansite, the average relative local
contributions of several common soil and roa dus
components (Al, Ba, Ca, Fe, Mg, Ti, U) were
estimeted to be above 90% in PM2,3. The elements
As, Cd, Pb, Tl had the lowest average relative down-
wind local contributions in PM,3 (23-33%)



Allen et al.
(2001)

Central

England
southern
Scotland

+

Three backgroun sites

February 1999-November The size distribution obtained in

1999

Scotland, wich were typically
trimodal, difered from those in
central England, where modes
were more variable

Metlas whose mass resided mainly whitin the
accumulation mode (0.5 pm): Cd, Sn, Pb, Se

Metals wich were distribuited between fine,
intermediate and coarse modes (Ni, Zn, Cu, Co, Mn,
Hg)

Metals wich were mainly found within coarse
particles (3-4 pm): Fe, Sr, Ba
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Figures

651 records identified through
searching database
(last search: July, 26" 2016)

PubMed: 78
Web of Science: 262
Scopus: 311

151 records excluded by duplication searching

500 records after duplicates removed |> | 427 records excluded by screening title and abstract
73 articles reviewed for further detail |> 15 studies excluded as follows

l

58 articles relevant for inclusion

2 studies reported a new analytical/sampling method
1 study doesn't report enough information

11 studies doesn't report elemental distribution

1 study carried out in particular conditions

Figure 1. Flow chart showing the process followed for the identification of the most important
research studies on the elemental characterization of size-segregated PM.
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Chapter 2 — Mass Concentration and Size-Distribution of Atmospheric Fine and
Ultrafine Particles in an Urban Environment

This chapter is based on a pre-copyedited, author-produced version of an article accepted for
publication in Aerosol and Air Quality Research following peer review. The article in press
[Rovelli, S., Cattaneo, A., Borghi, F., Spinazze, A., Campagnolo, D., Limbeck, A. and Cavallo,
D.M. Mass Concentration and Size-Distribution of Atmospheric Particulate Matter in an Urban
Environment. Aerosol Air Qual. Res., doi: 10.4209/aaqr.2016.08.0344] is available online at:
http://aaqr.org/Articles_In_Press.php.

Abstract

This chapter is focused on the development of an experimental approach specifically designed
to investigate the ambient mass concentration, size-distribution and temporal variability of
atmospheric particulate matter (PM), from coarse particles to the smallest particulate ranges. In
this context, a long-term monitoring campaign was undertaken at an urban background site in
Como, Northern Italy, from May 2015 to March 2016. A 13-stage Low Pressure Impactor
(DLPI) was used for the collection of size-segregated particulates in the 0.028—10 pm size
range. The results revealed a good level of agreement between DLPI and a co-located Harvard-
type PM, s Impactor used in the study as a gold standard for the fine particulate fraction,
allowing them to be classified as comparable and characterized by a reciprocal predictability, at
least in the concentration range under investigation. The PM concentration levels varied greatly
between the different sampling sessions, with higher mean mass concentrations during the
heating season. Appreciable seasonal differences were found for particles between 0.15 and
1.60 pm that, on average, registered concentration levels 3.5 times higher during the heating
period (mean: 28.2 pg m; median: 24.4 ug m) compared to the non-heating season (mean:
8.3 ug m*; median: 7.6 pg m ). No relevant and significant differences were detected for the
coarser ranges (> 1.60 um). Temporal variabilities were influenced by typical PM urban
sources (e.g., household heating, traffic), that significantly affected fine and submicrometer
particles, and were related to meteorological factors. Ambient air particles exhibited a trimodal
distribution: a first and sharp peak more pronounced during the heating period was identified
between 0.4 and 0.5 um and two other slight peaks in the coarse mode were centered on
approximately 3 and 8 um. No relevant differences were found in the shape of the size-
distribution between the two investigated periods. The average PM,s (22.4 ug m ) and PM;,
(27.7 ug m™) concentrations monitored in the study area exceeded the annual Air Quality
Guideline Values (respectively equal to 10 ug m™ and 20 pg m™) established by the World
Health Organization.

1. Introduction

Numerous epidemiological and toxicological studies have documented strong correlations
between measured particulate matter (PM) levels and adverse health outcomes (Erdinger ef al.,
2005; Schwarze et al., 2006; Brook et al., 2010; Stafoggia et al., 2013; Raaschou-Nielsen et
al., 2016). Although current International Guidelines are focused on PM;y and PM, s (World
Health Organization, WHO, 2006), increasing toxicological and epidemiological evidences
have suggested consistent associations between health endpoints and particles characterized by
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smaller aerodynamic diameters (Dp) (Ibald-Mulli et al., 2002; Oberdorster et al., 2005;
Karakoti et al., 2006; Ostro et al., 2015).

The relationships between PM concentrations, chemical characteristics and the potential
hazardous effects on human health are related to the penetration, deposition and clearance of
particles into the human respiratory tract (Lippmann ez al., 1980). The transfer and deposition
in lung airways are in turn dependent mainly on particle size and shape (Donaldson et al.,
2002). As extensively documented in the literature (Lippmann et al., 1980; Heyder et al., 1986;
Donaldson et al., 2002), particles > 10 pm are only deposited in the extrathoracic region by
inertial impaction and they are not able to reach the nonciliated tract of the respiratory system.
Particles in the 1-10 um size range are deposited due to impaction in the extrathoracic and
upper bronchial airways, while sedimentation governs their deposition in the lower bronchial
and alveolar region. The impaction deposition increases with increasing particle size whereas
sedimentation is higher around 3 pum. For particles having Dp between 0.1 pm and 1 pm, the
deposition in the conducting airways is generally very small. Indeed, these particles are mainly
deposited by gravitational and diffusional transport in the alveolar tract and their total
deposition therefore approximates the alveolar deposition. Finally, particles < 0.1 pm deposit
by diffusion mainly in the lower bronchial and alveolar region. Their total deposition
probability tends to increase with decreasing particle size and these particles are more difficult
to eliminate by mucociliary clearance and physiological leaching mechanisms (Lippmann et
al., 1980). Therefore, information about the size-distribution of airborne PM, from coarse
particles to the smallest particulate ranges, represent an important knowledge in terms of health
concern. Moreover, unlike PM,, or PM, s for which there are lots of continuous or time-
integrated mass data (Ye et al., 2003; Vecchi et al., 2004; Gerasopoulos et al., 2006; Zhao et
al., 2009), significantly less is known about the spatial and seasonal variation of size-
fractionated particles.

Multistage cascade impactors at low pressure are generally used in this type of studies (Cass et
al., 2000; Pakkanen et al., 2001; Fang et al., 2005; Lin et al., 2005; Mbengue et al., 2014)
because size cut-points can be reduced at these operating conditions, allowing the additional
collection of smaller fractions (Chow and Watson, 2007).

Different researches were carried out in the last decade in the United States (Sardar et al.,
2005; Ning et al., 2007; Ntziachristos ef al., 2007), Asia (Deshmukh et al., 2012; Fang et al.,
2014; Liu et al., 2015) and Europe (Mbengue et al., 2014). In Italy, similar investigations were
undertaken in Turin (Malandrino et al., 2016), Genoa (Cuccia et al, 2010) and Rome
(Canepari ef al., 2008). However, such information is even more scarce and limited at a local
scale. Moreover, most of these researches were focused on restricted time periods or low
sample numbers, which makes it difficult to estimate seasonal and temporal variations in the
mass concentration and size-distribution. Therefore, to improve this knowledge and provide
further insights on the topic, a long-term monitoring campaign was performed at an urban
background site in Como, Northern Italy.

The aims of this paper are to i) evaluate the performance of a multistage cascade impactor for a
typical urban aerosol by comparison with a co-located Harvard-type Impactor; ii) assess
ambient mass concentration and size-distribution of atmospheric PM in the 0.028—10 pm size
range; iii) assess temporal and seasonal variations;, and iv) evaluate the influence of
meteorological and environmental conditions on the measured PM concentration levels.
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2. Experimental Method

2.1 Sampling Area Description and Sampling Strategy

In this study, a long-term monitoring campaign investigating the ambient PM mass
concentration and size-distribution in the 0.028—10 pm range was undertaken in the urban area
of Como. Como is a medium-sized provincial town (85,000 inhabitants; 873 inhabitants Km™;
97 Km” of surface area) located in the Lombardy Region, Northern Italy, at 265 m above sea
level. The province of Como has more than 500,000 inhabitants and it is surrounded by
Switzerland (N), and by the provinces of Sondrio and Lecco (E), Milano and Monza Brianza
(S), Varese (W). It covers the SW bank of the Lake of Como and it is characterized by the
presence of mountain (2/3 of the total surface area), hilly and flat areas.

The Italian legislation assigned to the Regions the air quality management and Regions acted
by dividing the regional territory in different areas for the assessment of ambient air quality
and the protection of human health and the environment. Specifically, the Lombardy Region
identified i) 3 agglomerates (for the main city of Milano, Bergamo and Brescia) and ii) 4
different zones (A: land with high urbanization; B: land; C: mountain; D: valley) (Fig. 1).
Como is part of zone A, that is characterized by:

i. higher PM,, concentrations, especially of primary origin, measured by the fixed site
stations of the Regional Air Quality Monitoring Network and confirmed by model
simulations

il. higher PM,o, NOx and volatile organic compounds (VOCs) emissions

ii. adverse weather conditions with respect to the pollutants dispersion (limited wind

velocity, long periods characterized by high atmospheric pressure and stability, low
mixing layer height, frequent thermal inversions at low altitude)
iv. high population density, industrial activities and traffic
Moreover, zone A is further divided into:
e zone Al: urban areas with higher population density and local public transport
e zone A2: urban areas with lower population density and emissions than zone Al

Data from the Regional Air Emissions Inventory (INEMAR, 2012) showed that the main PM
and PM, s sources in the study area during the year 2012 were characterized by non-industrial
combustion processes (domestic heating, wood combustion in residential structures or
commercial activities), followed by road transport (especially from cars and heavy vehicles)
and other sources.
The collection site was selected on the basis of the Guidelines regarding the Air Quality
Monitoring Network (EEA, Criteria for EUROAIRNET, 1999). The principal aim was trying to
identify an outdoor sampling site that could be considered as an URban Background (URB)
station, according to the guidelines criteria, so that the monitoring location could be used to
assess the “average” pollution levels in the urban environment (urban background
concentration) resulting from transport of air pollutants from outside the urban area and from
emissions in the city itself, without dominating or prevailing emission sources like traffic or
industrial activities. For this type of monitoring station, the air pollution data should be
representative of a surface having a radius between 100 + 2000 m (EEA, February 1999). The
represented area is defined as the area in which the pollutant concentrations do not differ for
more than 20% from the monitored values (EEA, February 1999). Verification of background
concentration levels of air pollutants is a key point for the exposure assessment of the general
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population living in the study area in terms of the representativeness of the average levels of air
pollution.

The URB monitoring site are used to control average pollution levels within outdoor
environments characterized by a continuous urban covering, and they are preferably located
inside public green areas or pedestrian areas (e.g. green parks, schools) not directly influenced
by specific emission sources, as road traffic or industrial emissions (APAT, 2004). In general,
the minimum distances that URB stations must have from emission sources are summarized in
Table 1.

As shown in Fig. 2, atmospheric particulate samples were collected at ground level inside the
area of the University of Insubria (coordinates: latitude 45°48'05"N, longitude 9°05'42"E,
altitude 214 m above the mean sea level). Residential structures and commercial activities
surround the sampling location. Different types of industries (textile, printing, mechanical and
wood plants) mainly cover the SW/NW sectors within a radius of approximately 4-30 km. A
municipal solid waste incinerator is also located approximately 3.5 km SW of the sampling
site. The two main roads close to the URB location are Via Castelnuovo and Via Valleggio
(Fig. 2). Via Castelnuovo is part of the principal road network of the city and is located at
approximately 215 m from the collection site. Via Valleggio is classified as a secondary street
with a primary role of distribution and penetration towards the city center, especially from
southern locations. It is characterized by a traffic volume of approximately 1,600 vehicles day™
"and a speed limit of 50 km h™' and is 25 m from the selected site.

Because of the size, weight and sensitivity of the instrumentation used for particle collection,
the sampling equipment was located in a dedicated sampling box, and sampling lines were
placed with air inlets at approximately 1.7 m above the ground, which approximately
corresponds to the breathing zone of humans. In accordance with the Guidelines Criteria (EEA,
Criteria for EUROAIRNET, 1999), any type of obstructions, walls or tall trees were not present
in the immediate vicinity (< 10 m) of the monitoring devices. The nearest building was located
at approximately 25 m from the sampling box.

The experimental approach was designed to integrate different meteorological and
environmental conditions that could potentially influence the PM mass and composition in the
urban environment. For this reason, the total duration of the planned campaign was 10 months.
Atmospheric sampling started at the end of May 2015 and was stopped at the end of March
2016 to obtain a large number of samples that could be used to characterize the study area and
investigate temporal variations in the measured PM concentration levels. Measurements
generally started between 09:00—10:30 on Monday mornings and lasted until Friday mornings,
using a 96-h sampling duration every sampling week. For convenience, the average
concentrations obtained each sampling week with a sampling period of 96-h will be indicated
in the text as 5-days (5-d) mean concentrations.

2.2 Sampling Equipment

The sampling equipment consisted of different monitoring devices. A 13-stage Low Pressure
Impactor (Dekati Low Pressure Impactor, DLPI, DEKATI Ltd., Tampere, Finland) designed
for deposition of particles in the 0.028—-10 um size range according to their aerodynamic
diameter (12 real stages plus one stage for separating particles > 10 um) was used for the
collection of size-segregated PM. The nominal values for the equivalent aerodynamic 50% cut-
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off diameters of the impactor stages are: 0.0283; 0.0559; 0.944; 0.157; 0.262; 0.383; 0.614;
0.950; 1.60; 2.40; 4.00; 6.60 and 9.97 pm.

During operation, a pressure gradient of 900 mbar was applied across the 13 stages, to obtain a
pressure of 100 + 5 mbar under the last impactor stage, thereby ensuring the exact diameter cut
points over the measurement period.

Aerosol particles were deposited on high-purity polycarbonate filters (PC, 25-mm; no-holes,
Fisher Scientific, S.A.S., Illkirch, France) coated with a thin layer of Apiezon-L grease
(DEKATI DS-515 Collection Substrate Spray, DEKATI Ltd., Tampere, Finland) to improve
the impactor collection efficiency and prevent bounce- and blow-off effects during separation.
Before use, the impactor and all of the accessories needed for handling the substrates and the
samples were washed with distilled, de-ionized water and propan-2-ol.

To assess DLPI performance, during 34 of the total 38 5-d samplings, PM,s was also
monitored by a Harvard-type Impactor (HI) (MS&T Area Sampler Air Diagnostic and
Engineering, Inc., Harrison, ME, USA) (Marple et al., 1987), operated at 10 L m! (Leland
Legacy pumping unit, SKC, Inc., Eighty Four, PA, USA) and selected in this study as a gold
standard for the PM, 5 fraction, because of its common use in the scientific literature (Cyrys et
al., 2001) and its documented agreement with PM, s Federal Reference Methods (FRMs)
(Babich et al., 2000; Yanosky and Maclntosh, 2001). Fine particles were collected on 37-mm,
2.0-um polytetrafluoro-ethylene (PTFE) filters with polymethylpentene (PMP) support rings
(Pall Life Sciences, New York, NY, USA). The pump flow rates were always checked before
and after sampling by a primary standard flow meter (DryCal Defender 520, International
Corp., Butler, NJ, USA) to improve the accuracy of the sampling volume estimates and verify
that large flux variations did not occur during sampling (percent Coefficient of Variation <
5%). The particle mass collected on PC and PTFE filters was determined gravimetrically
following a standard operating procedure (UNI EN 14907; UNI EN 12341). Briefly, each filter
was conditioned before weighing at 50% + 5% relative humidity and 20°C + 1°C for a
minimum of 24 hours in a controlled environment (Bio Activa VE Climatic Cabinet, Aquaria,
Lacchiarella, Milan, Italy). The filters were weighed three times (every 20”) by a micro-
balance with a readability of 1 pg (Gibertini 1000, Novate, Milan, Italy), ensuring a standard
deviation < 3 pg. An electrical C-shaped ionizer (HAUG GmbH & CO. KG, Germany) was
used to eliminate electrostatic charges from the filter surfaces. This procedure was repeated
before and after each sampling, and the particulate masses were determined by differential
weighing. Laboratory blanks - two for each type of filter used - were always weighed under the
same conditions to verify possible anomalies in the weighing room conditioning (e.g.,
temperature and humidity variations). The average blank filter masses were then used to
correct the filter mass results for each test. Prior to the analysis, the micro-balance was auto-
calibrated, and a calibration check was performed using certified standard weights of 1, 100
and 1000 mg, allowing deviations from the true value < 3, 5 and 10 pg, respectively. The
quality of the weighing procedure was assessed using the ASTM D 6552 method (ASTM,
2000). The weighing procedure was repeated on three greased PC and three PTFE filters at
least three times on the same day for twelve different days to obtain a representative number of
repeated weighing (> 30) for each type of collection substrate. Mass limits of detection (LODs)
of 0.9 pg and 6.2 pg (oo = 0.05) were calculated for 25-mm PC filters (DLPI) and 37-mm PTFE
membranes (HI), respectively. When referenced to an a-value of 1.1% (a = 0.011), LODs
increased up to 1.2 pg and 8.7 pg, respectively. The mean LOD (a-value of 1.1%) for the PM
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concentrations determined on each DLPI collection plate was 0.0072 pg m™ for an average
sampling time of 96-h and a nominal flow rate of 30 L min~'. The mean LOD for the PM, 5
collected by HI was 0.2 pg m for the same sampling time and a nominal flow rate of 10 L
min ', Mass limits of quantification (LOQs) of 10.7 ug and 75.2 pg were determined for PC
and PTFE filters, respectively.

An external weather station (BABUC-ABC, LSI Lastem, Milan, Italy) was also used to
characterize and record on-line meteorological conditions (temperature (T), relative humidity
(RH), atmospheric pressure (AtP), wind speed (WS) and wind direction (WD)) during the
study period at the sampling site. WS and WD data were measured at a height of 3 m above the
street level whereas T, RH and AtP sensors were placed at a height of 1.5 m. For each
parameter, the weather station was programmed with an acquisition rate of 1 min and an
elaboration rate of 60 mins. The acquired data points were thus processed every hour using the
programmed statistical mode to provide hourly averages, standard deviations, maximum and
minimum values, time of maximum and time of minimum.

Rainfall data were obtained by the nearest monitoring station of the Regional Agency for
Prevention and Environment (Agenzia Regionale Protezione Ambiente, ARPA) of Lombardy,
located approximately 2.5 km NW of the sampling point. Planetary Boundary Layer (PBL)
data related to the sampling location were recovered from the Regional Agency for Prevention
and Environment of Emilia-Romagna.

Finally, the average traffic volume on via Valleggio (the nearest street to the sampling site) was
estimated for each sampling week by counting for 15 mins the number of vehicles that passed
on the street during different times of day (every two hours, from the early morning (07:30)
until the late afternoon (19:30); during some days, vehicles were counted also in the late
evening).

2.3 Statistical Analysis and Data Treatment

Statistical data analysis was performed using the SPSS software package (SPSS Inc., Chicago,
IL, USA). For each 5-d sampling session, PM concentration levels were normalized to the
specific conditions (T, RH and AtP) monitored at the sampling site.

For data treatment and analysis, results were differentiated into two main periods: the non-
heating season (May 2015—-October 15™ 2015) and the heating season (October 19™ 2015—
March 2016), as is often performed in studies on atmospheric pollution (Tecer et al., 2008;
Schwarz et al., 2012). For convenience, the separation between these periods was made in
accordance with the switching on of the household heating systems during October 2015, as
programmed by the Regional Directive of Lombardy.

Descriptive statistics were carried out on size-fractionated PM and meteorological parameters,
including histograms of PM fraction contributions. Correlations among variables and
differences between DLPI and HI-PM,s data were assessed by Pearson’s correlation
coefficients and Paired #-test respectively, on /og-transformed data since data showed a log-
normal distribution (Kolmogorov-Smirnov test). The Independent-Samples #-test was used to
explore differences between seasons. Finally, multiple linear regression analyses were
performed. In every model, the different DLPI stages were included as dependent variables and
the on-situ meteorological (T, RH, AtP, WS and PBL) and environmental (average traffic
volume on the closest road) factors as predictors. Only the variables that were found to be

66



statistically significant in bivariate correlation analysis were included in each model. In all
tests, a p-value lower than 0.05 was considered to be statistically significant.

To assess DLPI performance, DLPI-PM,s concentrations were compared with the
corresponding average levels monitored by HI according to the indications summarized by
Watson et al. (1998). Briefly, the agreement between the two methods was defined by linear
regression analysis between the y-dependent variable (DLPI-PM,s) and the x-independent
variable (HI-PM, s5). Comparability and predictability were evaluated as a function of slope (1
+ 3 standard error (s.c.)), intercept (0 £ 3 s.e.) and Pearson correlation coefficient (r) (> 0.9).
When r is > 0.9 but slope and intercept criteria are not met, the investigated method can be
classified as comparable, but only the dependent variable is predictable from the independent
variable. Data with r < 0.9 are classified as not comparable. In addition, PM, 5 samplers were
also compared by the Bland-Altman plots method (Altman and Bland, 1983; Bland and
Altman, 1986).

WS and WD data were analyzed by using the WRPLOT View'™ Software (Lakes
Environmental Software, ver.7.0.0).

3. Results

3.1 Sampling Information and Meteorological Conditions

Table 2 summarizes the sampling information and the meteorological conditions during the
two monitoring periods. The presented information are referred to sampling number and
sampling period, T, RH, WS and prevalent WD, AtP, cumulative rainfall and PBL.

During some of the sampling weeks, data from the external weather station were not available
because of technical problems. In this case, due to the good correlation and the low relative
error between BABUC-data and ARPA-data for T (r = 0.997, p < 0.001; 2.4%) and RH (r =
0.963, p < 0.001; 11%), hourly T and RH values from ARPA were used at the sampling site.
On the contrary, WS was on average 78% lower at the URB location compared with the ARPA
monitoring station and the replacement with ARPA-data was not possible.

A variety of meteorological conditions alternated during the study period. As shown in Table 2,
the highest T were reached during the central warm weeks, between July and August, when RH
dropped to the lowest summer value (53.5%). The non-heating season was generally
characterized by high AtP and high T from the beginning of July. These high T values
unfortunately caused problems with the sampling pump operation and the sampling campaign
was forcedly interrupted until the normal operating conditions were restored. Rainfall was
characterized by sporadic rains that increased from late August. The heating season began with
high atmospheric stability, characterized by low PBL heights, high AtP, low WS and absence
of rainfall from the beginning of November until the end of December. The lowest mean T was
reached during the third week of January (—0.9°C). Then, T increased and sporadic rain events
occurred in February and March.

The sampling site was characterized by generally low WS, with 5-d mean values always < 1 m
s (Table 2), probably due to the specific sampling location, far from the banks of Lake Como
(approximately 1.8 km) and surrounded by moraine hills on the NE sector. The non-heating
season was characterized by an average WS of 0.47 m s ', with hourly averages < 0.5 m s for
59% of the cases. The lowest 5-d means were measured during the first half of the heating
season (with 83% of hourly values < 0.5 m s '), whereas the second half registered higher
values, also because of the occurrence of Féhn episodes (e.g., sampling n° 34) accompanied by
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decreased RH and increased T (Table 2). In general, hourly WS during the heating season were
<0.5ms for 75% of the cases and the average WS was 0.36 ms .

The WD was predominantly from the S/SE sector during the entire study period and it did not
change significantly between the heating and the non-heating season. Also for winds
characterized by higher intensities, the prevalent WD was from SE, with some rare events from
the SW sector (Table 2 and Fig. 3). In this context, it is necessary to underline that the area of
Como is characterized by a complex topographic scenario. The presence of the lake, moraine
conformations and valleys favour the formation of different meteorological conditions in
different areas of the city, with great differences (especially for winds) between urban arecas
close to the banks of the lake and urban areas located further inland. This could be the main
reason of the aforementioned difference between ARPA and BABUC wind data. As shown in
Fig. 2, the ARPA monitoring station is located on the SW bank of the lake and it is
consequently exposed to winds that blow at higher intensities from the NE sector.
Contrariwise, the sampling site was located far from the banks of the lake and winds from
N/NE were shielded by the moraine hills located in that direction.

3.2 Comparison Between DLPI and HI-PM, s Mass Concentration

To assess DLPI performance, DLPI-PM,s concentrations were compared with the
corresponding average levels monitored by HI. The PM,s levels measured by DLPI were
generally lower than those obtained by HI, with statistically significant differences (Paired #-
test; p < 0.001). The 5-d DLPI/HI ratios were mostly below 1 (71% of the cases) and ranged
from 0.79 to 1.13 with an overall mean ratio of 0.95 (+ 0.08) (Fig. 4).

Agreement between the two sampling methods was first evaluated according to the indications
summarized by Watson et al. (1998). HI and DLPI-PM, s concentrations were analyzed by
regression analysis of 34 data pairs (Fig. 3). As previously explained, the level of agreement
was defined as a function of slope, intercept and Pearson correlation coefficient. In this study,
the PM, s regression line presented slope = 0.906 (s.e. = 0.013), intercept = 0.816 ug m™ (s.e. =
0.406 pg m™) and r = 0.997 (Fig. 4).

Additionally, to better assess possible error trends, HI and DLPI-PM, s concentrations were
examined using the Bland-Altman plot (Fig. 5). As shown in Fig. 5, the 95% limit of
agreement, calculated as the average difference + 1.96 x standard deviation of the difference,
was + 4.24 ug m . The maximum difference between single measurements was up to —6.83 pg
m* and the average difference was —1.54 pg m™. A significant correlation (r = —0.78; p <
0.001) was found between PM,s and DLPI-HI differences, that showed higher (negative)
values at the highest concentration levels.

3.3 Ambient PM Mass Concentration and Temporal Trends

During the entire campaign, 38 5-d sampling sessions were performed at the URB station in
Como and a total of 221 and 273 DLPI samples were collected for the non-heating and the
heating season, respectively. Because of the good agreement between DLPI and HI sampling
methods (see paragraph 4.1), only the DLPI particle mass concentrations were subsequently
used for data treatment and analysis.

Descriptive statistics of mass concentrations obtained for each DLPI collection plate and for
the principal PM sizes during the two monitoring seasons and the whole campaign are reported
in Table 3. For the standard PM fractions, concentration levels were obtained summing up the
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particulate masses collected on filter substrates, with respect to the aerodynamic diameter of
particles (stages 1—12 for PM,; stages 1-9 for PM, 5; stages 1-7 for PM;). DLPI stages 1 and 2
were considered as the ultrafine fraction, because of the absence of a backup filter stage for the
collection of particles < 0.028 pm.

A great variability can be observed in the dataset and mean mass concentrations for all size
ranges were higher during the heating season, as expected (Table 3 and Fig. 6). Statistically
significant differences between the two investigated periods were found for all DLPI stages
(Independent-Samples #-test, p < 0.01) except for stages 1, 10, 11 and 12, namely for the finest
particle fraction (PMo5.0.0s55) and for the coarse size range (PM; s 19). The greatest increase
effect was found for particles whose Dp was between 0.15 and 1.60 um (collected on DLPI-
stages 4, 5, 6, 7 and 8) that, on average, registered concentration levels 3.5 times higher during
the heating season (mean: 28.2 pg m °; median: 24.4 pug m™) compared with the non-heating
season (mean: 8.3 ug m’3; median: 7.6 ug m’3). For the PM, 5, fraction, the main differences,
although not statistically significant and almost negligible with respect to the finest fractions,
were noticed in the 2.4-4.0 and 6.6-9.9 pum size ranges, whereas the ultrafine component
(PM, ;) showed a significant increase only in PMg os5_0.004 (Table 3).

On average, 75% of the PM, mass consisted of PM, 5, with a minor contribution of the PM, s
10 fraction (33% and 16% during the non-heating and the heating season, respectively). PM;
was the major component of PM,s (83% and 87% during the non-heating and the heating
season, respectively), with a primary contribution of the accumulation mode (PM ;) during
both periods (77% and 84%, respectively). PM, ;| accounted for more than 50% of the PM,,
mass and all of the size fractions included in this mode were mutually and significantly
correlated (Table 4). Lower correlation coefficients, although statistically significant, were
found with coarser particles, especially with PM, s 1o. PMy; played only a minor role in the
particulate mass concentration, accounting for 7%, 6% and 4% of PM;, PM,s and PM,,
respectively, during the non-heating season and for 3.0%, 2.7% and 2.3% in the same PM
fractions during the heating season. The contribution of PMg ;905 Was even lower and less
relevant (30.0 %, 2.4%, 1.9% and 1.3% for PM,,, PM,, PM, s and PM,, respectively, during
the non-heating season and 23.1%, 0.8%, 0.7% and 0.6% during the heating season).

The measured levels of outdoor PM, 5 and PM are not strictly comparable with the 1-y WHO
Guidelines (WHO, 2006) because of the absence of weekends and some sampling weeks.
However, it is reasonable to consider the PM, 5 and PM,, average concentrations as cautionary
surrogates of the annual means in the study area (Table 3). Therefore, considering this
assumption, it could be said that the 1-y WHO Guidelines of 10 pg m™ and 20 pg m*
established for PM,s and PM;, were exceeded by approximately 124% and 38.5%,
respectively, on average and during the monitoring period.

To explain the great variability of size-fractionated PM levels, the influence of local
meteorological conditions was analyzed and a bivariate correlation analysis between PM
concentrations and meteorological parameters was performed (Table 5). Significant and
negative correlations were found with PBL and WS for most of the DLPI size fractions. T was
negatively correlated, especially with particles between 0.055 and 0.95 um. Negative
correlations were also found with rainfall. Finally, positive correlations were found for all size
ranges with AtP and, to a lesser extent, with RH (Table 5).

Moreover, despite the relatively low number of samples, the structure of the dataset and the
number of independent variables, multiple linear regression analyses were performed, to more
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deeply investigate the complex relationship between PM concentrations and meteorological
and environmental factors that could potentially influence the atmospheric concentration
levels. This preliminary analysis found the mixing layer height as the most important predictor
of ambient concentrations, at least for particles between 0.09 and 0.9 pm and between 1.6 and
2.4 um, followed in certain cases by rainfall, that, on the contrary, seemed to be the main
determinant for the coarser range (PMg ¢ 99) (Table 6).

3.4 Particle Mass Size-Distribution

The median mass size-distributions between 0.028 and 10 pm obtained with the multistage
impactor during the non-heating and the heating season are depicted in Fig. 7.

During the non-heating season, ambient air particles exhibited a trimodal distribution, with a
first and sharp peak clearly identified in the accumulation mode between 0.3 and 0.5 um and
two other slight and less-marked peaks centered on approximately 3 and 8 um in the coarse
mode. The accumulation mode-peak greatly increased during the heating period, whereas, at
the same time, the two peaks in the coarse range remained roughly unchanged. No relevant
differences were found in the shape of the particle size-distribution between the two
investigated periods.

4. Discussion

4.1 Comparison Between DLPI and HI-PM, s Mass Concentration

To evaluate the performance of the multistage impactor, a comparison between DLPI- and HI-
PM, s mass concentrations was performed. DLPI-PM, 5 concentrations were, on average, lower
than those simultaneously monitored by HI, with DLPI-HI disagreements that increased with
increasing ambient concentration levels (Fig. 5). Considering the entire data-set, the Bland-
Altman plot showed a clear negative trend for concentration levels > 30 pug m> (Fig. 5).
According to the inter-comparison criteria set forth by Watson et al. (1998) and based on a first
evaluation, DLPI and HI seemed to be classified as comparable, although not characterized by
a reciprocal predictability, because of non-compliance with the slope-criterion. The absence of
the DLPI backup filter stage could hardly explain the discrepancy with the HI method, because
particles less than 0.028 pum are known to have a negligible role in the total PM mass
concentration (Tuch et al., 1997). Additionally, the approximation of DLPI-PM, 4 to DLPI-
PM, s is equally negligible because the PM, 4, 5 fraction accounted, on average, for 0.8 and
0.5% of PM,y during the non-heating and the heating season, respectively. One possible
explanation could be the particle deposition effect on the internal impactor walls (particle wall
loss) following an excessive loading of filters. As explained by Fujitani et al. (2006), this effect
is mainly because of particles that rebound from previously collected particulates and may be 1)
carried away by the air stream on subsequent stages, with a consequent distortion of the mass
size-distribution towards smaller mode diameters (not observed in this study, as roughly visible
in Fig. 7) or ii) deposited on the impactor’s interior walls. The wall loss effect is expected to
increase with increasing particle loading on the impactor collection substrates because the
magnitude of particle-bounce increases under these conditions. To prevent particle-bounce and
ensure the DLPI collection efficiency, a maximum mass per stage of approximately one
milligram is recommended by the manufacturer. During some winter sampling weeks this
recommended value was exceeded on stages 5, 6 and 7 because of the long sampling time used
for particle collection (96-h) and the elevated ambient PM concentrations. Therefore, to
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evaluate the DLPI performance at the recommended operating conditions, the method
comparison was also performed excluding those data that did not respect the manufacturer
recommendations (Figs. 8 and 9). In this case, the regression line presented slope = 0.993 (s.e.
=0.028), intercept = —0.367 pg m > (s.e. = 0.508 pg m ) and r = 0.991 (Fig. 8). The 95% limit
of agreement was + 2.15 pg m, with an average difference between DLPI and HI equal to —
0.48 ug m™ (Fig. 9). These results showed that the multistage impactor still seemed to slightly
underestimate the PM,s concentrations under the operating conditions provided by the
manufacturer, with a mean DLPI/HI ratio of 0.96 + 0.09 (Fig. 8). Most of the ratio values were
around 1 and fell within the considered range of + 1 standard deviation. The higher relative
errors, although acceptable, were found for PM, s concentrations < 15 pug m™ probably because
of an increased difficulty and inaccuracy in the gravimetric determination of impactor stages
with very low particles mass loadings. However, the strong correlation (r = 0.991; p < 0.01)
and the good level of agreement between the two methods allowed them to be classified as
comparable and characterized by reciprocal predictability, at least in the PM, 5 concentration
range under investigation (5-40 pg m ™).

In light of these results, further experiments covering a wider range of ambient concentrations
(> 40 pg m™) are suggested to confirm the impactor predictability and comparability and
verify the potential equivalence with EN or EPA Reference Standards.

4.2 Ambient PM Mass Concentration, Size-Distribution and Temporal Trends

As was previously mentioned, large temporal differences can be observed in the dataset, with
higher mean mass concentrations for all size ranges during the heating season. This behavior
was expected and could be mainly explained by a combined effect of meteorological factors,
thermodynamic conditions of the atmosphere and variations in type and/or number of emission
sources. Other studies close to Como reported strong seasonal variations in the air pollutant
levels because of differences in the atmospheric dispersion conditions between summer and
winter time (Vecchi ef al., 2004).

The most critical scenario was registered at the beginning of the heating season when a sharp
increase in the concentration levels was clearly identified (Fig. 6) and maximum levels of 75.5,
67.3 and 57.3 pg m > were reached for PM,o, PM, s and PM;, respectively. From the first week
of November (20™ sample) until the end of December (7" sample), the study area was
characterized by extraordinary meteorological conditions (total absence of rainfall, high
atmospheric stability and low PBL height; Centro Meteorologico Lombardo, 2016), that
promoted the accumulation of air pollutants in the lower atmosphere. Only at the beginning of
the last week of November (23" sample) the high atmospheric stability was interrupted by cold
air masses that decreased ambient T and AtP and increased WS and PBL height (Table 2), with
a clear reduction in PM concentration levels (Fig. 6), before the previous atmospheric
conditions were restored (Centro Meteorologico Lombardo, 2016). The same episode was also
registered at the beginning of January (28" sample). Then, a condition of higher atmospheric
dispersion and vertical circulation characterized the last weeks of the heating period (Table 2).
Bivariate correlation analysis with meteorological factors confirmed the previously mentioned
qualitative evaluation. Negative correlations were found with the PBL height, which seemed to
more greatly affect the fine particulate fractions (Table 5). Different studies documented that
the evolution of the PBL has a significant effect on the concentration levels of air pollutants
(Baumbach and Vogt, 2003; Velasco et al., 2008), also because of a positive feedback loop
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between PBL height and aerosol loadings. As well described by Quan et al. (2013), the
enhancement of atmospheric aerosol tends to decrease the solar radiation, thus reducing the
development of PBL. At the same time, the repressed structure of PBL will in turn decrease the
diffusion of surface air pollutants, with a consequent increase of aerosol concentrations at the
lowest layers of the atmosphere.

Although the sampling site was characterized by very low WS, often < 0.5 m s', the PM
concentrations were found to considerably decrease when the WS increased as a result of
dilution effects. No obvious relationship was shown for particles ranging from 6.6 to 9.9 um,
probably because of low WS that could not promote the transport and dilution of coarser
particles (Kim et al., 1997).

Additionally, T was negatively correlated with PM concentrations. Correlations were
statistically significant only for the finest fractions (0.06—0.95 pm), while insignificant
associations were showed with particles > 1.6 pm (Table 5). This could be because cold T
favor the formation of secondary aerosols in the aerosol particle phase (Putaud ef al., 2004) and
promote the formation of ultrafine particles (mainly particles > 0.05 um) (Bukowiecki et al.,
2003; Charron and Harrison, 2003). Indeed, it has been shown that the mixing of two air
parcels with different temperatures (e.g., the mixing of hot exhaust vapors with cool air)
increases significantly the nucleation rates (Nilsson and Kulmala, 1998), with the formation of
new particles during the cooling and dilution of the vehicle exhausts (Charron and Harrison,
2003). Ultrafine aged particles can subsequently evolve towards larger size fractions (> 0.1
pm) through condensation and aggregation phenomena which enhanced under these T
conditions.

RH was unexpectedly found to positively affect the PM concentration levels. A possible
explanation may be that high RH conditions, together with low T and low WS, can promote the
formation of lower PBL heights, which hamper the dispersion of air pollutants, as occurred in
this study at the beginning of the heating season. Similar findings were showed by Deshmukh
et al. (2012) and Elminir (2005), that noticed the highest PM,, average concentrations at RH
values > 80%.

Results from the multiple linear regression analysis have to be interpreted with caution, mainly
because of the dataset structure and the low number of samples incorporated in the analysis (n
= 25). Among all of the aforementioned meteorological factors, the PBL height seemed to
exert the main influence on PM concentrations, which further confirmed the strong correlation
found in the bivariate analysis. As already explained, it is known that the seasonal effect on PM
mass concentrations is mainly due to differences in the atmospheric dispersion conditions,
mostly related to the PBL height. At the same time, the PBL height is in turn dependent on
different meteorological factors, including T, RH and WS, that could explain the reason for
which these variables disappeared in the multivariate analysis. Furthermore, the effect of PBL
seemed to be relevant for smaller particles, whereas the coarser fraction (PMg ¢ 99) appeared to
be mainly influenced by rainfall (Table 6). In any event, the quality of this evaluation does not
permit definitive conclusions and it would be necessary to include more samples to develop a
more robust analysis to support and improve these preliminary findings.

Large and statistically significant differences on mass concentration levels were registered for
particles having Dp values between 0.15 and 1.60 pum (Table 3 and Fig. 6), as is also shown in
the particle mass size-distribution (Fig. 7), where a first and sharp peak was clearly identified
in the accumulation mode between 0.3 and 0.5 pm. Similar findings were found at an urban
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site in Vienna, where a marked peak was equally identified in the accumulation mode at 0.5
um (Horvath et al., 1996).

In a typical urban environment, fine, submicrometer and ultrafine particles may partially result
from traffic emissions, because of incomplete combustion processes of gasoline, diesel and
other fuels (Knibbs and Morawska, 2012). Although the monitoring location was not a traffic
sampling site close to a heavily traffic road, positive correlations were found between the
average traffic volume on the closest trafficked road (via Valleggio) and particles ranging from
0.055t0 0.95 um (r=0.5; p <0.05).

The large and marked peak registered in the accumulation mode may be associated with a
combined influence of the aforementioned emission source together with household heating
emissions that led to a sharp growth of the peak during the heating period when the heating
system was switched on and the traffic intensity increased. Indeed, as explained by Vecchi et
al. (2004), domestic heating is an additional source for particles < 1 pm and it contributes to
primary PM as well as secondary aerosol because of its high emissions of gaseous precursors
during the cold season.

On the other hand, traffic related re-suspension phenomena, soil re-suspension phenomena and
the presence of industrial activities, such as the mechanical and wood plants upwind of the
sampling site, may have led to the formation of larger particles, that could otherwise explain
the presence of peaks in the coarse mode fraction (Fig. 7). Mbengue et al. (2014) identified a
bimodal distribution for an urban-traffic site, with peaks centered on 0.5 and 2.5 pm, whereas a
trimodal distribution with a third maximum at 8§ um was only observed downwind of industrial
emissions. Also Tecer et al. (2008) attributed the most important anthropogenic PM, s i
sources to the coal processing and mining industries located close and upwind to the sampling
location.

4.3 Comparison of Ambient PM Concentrations with Literature Data

For a comparison of our findings with the scientific literature, it must be noticed that the PM
concentration levels shown in this study are not always strictly comparable with other similar
investigations carried out in Europe and all over the world. Indeed, these researches are often
performed at different sampling sites (under urban, traffic or industrial influences), that could
determine different PM concentration levels because of different distances from various
emission sources. Moreover, the comparability between other studies might be hampered and
impaired because of differences in sampling periods, collection intervals and type of
monitoring devices used, which may be characterized by different particle cut-off diameters.
Only one survey was recently carried out in the Como urban area (Spinazze et al., 2015). In
this study, the quasi-ultrafine particles (QUFPs, referred as PM, ,5) mass concentrations were
measured in different urban microenvironments along a fixed route. The results found in our
survey at the URB station for PMg 14 (2.6 + 0.6 and 6.1 = 2.4 ug m > during the non-heating and
the heating season, respectively) were from 2 to 3 times lower than the corresponding PMy »s
concentrations measured along urban traffic routes by Spinazze et al. (2015), mainly because
of the specific monitoring protocol that was properly designed to include road and transit
microenvironments.

The PM,,; annual average shown in our survey can be compared with the average
concentration of 0.5 ug m > found between April 1996 and June 1997 at an urban and rural site
in Helsinki (Pakkanen ef al., 2001), whereas the heating mean of 0.8 ug m is in line with the
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winter urban levels found in the past in Pasadena (Hughes ez al., 1998) and in different sites of
California (Cass ef al., 2000). Lower concentration levels were found by Ntziachristos et al.
(2007) during winter/spring time for PM,, PM, s and PM, ;5 at an urban sampling site in Los
Angeles and by Mbengue et al. (2014) for winter levels of PM o, PM; and QUFPs both at an
industrial and an urban-traffic sector in Northern France. Comparable values were shown by
Sardar et al. (2005) for an urban mix of industrial and traffic sources in Los Angeles.
Ramgolam et al. (2008) found in Paris PM;, concentration values typically observed at
European urban background sites.

On the contrary, research studies carried out in some Asian countries showed, as expected,
generally higher concentration levels than those measured in this study. Gugamsetty et al.
(2012) registered summer/fall PM;y, PM, s and PM,; average concentrations more than two
times higher than our non-heating results at an urban area under industrial and traffic influence
in New Taipei City. The winter PM,; mean level reported by Lin et al. (2005) for a traffic site
in Taiwan was two orders of magnitude higher than our value of 0.8 ug m>. However, in this
case it must be noticed that UFPs emitted from motor vehicles were more efficiently collected
because the sampling site was a near-ground sampling (0.6 m above the road surface) close to
the intersection of a major road with a high vehicle flow per day (approximately 72,000
vehicles day '). Moreover, Liu e al. (2015) found relatively high concentrations, with the
dominant fraction in the size range < 2.1 pm, that accounted for almost 60% of the total PM
mass. Similar findings were also obtained by Duarte ef al. (2008) and Gnauk et al. (2008).
Only Chen et al. (2013) reported lower PM,y, PM,s and PM,; concentrations for a rural
background station in East Asia. See Table 7 for detailed information about the PM mass
concentration values reported in the previously mentioned studies.

4.4 Strengths and Limitations of the Study

One of the main limitations of this study is the long sampling period used for particle
collection (approximately 96-h per week) that did not allow the identification of day-to-day or
daytime-to-nighttime variability. Nonetheless, this choice was motivated by the possibility of
obtaining sufficient material at each DLPI collection stage for trace element analysis. A pilot
study on test samples confirmed the need for a sampling interval of 96-h for chemical
characterization purposes.

Weekend days and the months of April and May were not included in the sampling protocol,
mainly because of technical and/or logistical problems. Therefore, the average PM
concentration levels were not expected to provide an accurate evaluation of the annual mean in
the study area.

Finally, the experimental design was carried out at one urban sampling site, which did not
permit the assessment of possible spatial variations in the monitored area. Moreover, because
of the complex topographic scenario previously described, the meteorological conditions
monitored at the URB station were representative of the sampling site but how large may be
the actual area of representativeness could not be accurately defined.

Despite these limitations, this study has important strengths. To our knowledge, this is one of
the first investigations in which a reasonable number of size-segregated samples were collected
by an intensive long-term monitoring campaign. Indeed, in this type of studies where
multistage cascade impactors at low pressure are used, the monitoring protocol is often limited
to one season (Hughes et al., 1998; Lin et al., 2005; Fang et al., 2014), or few weeks per site
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(Sardar et al., 2005) or per season (Chen et al., 2013; Malandrino et al., 2016), or one week per
month (Pakkanen ef al., 2001). Sometimes, multistage impactors such as DLPI or nano-
MOUDI are only used once during the entire sampling campaign (Canepari et al., 2008;
Mbengue et al., 2014), probably because of their laborious and time-consuming management.
Moreover, in some studies the mass concentration and size-distribution of the lowest particle
fractions (e.g., UFPs) are obtained by integration of optical analyzer data using an assumed
particle density (Hughes et al., 1998), which could result in loss of accuracy.

In the present investigation, size-fractionated samples were collected every week for 10
consecutive months, unless there were technical or instrumental problems. Obtained findings
were used to better characterize the study area in terms of: i) temporal variability; ii)
identification of significant differences between, at least, the two selected seasonal periods for
each of the 12 size ranges; and iii) discrimination between meteorological factors that really
affect PM concentration levels, although more robust statistical analysis will be needed to
better confirm our findings.

Moreover, the collected DLPI and HI paired data allowed the evaluation of DLPI performance
for PM, 5 that, to our knowledge, has never been assessed before on this type of multi-stage low
pressure impactor.

Finally, DLPI stages 1-9 have been analyzed for some potentially toxic trace metals with a
novel analytical measurement protocol (data presented in the following chapters of the thesis)
in order to: i) assess their concentrations and size-distributions; ii) evaluate their potential risk
for human health; and iii) evaluate the influence of in-situ meteorological conditions on the
measured concentration levels.

5. Conclusions

In this study, the ambient PM mass concentrations and size-distributions in the range of 0.028—
10 um were assessed at an urban background site during an intensive long-term investigation.
Temporal variations, from ultrafine to coarse particles, were shown. As expected, the highest
PM concentration levels were found during the heating period because of a joint effect of
meteorological factors and variations in type and/or number of emission sources. One of the
most interesting findings of this study is that the greatest increasing effect was registered on
particles having Dp values between 0.15 and 1.60 pm (and mainly for particles having Dp
values between 0.4 and 0.9 pm), which are more related to the presence of additional sources
of submicrometer particles during the cold season. No relevant and significant differences were
found for particles > 1.60 um. The average PM, s and PM,, values measured in the study area
suggested that during the monitoring campaign the general population living in the area may
have been exposed to PM levels potentially harmful for human health, mainly because of the
high concentrations of fine particles reached at the beginning of the heating season.

Results obtained from this investigation could be used as a valid support in epidemiological
studies, as an innovative and alternative target with respect the typical PM fractions on which
these type of researches are generally focused (PM;, or PM,s). Because of the type of
sampling site used for particle collection (URB) and the extended time series of size-
segregated particle mass concentrations, these data could be used to better assess if the known
and documented PM effects exerted on the general population (e.g., increased mortality or
morbidity) could be related to specific size fractions of PM, s with a particular focus on those
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particles that are able to reach the deepest parts of the respiratory tree, and if these effects are
really greater than or independent from the effects induced by larger size particulates.
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Tables
Table 1. Minimum distances from emission sources for URB station (EEA, February 1999)

Type Distance Comments

Not more than 2500 vehicles per day within a

>
Traffic S0m radius of 50 m

Expert judgement, depending on emission
Industrial point sources - characteristics and prevailing wind direction,
direct influence should be avoided

Small scale domestic heating
with coal, fuel oil or wood, >50m Should be avoided as much as possible
small boiler houses
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Table 2. Sampling information and weekly weather conditions at the URB site in Como, from May 2015 to March 2016.

Sample
No.

Sampling period

(mm/dd/yy—
mm/dd/yy)

T (°C)

Mean (Min.—Max.)"

RH (%)

Mean (Min.-Max.)"

WS (ms™)

Mean (Min.—Max.)"

Prevalent
WD"

AtP (hPa)

Mean (Min.—Max.)"

PBL (m)

Mean (Min.—Max.)"

Cumulative
rainfall
(mm)*

Non-heating season

oI e Y T O R S

)
N - o

13
14
15
16
17

05/25/15-05/29/15
05/29/15-06/02/15
06/08/15-06/12/15
06/15/15-06/19/15
06/22/15-06/26/15
07/27/15-07/31/15
08/03/15-08/07/15
08/10/15-08/14/15
08/17/15-08/21/15
08/24/15-08/28/15
08/31/15-09/04/15
09/07/15-09/11/15
09/14/15-09/18/15
09/21/15-09/25/15
09/28/15-10/02/15
10/05/15-10/09/15
10/12/15-10/16/15

18.9 (11.6-26.1)*
20.7 (14.3-30.1)*
22.7 (17.0-30.9)*
20.9 (15.6-28.6)*
22.1 (14.6-28.7)*
24.8 (18.6-31.0)*
27.4(21.4-372)
26.7 (18.4-36.6)
21.7 (14.5-30.4)
21.7(163-31.7)
22.5(14.5-34.5)
18.5 (11.1-26.1)
19.0 (16.1-26.0)
15.3 (6.6-26.5)
14.8 (8.8-21.1)
17.1 (12.4-26.0)
13.3 (6.6-23.3)

66.1 (26.8-99.4)*
79.5 (38.7-99.4)*
73.2 (44.9-99.4)*
84.9 (49.5-99.4)*
65.2 (26.9-99.4)*
75.8 (47.6-99.4)*
58.4 (26.6-82.1)
53.5(21.4-86.3)
66.3 (30.5-94.0)
74.6 (34.2-95.2)
66.6 (27.5-93.4)
60.3 (28.1-89.5)
84.1 (41.2-95.2)
73.0 (29.7-96.4)
62.1(35.3-85.8)
81.2 (46.7-96.5)
87.7 (46.0-97.2)

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
0.50 (0.20-1.03)
0.59 (0.19-1.34)
0.54 (0.05-1.23)
0.49 (0.03-1.39)
0.52 (0.12-1.25)
0.44 (0.02-1.26)
0.37 (0.01-1.91)
0.65 (0.02-4.73)
0.43 (0.01-1.29)
0.28 (0.01-1.03)
0.34 (0.01-0.94)

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
S/ESE
SE/SW

S/SSE
SE/SW
S/SSE
SE

SSE
SE/SSW
S/SSE
SE

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

1005.2 (1003.5-1006.8)
1004.2 (1005.0-1007.5)
1003.6 (996.4-1011.3)
1005.8 (1001.3-1009.5)
1002.1 (999.3-1007.7)
1007.7 (1004.4-1011.8)
999.4 (995.6-1003.7)
1000.3 (991.6-1006.1)
1015.4 (1013.1-1017.4)
n.a.

999.3 (995.0-1004.4)

608 (87-2088)
434 (87-1782)
589 (87-2241)
451 (87-1310)
686 (87-2500)
676 (87-1694)
708 (87-2098)
754 (87-2500)
587 (87-2201)
427 (87-1680)
553 (87-2280)
572 (87-1498)
192 (87-1055)
357 (87-1245)
480 (87-1564)
220 (87-724)

246 (87-909)

0.4
5.8
9.0
16.0
0.0
14.2
0.0
0.0
11.2
33.6
9.4
0.6
11.4
63.2
0.0
5.4
67.8

n.a.: data not available; *: data from the Regional Agency for Prevention and Environment of Lombardy; *: average, minimum and maximum values

of hourly data for each 5-d monitoring session; °: prevalent WD during each 5-d monitoring session;

monitoring session.
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Table 2 (continues). Sampling information and weekly weather conditions at the URB site in Como, from May 2015 to March 2016.

WS (ms™)

Sampling period T (°C) RH (%) AtP (hPa) PBL (m) Cumulative
Sample Pre\l/)alent rainfall
No. f:lnlll/l:l(:i(;;);))]_ Mean (Min.—Max.)" Mean (Min.—Max.)’ Mean (Min.-Max.)" WD Mean (Min.—Max.)" Mean (Min.-Max.)" (mm)°

Heating season

18 10/19/15-10/23/15 10.7 (4.5-20.8) 79.6 (39.5-97.7) 0.27 (0.02-1.05) S 1005.5 (1001.1-1011.0) 299 (87-1010) 0.2
19 10/26/15-10/30/15 12.2 (5.8-22.7) 85.7(32.9-97.7) 0.20 (0.00-0.84) SE 1008.1 (1001.9-1013.9) 179 (87-672) 31.0
20 11/02/15-11/06/15 11.5 (4.1-21.6) 80.9 (40.8-98.1) 0.17 (0.00-0.74) SSE 1014.3 (1008.9-1021.7) 140 (87-372) 0.0
21 11/09/15-11/13/15 11.7 (5.6-24.1) 82.9(37.6-98.0) 0.17 (0.00-0.88) S 1014.2 (1011.3-1017.4) 116 (87-222) 0.0
22 11/16/15-11/20/15 9.1 (5.0-16.8) 88.4 (59.2-97.8) 0.38 (0.05-1.23) SSE 1010.0 (1006.1-1013.1) 134 (87-508) 0.0
23 11/23/15-11/27/15 4.2 (-2.1-15.1) 67.1(14.4-97.1) 0.51 (0.00-2.81) SSE 1003.7 (994.4-1014.3) 239 (87-621) 0.0
24 11/30/15-12/04/15 4.7 (-0.7-15.3) 83.5(33.6-98.2) 0.18 (0.02-0.76) SE 1017.3 (1011.8-1022.6) 109 (87-238) 0.0
25 12/09/15-12/11/15 4.6 (0.9-10.8)* 93.7 (52.7-99.5)* n.a. n.a. n.a. 154 (87-340) 0.0
26 12/14/15-12/18/15 4.8 (0.1-15.0) 85.1(48.0-98.3) 0.14 (0.01-0.52) SSE 1017.6 (1013.4-1020.8) 90 (87-148) 0.0
27 12/21/15-12/23/15 7.2 (4.2-12.6) 83.7 (56.2-96.7) 0.19 (0.02-0.58) SE 1022.3 (1019.4-1025.0) 96 (87-157) 0.0
28 01/11/16-01/15/16 4.2 (-2.2-142) 78.6 (22.6-98.9) 0.42 (0.05-1.61) SSE/SW  997.6 (983.0-1006.8) 207 (87-679) 5.8
29 01/18/16-01/22/16 -0.9 (-5.6-8.4) 60.3 (18.5-94.0) 0.25(0.02-1.29) SSE 1010.1 (1004.5-1022.2) 169 (87-915) 0.0
30 01/25/16-01/29/16 7.0 (2.2-13.2)* 93.3 (62.8-99.5)* n.a. n.a. n.a. 127 (87-538) 0.0
31 02/01/16-02/05/16 8.4 (0.6-16.8) 66.2 (12.2-95.2) n.a. SSE 1011.1 (1000.6-1016.3) 215 (87-964) 16.2
32 02/08/16-02/12/16 6.4 (3.6-10.9)* 72.1 (28.8-99.5)* n.a. n.a. n.a. 248 (87-890) 23.8
33 02/15/16-02/19/16 6.5 (3.1-11.0)* 98.3 (70.3-99.5)* n.a. n.a. n.a. 234 (87-884) 10.2
34 02/29/16-03/04/16 9.8 (2.1-19.6) 50.0 (14.0-96.7) 0.83 (0.02-2.35) S 994.8 (985.2-1002.7) 327 (87-1384) 15.6
35 03/07/16-03/11/16 6.6 (—1.3-17.5) 64.4 (15.6-94.8) 0.44 (0.02-1.50) SSE 998.4 (989.5-1006.3) 376 (87-1260) 0.0
36 03/14/16-03/18/16 7.8 (1.2-16.6) 66.6 (30.6-93.2) 0.53(0.02-1.98) SE 1010.4 (1000.4-1016.8) 349 (87-1402) 13.4
37 03/21/16-03/25/16 11.9 (1.8-20.7) 54.6 (15.4-91.3) 0.63 (0.01-2.23) SW 996.4 (986.7-1006.0) 438 (87-2127) 0.0
38 03/29/16-04/01/16 14.1 (11.4-20.4) 73.9 (37.9-92.1) 0.37 (0.02-1.31) SSE 1005.5 (1002.4-1008.4) 235 (87-1126) 1.8

n.a.: data not available; *: data from the Regional Agency for Prevention and Environment of Lombardy; *: average, minimum and maximum values
of hourly data for each 5-d monitoring session; ": prevalent WD during each 5-d monitoring session; °: cumulative rainfall during each 5-d
monitoring session.
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Table 3. Descriptive statistics on mass concentrations (iLg m ) for the 12 DLPI-size ranges
and for the principal PM fractions during the non-heating season (May 2015-October 15"

2015), the heating season (October 19" 2015-March 2016) and the whole campaign.

DLPI collection
plate

(particle size range

[um])

Non-heating season (n =

17)

Mean + SD* (Median;
Min.—Max.)

Heating season (n =21)

Mean + SD* (Median;
Min.—Max.)

Total data (n = 38)

Mean + SD* (Median;
Min.—Max.)

Ratio®

1 (0.0283- 0.559)
2 (0.0559— 0.944)
3 (0.0944-0.157)
4(0.157-0.262)

5 (0.262-0.383)
6 (0.383-0.614)
7 (0.614-0.950)

8 (0.950-1.60)

9 (1.60-2.40)

10 (2.40-4.00)

11 (4.00-6.60)

12 (6.60-9.97)

0.2+0.1(0.2;0.1-0.3)
04 +0.1(0.4;0.3-0.6)
0.7+0.2(0.7;0.5-1.2)
13404 (1.2;0.6-23)
2.0+0.8(2.1;0.7-3.7)
3.0+1.5(2.6;0.6-5.6)
1.2 £0.7 (1.0; 0.4-3.4)
0.8+0.4(0.7;0.3-1.9)
1.0 £0.3 (0.9; 0.6-1.6)
1.9+0.6(1.8; 1.1-3.1)
1.5+0.3 (1.4; 1.1-2.5)
1.5 +0.4 (1.5;0.9-2.4)

02+02(0.2;0.1-1.2)
0.640.2 (0.6;0.2-1.0)
1.4 £0.5 (1.4; 0.7-2.0)
39+1.7(3.8;12-6.8)
63+3.1(5.7; 1.6-11.7)

10.2£5.6(8.8;2.5-24.3)

5.1%3.4(4.0;0.9-14.3)
26+18(2.1;05-72)
1.5£0.7 (1.5, 0.7-2.8)
224038 (2.1;1.0-3.6)
1.6 £0.5 (1.6 0.7-2.3)
1.8 £0.5(1.9; 0.9-2.4)

02+02(0.2;0.1-1.2)
0.5+0.2 (0.4; 0.2-1.0)
1.1 £0.5 (0.9; 0.5-2.0)
28+18(22;0.6-6.8)
44+£32(34;07-11.7)
7.0+5.6(53;0.6-243)
33+32(2.3;04-14.3)
1.8+1.6(1.1;0.3-7.2)
1.3 £0.6 (1.0; 0.6-2.8)
2.0+0.7 (2.0; 1.0-3.6)
1.6 £0.5 (1.6; 0.7-2.5)
1.7£0.5 (1.6, 0.9-2.4)

1.2

1.6°
1.9°
3.1°
3.1°
3.4°
4.2°
3.3°
1.6°
1.2

1.2

Particle size
fraction

PMo 028-0.1
PMy.1
PM,
PM2s
PM,s
PMzs.10
PMio

0.6 0.1 (0.5; 0.3-0.8)
83£3.1(7.7;3.0-14.2)
8.843.2(8.5;3.5-14.9)
1.8£0.5 (1.5; 0.9-3.0)

10.6 £3.4 (10.2; 5.0-16.9)

49+1.1 (4.8;3.4-8.0)

15.5+3.7(15.5;8.4-21.4) 37.5+17.0(31.2;12.4-75.5) 27.6 +16.9 (21.1; 8.4-75.5)

0.8+0.4(0.7;0.2-2.1)

27.0 £ 13.3 (22.4; 7.3-56.1)
27.8 % 13.6 (23.2; 7.8-57.3)

4.1+24(3.6;1.2-10.0)

31.9£15.7 (26.4; 9.0-67.3)

5.6+1.7(5.6;2.7-8.2)

0.7+0.3(0.6;0.2-2.1)

18.6 + 13.7 (14.3; 3.0-56.1)
19.3 £ 14.0 (14.9;3.5-57.3)

3.1 £2.2(2.2;0.9-10.0)

22.4+15.9 (16.8; 5.0-67.3)

53+1.5(5.1;2.7-8.2)

1.5°
3.3°
3.2°
2.4¢
3.0°
1.1

2.4¢

# standard deviation

®: ratio between the heating and the non-heating average levels

¢ significant difference (p < 0.01) in heating vs non-heating levels by Independent-Samples ¢-
test on log-normal parameters
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Table 4. Correlation analysis between PM fractions. Pearson correlation coefficients (r) and levels of significance (p) are shown.

DLPI Stage (um) ;0- 0283 ?0‘ 0559~
0.0559) 0.0944)
2 (0.0559-0.0944) ; :3?2 )
32 .92
3 (0.0944-0.157) ; .35? _303*
1 .874™
4(0.157-0.262) ;.ﬁz E&M
2 831
5(0.262-0.383) ; .023 330*
2 748"
6 (0.383-0.614) ; .183 _goi
2 6477
7 (0.614-0.950) ; 2?2 ,gog
1 602"
8 (0.950-1.60) ; .222 ,ggo
14 5337
9 (1.60-2.40) ; .403 ,33?
1 5047
10 (2.40-4.00) ; .233 ,381
2 459"
11 (4.00-6.60) ; .0:3 .ng
392" 469”
12 (6.60-9.97) ; ;?6 ,ogg

wa¢ 4(0.157- 5(0.262— 6 (0.383— 7 (0.614— 8 (0.950— 9 (1.60— 10 (2.40- 11 (4.00-
0.157) 0.262) 0.383) 0.614) 0.950) 1.60) 2.40) 4.00) 6.60)
956"

.000

930" 966"

.000 .000

839" 885" 9427

.000 .000 .000

7317 785" 847" 959"

.000 .000 .000 .000

677" 736" 785" 906" 979"

.000 .000 .000 .000 .000

5727 644" 691" 787" 839" 887"

.000 .000 .000 .000 .000 .000

463" 472" 529" 591" 594" 626" 843"

.003 .003 .001 .000 .000 .000 .000

408" 403" 476" 504" 485" .508™ 7247 905"

011 012 .002 .001 .002 .001 .000 .000

494" 5017 588" 586" 533" 5277 663" 682" 810"
.002 .001 .000 .000 .001 .001 .000 .000 .000

*: correlation is significant at the 0.05 level
**: correlation is significant at the 0.01 level
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Table 5. Correlation analysis between PM fractions and meteorological parameters monitored
at the URB site. Pearson correlation coefficients (r) and levels of significance (p) are shown.

DLPI stage (um) or PM

fraction Rainfall PBL T RH ws AtP
~360" .090 —.091 —116 —.120 226
1 (0.0283-0.0559)
p 029 .598 626 534 552 257
r o —443" —-710™ —452™ 4147 —709" 679"
2 (0.0559-0.0944)
p 005 .000 .009 018 .000 .000
r -551" ~730™ ~535" 362" —.680" 685"
3 (0.0944-0.157)
p  .000 .000 .002 042 .000 .000
r 538" —798" —.548™ 4260 —675" 664"
4 (0.157-0.262)
p  .000 .000 .001 015 .000 .000
r =575" 742" 565" 362" —628" 636"
5(0.262-0.383)
p 000 .000 001 042 .000 .000
r —514" -727" 519" 3677 —593" 547"
6 (0.383-0.614)
p .00l .000 1002 .039 .001 .003
r —444" -773" —482" 419" -.588" 498"
7 (0.614-0.950)
p 005 .000 .005 017 .001 .008
r —411 —-7617" 391" 433" —6217 559"
8 (0.950-1.60)
P 010 .000 027 013 .001 .002
r o —401" —.649" ~-.228 363" 523" 543"
9 (1.60-2.40)
p 013 .000 210 041 .005 .003
r =313 —.524" -.136 3797 —629" 535"
10 (2.40-4.00)
p 055 .001 456 032 .000 .004
ro —431" -327 ~112 198 —587" 4617
11 (4.00-6.60)
p 007 045 541 277 .001 016
r o —634" —-238 —312 -074  —253 457"
12 (6.60-9.97)
p  .000 .149 082 687 203 017
r 460" —.546" —379" 358" —617" 6317
1)I\/IO,O3—01
p 004 .000 032 044 .001 .000
r —530" —760"" —532" 384" —6217 5817
PMO,I—I
p .00l .000 .002 .030 .001 .001
oM r 534" —-761" —.533" 384" —623" 587"
! p 001 .000 002 .030 .001 .001
r o —4157 742" —.348 4227 —613" 568"
PMI—Z,S
p .010 .000 051 016 .001 .002
oM r —525" -773" -520" 399" 636" 593"
>3 p .00l .000 002 024 000 .001
r  —478" —.403" —.178 199 —.554™ 526"
PMZAS—IO
p 002 012 331 276 .003 .005
oM r =547 -.768" -.502" 400" —.656" 614"
10 p 000 .000 .003 023 .000 001

*: correlation is significant at the 0.05 level
**: correlation is significant at the 0.01 level

86



Table 6. Summary of the regression model results, segregated for each DLPI size range. Results show the standardized coefficients for the
independent variables that were found to be statistically significant in each model, with the standardized Beta, 95% confidence interval - upper and
lower bounds - (95% C.1.) and p value. The last two rows provide an overview of the linear regression model for each dependent variable,
presenting the R squared value (), the standard error (Std. error) and the p value. Only the regression model with statistically significant
independent variables are shown.

Dependent variable (n =

25) Stage 3 (0.0944-0.157 pm) Stage 4 (0.157-0.262 pm) Stage 5 (0.262—0.383 um) Stage 6 (0.383-0.614 pm)
95% C.1. 95% C.1. 95% C.I. 95% C.1.
Independent variables Beta p Beta 2 Beta p Beta
Lower  Upper Lower  Upper Lower Lower Upper
PBL -0.584 -0.412 -0.004 0.046 -0.702 -0.893 -0.150 0.009 —0.586 —0.997 -0.667 0.032 -0.667 -1.473 0.019  0.040
Rainfall -0.314 -0.177 -0.022 0.014 -0.382  —0.245 0.006
Temperature -0.355 -0.346 0.019
Regression model statistics 1 Std. error P r Std. error P I Std. error P IS Std. error P
0.795  0.051 0.000 0.845  0.093 0.000 0.827  0.118 0.000 0.709  0.187 0.001
%Pe”""”’ variable (1= 1067 (0.614-0.950 um) Stage 9 (1.60-2.40 pum) Stage 12 (6.60-9.97 um)
Independent variables 95% C.L 95% C.1. 95% C.L
Beta p Beta p Beta
Lower  Upper Lower  Upper Lower Upper
PBL -0.772 -1.489 -0.102 0.027 —0.623 —0.445 —-0.040 0.021
Rainfall -0.316 -0.284 0.005  0.058 —0.533  —0.099 -0.021 0.004
Regression model statistics 1 Std. error p r Std. error p I Std. error P
0.718  0.174 0.001 0.559  0.078 0.004 0.451  0.054 0.001
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Table 7. PM mass concentrations for research studies citied in the paragraph: Comparison of Ambient PM Concentrations with Literature Data.

Concentration (ug m ) — [Mean + SD"] or [Min—Max]

Reference Location Sa”.lp al’mg Sampling site b
perio PM,, PM,; 5 PM; UFPs or QUFPs
Non-heating 15.5+3.7 10.6 +3.4 8.8+3.2 0.6 0.1 (PMo.28-0.1)
This study Como (Italy) Heating Urban background 37.5+17.0 31.9+157 27.8+13.6 0.8+0.4(PMoos0.1)
Total data 27.7+169 224+159 193+14.0 0.7+0.3 (PMoos0.1)
Cass et al. (2000) California (USA) Different periods Different sites 0.55-1.16 (PMy.06-0.1)
Chen et al. (2013) East Asia Summer-fall Rural background 55+2.7 4.1+£2.1 0.1 £0.1 (PMy,)
Duarte et al. (2008 Portugal S Urban 46.0+19.4
ortugal mmer
uarte et al. (2008) e ! Coastal-rural 247438
Gnauk et al. (2008) China Fall Ruraljcoastal 89.3
background
Gugamsetty et al. (2012) New Taipei City (Taiwan)  Summer-fall Urban 395+11.6 21.8 +7.5 1.4 £0.6 (PM,,)
Hughes et al. (1998) Pasadena (CA-USA) Winter Urban ?I(’)l\i i)5'4 0.80-1.58 (PMo017-0.1)
1.8
Lin et al. (2005) Taiwan Winter-spring Traffic ;3160 = 3‘41‘00'() * 31.0 + 19.0 (PMy,)
. . . 184.4 + 136.5+
Liu et al. (2015) Changsha (China) Spring Urban-traffic 76.9 (PMy)  46.7 (PMs5) 57.7+29.1 7.7£12.1 (PMoa4)
_ 0.8 (PMy.)
Industrial sector
) _ _ 23.6+6.0 10.1£4.1  24+1.1 (PMoa)
Mbengue et al. (2014) Dunkirk region (France) Winter 05 (PMo))
Urban-traffic sector ’ o
29.8+4.1 16.6 £3.9 5.8 £2.1 (PMy29)
Niziachrist fal. (2007 Los Angeles (CA -USA) Wint . Traffic 21.0+£3.5 109+0.9 2.6 £ 0.5 (PMy,s)
A os Angeles - inter-sprin
ciachristos et al. (2007) & P8 Urban 138425 7516 1.740.7 (PMoss)
P l-y (~ 1 sample ~ Urban 0.49 (PMo.1)
Pakkanen et al. (2001) Helsinki (Finland) ) I 0.52 (PMy))
Ramgolam et al. (2008) Paris (France) Winter-spring Urban background 12-42 10-36

® standard deviation; °: quasi-ultrafine particles
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Table 7 (continues). PM mass concentrations for research studies citied in the paragraph: Comparison of Ambient PM Concentrations with
Literature Data.

. Sampling . . Concentration (ug m>) — [Mean + SD"] or [Min—-Max]
Reference Location X Sampling site 3
period PM,, PM, 5 PM, UFPs or QUFPs
Urban mix of industrial and traffic 3.5+ 0.1 (PMos)
sources
Fall Traffic 3.1£0.1 (PM(),]g)
Residential area 2.9 £0.1 (PMy.1s)
Residential area 2.9 £0.07 (PMo.15)
Urban mix of industrial and traffic 15 +0.06 (PMos)
sources
Sardar et al. (2005) Los Angeles (CA-USA)  Winter Traffic 1.2 +0.05 (PMo.s)
Residential area 1.3 +0.09 (PMy,5)
Residential area 1.4 +0.06 (PMy,5)
Urban mix of industrial and traffic 2.1 £0.08 (PMy15)
sources
Summer Traffic 09 +£0.1 (PMo_lg)
Residential area 1.5 £0.06 (PMy,s)
Residential area 1.4 £0.05 (PMy,s)
Winter 12.7 £4.8 (PMu_zs)
Spinazzé et al. (2015)  Como (Italy) Spring Urban traffic rout 14.1 % 1.6 (PMo2s)
tnazze et al. omo (Ita! rban traffic routes
pinazz (2015 Y Summer 9.5 +2.6 (PMyas)
Fall 13.8 +3.6 (PMy,s)

% standard deviation; >: quasi-ultrafine particles
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Figures

B Agglomerato di Bergamo

B Agglomerato di Brescia

[ Agglomerato di Milana

Zona A

[ Pianura ad elevata urbanizzazione
Zona B

[ Pianura

Zona C

[0 C1: Avea prealpina e appenninica
[ €2 Aveaalpina

Zona D

Il Fondo valie

i o T

Figure 1. Urban agglomerates and zones for the air quality management identified in the
Lombardy Region (figures obtained from the website of the Lombardy Region:
www.regione.lombardia.it).
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{cf o

Figure 2. Sampling site location (obtained by Google Earth). The main industrial area (including mainly textile, printing, mechanical and wood
plants) and the minimum distances from the nearest streets are shown.

91



WIND SPEED

3

>= 60
50- 60
24-50
23- 24
22-23
21-22
20- 21
10- 20
05- 10
s: 58,61%

s NEEEND

Figure 3. Wind intensity and direction data for the non-heating (left) and the heating (right) season.
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Figure 4. Linear regression between PM, s concentrations (n = 34) determined via HI and
DLPIL. In the bottom panel, the DLPI/HI ratios as a function of PM, s-HI concentrations are
shown. The mean ratio and its standard deviation (0.95 + 0.08) are indicated by the solid and
dashed lines, respectively.
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Mean of PM, 5 measured by DLPI and HI (ng m'3)

Figure 5. Comparison of PM, s sampled with DLPI and HI using the Bland-Altman plot. The
solid black line represents the ideal agreement between the two methods, the solid grey line
represents the observed average error (—1.54 pg m), whereas broken lines correspond to the
upper and lower 95% limits of agreement.
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Figure 6. Mean contribution of the principal PM fractions to the total PM o during each weekly sampling session. The sample number is displayed

on the x-axis.
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Figure 7. Median mass size-distributions at the URB station during the non-heating (upper
panel) and the heating (lower panel) season for particles between 0.028 and 10 pm.
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Figure 8. Linear regression between PM, s concentrations (n = 25) determined via HI and
DLPI. Only PM, s data responding to the DLPI recommended operating conditions are reported
in the graph. In the bottom panel, the DLPI/HI ratios as a function of PM, s-HI concentrations
are reported. The mean ratio and its standard deviation (0.96 = 0.09) are indicated by the solid
and dashed lines, respectively.
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Figure 9. Comparison of PM, s sampled with DLPI and HI using the Bland-Altman plot. Only
PM, s data responding to the DLPI recommended operating conditions are reported in the
graph. The solid black line represents the ideal agreement between the two methods, the solid

grey line represents the observed average error (—0.48 pug m ), whereas broken lines
correspond to the upper and lower 95% limits of agreement.

98



Chapter 3 — Multi-Element Analysis of Size-Segregated Fine and Ultrafine
Particulate via Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry

Abstract

This chapter focuses on the development and optimization of a novel and reliable Laser
Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS) measurement
protocol for the elemental characterization of size-segregated fine and ultrafine particles
collected by means of a multi-stage cascade impactor (DLPI). Special efforts were made to
improve and optimize sample pre-treatment steps and LA operating conditions in order to
avoid some critical drawbacks encountered during analysis and make the particulate samples
suitable for an accurate and reproducible LA-ICP-MS analysis, regardless of the mass loading
on each dust filter. Under the optimum conditions, dust samples as well as blank filters and
standards for calibration were analyzed by multiple line scan of each sample spot and
quantitative analysis was accomplished with dried-micro droplets of aqueous standard
solutions. The accuracy of LA-ICP-MS results was verified by comparison with conventional
ICP-MS analysis of selected PM samples after complete sample mineralization with mineral
acids. In this context, an alternative approach for sample pre-treatment in liquid ICP-MS
analysis was developed, since the conventional microwave-assisted digestion approach
utilizing aqua regia does not allow the complete dissolution of the filters used for particle
collection in this study. Results revealed a general good agreement between the LA-ICP-MS
approach and the conventional method. The LA treatment procedure identified for sample
preparation allowed accurate and reproducible analysis with a simple and fast sample
preparation, thus overcoming the laborious pre-treatment approach required for wet chemical
digestion of polycarbonate filters. With the proposed LA-ICP-MS approach, risks associated
with sample contamination were minimized and the time needed for the application of the
whole measurement protocol was reduced; the sample throughput could be increased, with the
possibility to analyze a greater number of samples with several sample replicates in the same
time required for the established ICP-MS protocol. Moreover, the better sensitivity of the LA-
ICP-MS approach provided more complete information about the mass concentration and size-
distribution of the investigated elements, thus allowing to deeper investigate the composition of
the most dangerous PM fractions in terms of health concern.

1. Introduction

Increasing epidemiological and toxicological evidences associated adverse effects on human
health with the exposure to atmospheric particulate matter (PM) (Oberdorster et al., 2005;
Ostro et al., 2015). In particular, submicronic (PM,) and ultrafine particles (UFPs, generally
defined as particles with aerodynamic diameter < 0.1 um) attracted the scientific attention in
the last decades because of their documented ability to induce oxidative stress, inflammation in
cells and cardiovascular diseases (Donaldson et al., 2002), with potential adverse outcomes
that appear to be greater than or independent from the effects caused by larger size particles (Li
et al., 2003). Because of their small sizes and their higher deposition efficiency, UFPs can
penetrate deeper into the lungs, thus being able to transport bound-toxic substances until
alveolar regions.

Although trace metals account for a very small percentage of the total PM composition (Terzi
et al., 2010), they are an important component of PM because of their toxic characters. Several
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works suggested correlations between PM-bound metals and pulmonary toxicity (Sun et al.,
2001; Raaschou-Nielsen et al., 2016). Some of the metallic elements are highly toxic (Cr, Mn,
Fe, Ni, Zn, Pb) (Dreher et al, 1997; Hartwig and Schwerdtle, 2002; Gargon et al., 2006;
Beyersmann and Hartwig, 2008) and are known as human carcinogens (Cr, As, Cd, Ni) (IARC,
1980; IARC, 1990). In summary, the size-distribution of atmospheric trace metals is a key
knowledge in terms of health concern.

Wet chemical analysis via Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) or ICP-
Optical Emission Spectrometry (ICP-OES) combined with microwave assisted digestion has
become one of the most applied techniques for metals quantification in airborne PM, for both
total suspended or size-segregated particles (Robache ef al., 2000; Lin et al., 2005; Pekney and
Davidson, 2005; Herner et al., 2006; Hassan et al., 2007; Ntziachristos et al., 2007; Toscano et
al., 2009). ICP-MS, in particular, offers low limits of detection (LODs), wide linear dynamic
range, multi-element capability, rapid scanning and high sample throughput. Nonetheless, the
traditional ICP-MS systems require the dissolution of solid sample before analysis, thus
resulting in enhanced possibility of contamination or losses of trace elements during sample
manipulation and pre-treatment. Moreover, this type of analysis generally requires laborious,
time-consuming and quite expensive sample preparation (i.e., high reagent consumption).
Solid-sampling techniques as alternative analytical techniques are acquiring increasing interest
because they do not need laborious sample pre-treatment, thereby reducing the possibility of
contaminations or analyte losses. Techniques often applied for trace element analysis of
airborne PM include instrumental neutron activation analysis (INAA) (Cass et al, 2000),
proton-induced X-ray emission spectrometry (PIXE) (Miranda and Tomaz, 2008) or X-ray
fluorescence spectrometry (XRF) (Viksna et al, 2004, Wagner et al., 2008; Wagner and
Mages, 2010). PIXE, XRF and INAA are direct and non-destructive analytical techniques, but
the analytical sensitivity is lower than ICP-MS (PIXE, XRF), or they require expensive
equipment (INAA).

Laser Ablation combined with ICP-MS (LA-ICP-MS) is one of the increasingly applied
techniques in the field of solid sampling. In addition to the aforementioned advantages, this
method provides very low detection limits and it is well suited when the amount of sample is
limited, as for UFPs. Indeed, UFPs are known to have a negligible role in the total PM mass
concentration (<< mg) (Tuch et al., 1997). Since some toxic trace metals commonly account
for less than 0.5%, their determination might be difficult when using conventional analytical
methods which require additional dissolution steps prior to analysis. Nevertheless, one of the
main problem with LA-ICP-MS in the analysis of real dust samples is the quality and
homogeneity of sample distribution on the substrate and the difficulty of obtaining matrix-
matched standards for signal quantification.

In this study, a multi-stage low pressure impactor was used to collect particles into different
size ranges, from ultrafine to coarse fractions. With this type of particulate sampler, airborne
particulates are segregated by inertial separation according to their acrodynamic diameter and
collected on filter substrates in single spots. Dust spots are generally well-separated and
suitable for LA-ICP-MS analysis under appropriate ablation conditions. Although a similar
analytical approach was recently published (Hsieh et al., 2011), the presented work aimed to
develop and optimize an improved LA-ICP-MS procedure, to overcome and avoid some
critical drawbacks (well described in the paper) that were encountered during method
development. Therefore, in this article a novel measurement protocol for the analysis of trace
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metal contents in size-segregated PM using LA-ICP-MS is presented. Dried-droplet-standards
were prepared for calibration curves and signal quantification. The accuracy of LA-ICP-MS
results was verified by comparison with conventional ICP-MS analysis of selected PM samples
after complete sample mineralization with mineral acids. In this context, an alternative
approach for sample pre-treatment in liquid ICP-MS analysis was developed, since the
conventional microwave-assisted digestion approach utilizing aqua regia does not allow the
complete dissolution of the filters used for particle collection in this study.

2. Experimental

2.1 Collection of Size-Segregated Particles

Airborne particles were collected at an outdoor urban background site in Como, Northern Italy,
at ground level. A 13-stage Low Pressure Impactor (Dekati Low Pressure Impactor, DLPI,
DEKATI Ltd., Tampere, Finland), designed for deposition of particles in the 0.028—10 pum size
range according to their aerodynamic diameter (12 real stages plus one stage for separating
particles > 10 um), was used for the collection of size-segregated PM. The nominal values for
the equivalent acrodynamic 50% cut-off diameters (D50%) of the impactor stages are reported
in Table 1, together with the number of spots per stage and the PM mass collected on each
DLPI collection plate during a typical winter sampling campaign. As shown in Table 1 and
Fig. 1, the various DLPI impactor stages are characterized by different number of spots,
different spot sizes and different particle mass loadings. Generally, the mass collected on DLPI
stages 1 and 2 (designed for UFPs collection) is always < 200 pg, especially during summer
time when the average PM concentrations are expected to be lower than winter values.
Atmospheric sampling, started at the end of May 2015 until the end of March 2016, were
generally performed once a week, from Monday to Friday morning, to obtain a large number of
samples that could be used to characterize the study area and investigate temporal variabilities
in the measured concentration levels. For the validation of the proposed LA-ICP-MS method,
two sets of the weekly size-segregated PM samples were used. Specifically, the test samples
were collected during wintertime (December 2015) using a sampling duration of 48 h, for a
total of 75 m’ of air volume collected.

During operation, a pressure gradient of 900 mbar was applied across the 13 stages, to obtain a
pressure of 100 + 5 mbar under the last impactor stage, thereby ensuring the exact diameter cut
points over the measurement period. Aecrosol particles were deposited on high-purity
polycarbonate filters (PC, 25-mm; no-holes, Fisher Scientific, S.A.S., Illkirch, France) fixed
onto each collection plate by means of a specific holder ring (Fig. 1). Before each sampling
session, the PC filters were coated with a thin layer of Apiezon-L grease provided by the
manufacturer (DEKATI DS-515 Collection Substrate Spray, DEKATI Ltd., Tampere, Finland)
to improve the impactor collection efficiency and prevent bounce- and blow-off effects during
separation. The Apiezon-L grease was applied in a form of spray, following a standardized
procedure that suggested a double spray application in two different directions, keeping the
same grease mass per filter area, as far as possible. Before use, the impactor and all the
accessories needed for handling the substrates were washed with distilled, de-ionized water and
propan-2-ol. The particle mass collected on PC filters was determined gravimetrically
following a standard operating procedure (UNI EN 14907; UNI EN 12341). Briefly, the
collection substrates were weighed before and after sampling under controlled temperature (20
+ 1°C) and relative humidity (50 + 5%) conditions by a micro-balance with a readability of 1
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pg (Gibertini 1000, Novate, Milan, Italy). The collected mass was then calculated by
differential weighing. After being weighed, particulate samples were stored in clean plastic
boxes, in the dark and at 4°C until elemental analysis. Blank and sample PC filters were always
handled with plastic tweezers to minimize contamination and a ceramic knife was used to cut
every blank and sample PC filter into four equal pieces. Each pre-cut section was then weighed
again to ensure the exact weight value after partitioning. Three quarters of each PC filter were
subsequently used for the wet chemical digestion whereas the remaining section was analysed
via LA-ICP-MS for comparison with the conventional analytical method. DLPI stages 1-9
were analyzed for eclemental determination to obtain the mass concentration and size-
distribution of fine PM (PM, 5, with 9 size fractions in the 0.03-2.5 pm size range).

2.2 Reagents, Standards and Reference Material

1-Methyl-2-pyrrolidone 99.5% for analysis (ACS, Applichem, Germany) was used to dissolve
PC filters. Nitric acid (HNO3) 65% (Merck, EMSURE), hydrofluoric acid (HF) 40% (Merck,
EMSURE), perchloric acid (HC1O4) 70% (ACS, Applichem, Germany) and hydrogen peroxide
(H,0,) 30% (Merck, EMSURE) were used for the wet chemical digestion of PC blank filters,
dust samples and Standard Reference Material. High-purity water obtained by an Easypure
water purification system (Thermo, USA, 18.2 MQ cm) was used to prepare the 1% (v/v)
HNOs; solution. Standard solutions for aqueous and matrix-matched calibration were prepared
by diluting a multi-element stock solution for ICP-MS analysis (ICP-Multielement Standard
VIII, 100 mg "', Merck, Darmstadt, Germany). Glycerol 99.5% (AnalaR NORMAPUR),
ethanol (absolute for analysis, Merck, EMSURE) and acetone 99.5% (Sigma-Aldrich) were
used for sample preparation before LA-ICP-MS analysis. NIST Standard Reference Material
(SRM) 1648a (Urban Particulate Matter), stored and handled as instructed by the manufacturer,
was used to test the precision and accuracy of the proposed digestion procedure (see below).

2.3 Wet Chemical Digestion and Conventional ICP-MS Analysis

Sample preparation. Preliminary experiments on PC blank filters proved that this type of
substrates cannot be completely destroyed via conventional microwave-assisted digestion using
mixtures of nitric acid, hydrochloric acid and hydrogen peroxide, neither with standard
conditions for sample pre-treatment nor with strong acid-digestion conditions. For these
reasons, an open-vessel alternative approach consisting of different pre-treatment steps was
newly developed. A quarter of a filter was transferred into a pre-cleaned Teflon beakers
(HDPE, Nalgene, USA) and treated with 1-Methyl-2-pyrrolidone (500 pL), that was found to
entirely dissolve the polycarbonate material. After ultrasonication (5 mins) and complete filter
dissolution, H,O, (1 mL) was added to the resulting liquid solution, in order to decompose the
dissolved polymer, before evaporation to dryness by means of an heating block (analab,
Germany). The dried residue was treated 30 mins more at 90°C with a mixture of HNOj; (3
mL), H,O, (1.5 mL) and HF (50 uL) to dissolve silicates for the complete digestion of
particulate sample and was dried again, in order to eliminate the acid excess that could cause
damage to quartz and glass. The final sample treatment was conducted overnight at 90°C with
closed caps and an HC1O4 (100 uL)-HNO; (400 pL) acid mixture to further oxidize remaining
organics. After evaporation of the more volatile nitric acid, the remaining digest was diluted to
a final volume of 6 mL with 1% (v/v) HNOj; The Teflon beakers were cleaned after each
digestion run using 6 mL of aqua regia at 90°C for 60 mins and then rinsed well with high-
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purity water. The cleaning procedure was repeated two times, in order to ensure an accurate
cleanliness of each container and avoid any kind of cross contamination.

The described open-vessel approach was applied on a quarter of seven different blank filters
and on dust filters. In order to evaluate the precision and accuracy of the proposed method, the
described protocol was also applied on NIST SRM 1648a. Briefly, a certain amount of NIST
SRM 1648a was dried at 28°C for 48h to eliminate any residual moisture, as recommended.
After cooling to room temperature, ~ 30 mg of the dried reference material were accurately
weighed twice, transferred into Teflon tubes and diluted to a final volume of 10 mL with 1%
(v/v) HNO;, The dust suspensions were then sonicated for 10 mins and shaken for
homogenization. A volume of 100 pL. was subsequently pipetted five times from each
suspension and transferred into different Teflon beakers, for a total of ten replicates. In this
way, the various elements should be present at concentration levels similar to those expected,
on average, in real size-fractionated PM samples. After evaporation to dryness, the dried
residues were treated with the same approach described above, together with two procedural
blanks (only reagents and acids) in order to monitor the cleanliness of the Teflon beakers and
to account for possible contaminations during the treatment procedure.

Multi-element standard solutions and calibration. Standard solutions for aqueous
calibration were prepared by diluting with 1% (v/v) HNO3 a multi-element stock solution of
100 mg L' containing the elements of interest (Cr, Mn, Fe, Ni, Cu, Zn, Ba and Pb). Because of
the large difference in concentration levels of different metals in the particulate samples,
calibration curves were obtained using a blank and seven calibration solutions covering the
expected concentration range for all the investigated elements (0.05; 0.5; 1; 2; 5; 10 and 20 ug
L™"). Matrix-matched calibration solutions were prepared together with aqueous standard
solutions to check for possible variations in the slope of the calibration curves. For these
purposes, blank and dust PC filters were dissolved and treated as previously described. The
resulting PC blank and dust solutions were subsequently divided into equal aliquots and
suitable amounts of multi-element standard solutions were added to each aliquot to obtain PC
blank-matched calibration and dust-matched calibration. Unspiked aliquots of PC blank
solution and dust solution were kept as a blank. Before starting with analysis, Indium was
always added as internal standard to each calibration solution (final concentration: 2 pg L ™).

ICP-MS Analysis and Figures of Merit. Measurements for wet chemical analysis were
performed using a Thermo Scientific iCAP Q ICP-MS system (ThermoFisher Scientific
GmbH, Bremen, Germany) equipped with ESI SC-2DX autosampler for liquid samples
(Elemental Scientific, Inc., Omaha, NE). The ICP-MS QTegra Software provided by the
manufacturer (v. 1.5.1189.31) was used to control all instrument operations and performance,
including tuning, data acquisition and data analysis. The instrument was tuned in collision cell
mode before each set of daily analysis with a tuning solution containing elements at a
concentration of 1 pg L' and instrument parameters were optimized for maximum '"In signal
and minimum '*°Ce'®0/'*°Ce ratio (below 1.9%). The matrix induced interferences were
checked with the analysis of matrix-matched calibration solutions, prepared as described
above. Spectral interferences were minimized by choosing a non-interfered isotope and by
using a collision cell system with a mixture of He and H, as the collision gas. '"°In was used to
correct for instrumental drifts and non-spectral interferences. The typical operating conditions
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optimized for liquid analysis are shown in Table 2, together with the list of elemental isotopes
under investigation.

For method validation, the precision and accuracy of liquid ICP-MS measurements were
checked with the analysis of ten replicates of NIST SRM 1648a prepared with the same open-
vessel digestion procedure of blank filters and dust samples. Accuracy was evaluated as the
percent ratio between the calculated concentrations and the SRM certified concentrations
(percentage of recovery). Precision was expressed as the coefficients of variation (RSD%) of
replicates. Moreover, during the analysis of real size-fractionated PM samples, each dust filter
was analyzed in triplicate (three sections per filter) to confirm the overall uncertainty of ICP-
MS results.

For each element, limits of detection (LODs) and quantification (LOQs) of the ICP-MS
analysis were determined as three and ten times the standard deviation of seven PC blank
filters treated in the same way as dust samples. For concentration in air, LODs and LOQs were
recalculated by using the air volume sampled during particulate collection (75 m®).

2.4 LA-ICP-MS Procedure

Sample preparation. LA-ICP-MS measurement generally requires less-laborious sample
preparation than that needed for wet chemical digestion. The approach presented here is the
final result of exploratory experiments improved step by step with the primary aim of reducing
sample handling and treatment procedures to the minimum necessary to make the particulate
samples suitable for an accurate and reproducible LA-ICP-MS analysis. The improvement and
optimization of analytical pre-treatment steps will be described and discussed in detail under
Results and Discussion.

For laser ablation, a quarter of each PC blank and dust filter was attached on the surface of
poly(methylmethacrylate) slides (Betzold, Austria) by means of a spray glue (3M), applied to
the slides surface with a single application in order to create an homogeneous and thin sticky
layer. The spray was selected as holding material instead of double-sided tapes because it made
the attachment procedure easier and its contribution to the signal intensities of the analyte
elements was found to be negligible. Once attached onto the slides, the filters were dipped in a
solution of pure glycerol (3%) diluted in ethanol (60%) and acetone (40%). Whereas the
volatile solvents ethanol and acetone evaporated immediately, glycerol remained on the sample
spots. This was found to be a key step during sample preparation in order to keep dust spots
wet and soft, thus avoiding an inconvenient and problematic effect (well described later) for
which sometimes during ablation part of the collected dust was broken off and did not reach
the ICP-MS detector. Contrariwise, after the abovementioned dipping treatment, the filters
remained slightly wet also during measurement and the thin layer of glycerol covering each
dust spots was found to be thick enough to avoid the aforementioned effect without causing
sample contamination. Filters were then dried for 30 mins under a tilted glass petri-dish to
avoid contamination. After solvent evaporation, poly(methylmethacrylate) slides were placed
inside the ablation chamber for analysis or kept in a dedicated slide-container for subsequent
analysis.

Dried-droplet standards and calibration. As for the conventional ICP-MS method,
calibration is essential for quantitative analysis. In this study, the quantification of derived
transient signals was accomplished with dried droplets of standard solutions prepared on the
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surface of the same poly(methylmethacrylate) slides used for sample filters. Exploratory
experiments on real PM samples via conventional ICP-MS allowed the definition of the ideal
concentration range for LA-ICP-MS calibrations. Based on ICP-MS results, the expected mass
per spot on each DLPI collection plate was calculated for all of the elements under
investigation by dividing the total elemental mass of each stage with the number of spots per
stage. The expected mass per spot varied greatly, ranging from few picograms (e.g., 0.05 ng for
Pb) to hundreds of nanograms (e.g., 200 ng for Fe). Therefore, taking into account the volume
used for dried-droplets preparation (5 pL), eleven aqueous standard solutions were prepared to
cover the expected mass range (0.05; 0.1; 0.15; 0.2; 1; 3; 5; 7; 20 and 50 mg L") by diluting
with 1% (v/v) HNO; a multi-element stock solution of 100 mg L. Indium was always added
as internal standard to each calibration solution (final concentration: 5 pg L™"). Moreover, in
order to simulate the glycerol coverage on dust spots, 100 pL of 400-fold diluted glycerol were
added to blank and standard solutions.

For dried-droplets preparation, slides surfaces were ablated in order to create a 12 x 3 micro-
cavities grid (Fig. 2). Standards for calibration were then prepared by dropping with an
Eppendorf micropipette 5 puL of standard solutions into the center of each micro-cavity, for a
total of three replicates per standard. In this way, standard droplets were distributed in a well-
defined grid pattern across the slide surface, simplifying the localization and measurement of
the residues without any dyed solution. Micro-droplets were subsequently dried under
environmental conditions in a VFT 1525 ultraclean laminar flow hood (WEISS Technik,
Austria) under a tilted glass petri-dish. Once dry, the residues were analyzed with the same
ablation schemes optimized for dust spots.

System configuration and operating conditions. Laser ablation was performed with a New
Wave 213 system equipped with a frequency quintupled 213 nm Nd:YAG laser and a fast
washout ablation cup (New Wave 213, ESI, Fremont, CA, USA). During ablation, a helium
gas flow of 0.8 L min ' was flushed through the cell. The LA-system was directly connected to
the ICP-MS-torch with a PTFE tube (1 m x 4 mm inner diameter) by which the ablated
particulate matter was transported to the plasma. After the ablation chamber, an Ar gas flow of
0.8 L min"' was added via a Y-connector. Analysis was always performed in collision cell
mode.

LA parameters (e.g., ablation scheme, laser power, scan speed, repetition rate), that will be
deeply discussed in the next paragraph, were optimized to obtain standard operating conditions
that could ensure a complete and reproducible ablation of dust spots in the shortest data
acquisition time, regardless of the mass loading on each DLPI stage (directly dependent on the
PM ambient concentration levels and the sampling time). For these purposes, size-fractionated
PM samples were firstly divided into two main groups, namely DLPI stages 1-7 (group I) and
DLPI stages 8-9 (group II), mainly because of the great difference in the spot sizes between the
two sets of samples. The two groups were analyzed separately: all dust filters were prepared as
previously described but for each group a suitable ablation scheme was optimized and separate
calibration curves were prepared.

Laser ablation was performed using a focused laser beam with 150 pm beam diameter along
line scan patterns specifically created to completely cover the whole sample spots. Figs. 3 and
4 show a schematic representation of the line scan patterns used to ablate a single spot of group
I and II, respectively. As drawn in Fig 3, for group I a scan line of 1 mm length was created
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and duplicated in order to obtain a first rectangular line scan pattern (yellow pattern: 1000 pm
x 1050 pm) over the spot surface. The scan direction was set so that every line had a reverse
scan direction compared to the previous one. A second line scan pattern slightly lower than the
yellow one (blue dotted pattern: 800 pm x 900 um) was created with the same approach and
positioned so that the blue rows overlapped the yellow line edges in order to ensure the
removal of any material not carried away during the previous ablation (Fig. 3). The final
ablation scheme was set as follow: a first scan on the yellow pattern to pre-ablate the surface
material of each spot and two scans following the blue pattern for ablating the majority of dust
material. The yellow pattern was finally scanned again to remove any residual. This complex
ablation scheme was found to be necessary for PM samples of group I because of the large
amount of collected material (especially for DLPI stages 4-7) that could not be quantitatively
ablated otherwise. For detailed explanations see Results and Discussion.

Dust spots of group II were analyzed with a similar ablation scheme. As shown in Fig. 4, the
ablation area was increased because of the bigger spot size (yellow line scan pattern: 2000 pm
x 1950 um) and a second rectangular scan pattern (blue dotted pattern: 1000 pm x 1050 pm)
was positioned in the central section of dust spots. The final ablation scheme included a first
scan on the yellow pattern and a second ablation following the blue rows.

In case of extraordinary heavily loaded spots, ablation schemes I or II were scanned two times
and the second scan was considered as a new ablated spot for blank correction and elemental
mass determination. The calculated mass for each analyte was subsequently added to the
amount determined from the first scan only if values were > LOQ.

For both ablation schemes, the total scan time was adjusted to be 15 s longer that the total time
needed for ablating one spot, to ensure that the laser ablation of a single spot was ended and the
ablated material from the last ablated spot was entirely transported to the plasma before starting
with the next ablation. Data acquisition with the QTegra Software was performed over the
whole scan time. A summary of the final LA-ICP-MS parameters used for analysis is presented
in Table 3.

For each element, LODs and LOQs of the LA-ICP-MS procedure were determined as three and
ten times the standard deviation of six different spots on PC blank filters, that were attached on
poly(methylmethacrylate) slides and dipped in the glycerol solution in the same way as for dust
filters. For samples of group I blank spots were analyzed following the ablation scheme I,
whereas the ablation scheme II was used to determine the blank contribution for samples of
group II. LODs and LOQs expressed as concentration in air were recalculated by using the air
volume sampled during particulate collection.

The precision and stability of the proposed LA-ICP-MS protocol was determined by the
analysis of four different spots on each DLPI collection stage.

3. Results and Discussion

As explained in the Introduction, the main goal of this paper was to develop and optimize a
suitable LA-ICP-MS procedure for the analysis of trace metals in size-segregated airborne PM.
To verify the accuracy and applicability of the proposed method, LA-ICP-MS results were
compared with results obtained by conventional ICP-MS analysis. In this perspective, samples
were firstly treated with an alternative wet chemical digestion approach and analyzed by ICP-
MS. After method validation, ICP-MS results were used as reference values to improve and
optimize the LA-ICP-MS measurement protocol in order to obtain accurate and reliable results.
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3.1 Validation of the Conventional ICP-MS Procedure

Calibration curves, limits of detection and quantification. Matrix-matched calibrations and
aqueous standard calibrations were prepared as described above to check for any possible
matrix effects. Fig. 5 represents the signal intensities (normalized to '"°In) plotted against the
actual lead concentrations with the least-squares regression lines. Calibration curves obtained
from dust solution, PC blank solution and aqueous solution are shown. The PC blank-matched
calibration curve overlapped with that of aqueous standards because of the negligible amount
of Pb in PC blank filters, as expected. For the dust-matched calibration, the intercept was
clearly higher since, in this case, calibration standards were prepared from a solution obtained
after digestion of real particulate samples containing a certain amount of Pb, in order to
reproduce the complex airborne PM matrix. The calculated slope of aqueous calibration
differed by 1.9% and 2.6% compared to those of PC blank-matched calibration and dust-
matched calibration, respectively. The resulting differences fell within the RSD of replicate
measurements on each calibration and can be considered negligible. Data for lead were
reported as an example and results for the other investigated elements confirmed these
observations (Table 4). In conclusion, no significant variations in the slope of the calibration
curves were observed and quantitative analysis were consequently performed using aqueous
standard calibrations.

Low limits of detection and stable blank values are crucial points in the analysis of trace metal
contents, especially when concentrations are very low and the amount of sample is limited, as
in the case of UFPs size fractions. Contamination effects from blank samples could be due to
several factors (purity of reagents/containers, cleaning procedures, sample transport and
manipulation during preparation) that may potentially affect LODs values. Therefore, all these
factors were always carefully controlled, together with instrumental characteristics (e.g.,
instrumental noise, interferences). PC filters were selected for particle collection because they
are well suited for the multi-stage cascade impactor used in this study and, from literature data,
they should have low elemental blank values (Chow and Watson, 2007).

LODs expressed as concentration in air for each investigated element are shown in Table 5,
together with the coefficients of variation derived from the analysis of replicates. LODs ranged
from 0.01 ng m™ (Pb) to 1.6 ng m (Fe), whereas LOQs varied between 0.05 ng m (Pb) and
5.4 ng m~ (Fe). RSDs of the blank values were always < 10% (except for Fe) indicating quite
stable blank contributions.

Recovery from NIST SRM: precision and accuracy. Before starting with the analysis of
NIST SRM 1648a, in order to preventively check for any possible analyte losses or sample
contaminations during the proposed digestion approach, exploratory experiments were
performed on PC blank filters spiked before and after digestion at concentration levels
comparable to those expected in particulate samples. The elemental recoveries for the spiked
PC blank filters ranged between 85% and 115%, indicating that no significant contaminations
or elemental losses should be expected.

The analysis of NIST SRM 1648a used as a quality control material for the evaluation of the
digestion protocol efficiency confirmed these preliminary findings. It must be noticed that the
estimation of metals’ recoveries should be performed on SRMs with similar structure and
composition as well as elemental concentrations of the same order of magnitude to that of the
samples under investigation. The NIST SRM 1648a typifies the composition of airborne
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particulates with aerodynamic diameter up to 53 pm and it is not a size-fractionated PM. The
different PM size fractions are generally characterized by a different chemical composition
(e.g., different amount of silicates) that could result in possible different behaviors during
sample treatment. Nonetheless, to date, no size-fractionated SRMs for PM are available, so that
the NIST SRM 1648a was selected as the most suitable Reference Material to check for the
analytical problems that could be encountered during the analysis of atmospheric particulate
samples.

Elemental recoveries obtained from the digestion and analysis of NIST Reference Material are
reported in Table 6. For each element, quantitative analysis was performed using external
aqueous calibrations (EAC), since no significant variations in the slope of the calibration
curves due to matrix effects were observed, as previously described. Because the
concentrations of elements vary considerably between each other (one or more orders of
magnitude), each NIST SRM solution was diluted 2-, 50- and 250-fold with 1% (v/v) HNO;
before ICP-MS analysis to obtain the ideal concentration range for each analyte of interest.
Additionally, for quality assurance all concentration levels were also calculated via standard
addition (SA). For all of the elements, the quantifications with both external aqueous
calibration and standard addition were in agreement. No significant differences were found
between EAC and SA results (Paired #-test, p > 0.05). All recoveries were around 100% + 5%
except for Fe and Cr that registered slightly lower percentages of recovery, even though always
within the acceptable range defined by the Association of Analytical Communities (AOAC,
2002).

Cr is generally one of the most critical element to digest. For example, Celo et al. (2010) found
a 56% recovery when using a microwave-assisted acid digestion method with a HF-HNO;-
H;BO; acid mixture. Higher values were obtained by Toscano et al. (2009) (79%) whereas
Karthikeyan et al. (2006) reported different % recoveries for different amounts of HF, reaching
a maximum recovery of 82% with 0.2 mL HF. In our pre-treatment approach, dust and
Standard Reference samples were treated for several hours on a heating block with appropriate
acid mixtures (HNOs-H,0,-HF and HC1O,-HNOs;) that probably allowed a complete sample
digestion and mineralization. Also Dreetz and Lund (1992) reported good Cr recoveries with
an open digestion system by heating the Reference samples on a hot plate with an HCIO,-
HNO; acid mixture for many hours. Similar findings were also showed by Wang et al. (1989).
The precision of analytical measurements, expressed as coefficients of variation of ten
replicates, ranged from 1.2% (Pb) to 8.1% (Mn), that can be considered a satisfactory interval
taking into account the complexity of the matrix analyzed and the number of manipulations
performed. Moreover, it should be remembered that small amounts of Reference Material were
used in this study for method validation, to simulate the amount of particles in real size-
fractionated ultrafine samples. Therefore, it could be reasonable to attribute deviations of
recovery values not only to digestion and analysis procedures but also to the small amounts of
material involved in the analysis (well below the recommended sample intake of 5 mg) as well
as to reference material heterogeneity.

3.2 Development of an Accurate and Reproducible LA Procedure

3.2.1 Method improvement and optimization

After validation of the wet chemical procedure, ICP-MS results were used as reference values
to demonstrate the accuracy of the LA-ICP-MS measurement protocol. Preliminary LA
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experiments were performed on dust filter attached on the surface of poly(methylmethacrylate)
slides without any type of covering treatment, as performed by Hsiech et al. (2011). Laser
ablation was carried out using a focused laser beam with 100 pm beam diameter along a single
line scan pattern (700 x 700 um) covering the main sample spot and LA parameters were set at
maximum values (laser power: 100%; scan speed: 100 pm s'; repetition rate: 20 Hz).
Quantification of derived ICP-MS signals was performed as described in the experimental
section. Data from the first LA-ICP-MS experiments revealed a great discrepancy with liquid
ICP-MS results. Concentration levels obtained via LA-ICP-MS were from 2 to 10 times lower
than the corresponding values resulting from conventional analysis for all of the elements
under investigation. The main differences were found for DLPI stages with the highest mass
loadings, that registered relative standard deviations of replicates analysis always > 50%.
Therefore, because of the significant underestimation of LA concentrations, special efforts
were made to improve the analytical approach with the primary aim of obtaining accurate and
reliable results. Three main problems were identified during analysis. As shown in Fig. 1, part
of the collected dust could also deposit in the vicinity of the main dust spot. For this reason, the
investigated spot area was increased in order to cover the main spot as well as particles
possibly deposited in the vicinity, without creating overlaps between the ablation areas of
different spots. The final ablation areas reported in Figs. 3 and 4 for sample of group I and II
were found to be the best compromise of the aforementioned requirements. In this way, some
improvements were achieved (not more than 5%), but results of the LA-ICP-MS method
remained still significantly lower than those of the reference method. The most problematic
drawback that caused the main discrepancies with ICP-MS results was visually identified
during the ablation of the spots with higher dust loads. Specifically, it was found that
sometimes during ablation the majority of the collected dust was broken off and thrusted aside.
Consequently, most of the dust did not reach the ICP-MS detector in such cases. The use of a
focused laser beam instead of defocused conditions was crucial to allow the identification of
this problem that probably could not be identified otherwise. In order to find a solution to this
challenge, LA parameters (laser beam diameter, laser power, scan speed and repetition rate)
were firstly adjusted to try to obtain a final laser fluence that could avoid this effect, without
finding any ideal operating conditions. Therefore, some efforts were made to identify a simple
pre-treatment approach for dust filters that could help to make the particulate samples suitable
for a reproducible LA-ICP-MS analysis. The main reason of this “blow off” effect was due to
the high amount of collected dust that created a sort of hard and compact particulate layer
easily breakable when ablated. Dust spots were therefore fixed in preliminary experiments with
a clear varnish sprayed on the surface of dust filters and, under the optimum LA parameters
summarized in Table 3, sample losses were greatly reduced, even though sometimes still
present. The problem was completely solved with the pre-treatment procedure well described
in the experimental section and finally applied for the analysis of size-segregated PM samples.
The 3% glycerol solution used for sample preparation permeated the dust spot (Fig. 6), and
after solvent evaporation the remaining glycerol was found to keep the dust spot soft and wet.
In this way, due to a combined effect of sample treatment and optimized LA conditions,
sample losses were circumvented during sample ablation. Finally, the last improvement step
was found to be necessary in order to guarantee a complete ablation of sample spots. Indeed,
due to the different mass loads on the various DLPI stages, dust spots were characterized by
different thickness that sometimes caused an incomplete ablation of the sample spot when
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using a single line scan pattern. For this reason, the ablation schemes were optimized in order
to perform multiple ablations of the spot area. As shown in Fig. 7, a significant amount of the
collected dust could remain on the filter surface after the first ablation. The addition of a
second rectangular pattern in the central section of the ablation area, where the majority of
collected particles was concentrated, allowed quantitative ablation of sample spots. Transient
signals recorded during consecutive ablation runs (see Figs. 3 and 4) were integrated using the
software provided with the ICP-MS instrument. The integral area thus obtained was then used
for all further quantitative calculations.

3.2.2 Analytical performance

Calibration curves, limits of detection and quantification. In this study, LA quantitative
analysis was accomplished with dried micro-droplet standards prepared on the surface of the
same poly(methylmethacrylate) slides used for sample filters. For each element, two sets of
calibration curves were obtained from replicate analysis (n = 3) of dried-droplet standards
under the optimized conditions used for dust samples of group I and II, respectively. Signal
intensities (normalized to '"°In) were then plotted against the actual mass per spot for each
element. Table 7 lists the resulting calibration curves, that were appropriately referred to the
expected mass range for each element, and the corresponding correlation coefficients (R?).
Within the mass ranges under investigation, all calibration curves were linear. The amount of
glycerol added to blank and standard solutions was found to be important to avoid the same
blow off effect of dust spots sometimes observed during the analysis of the most concentrated
standard residues, without causing any variations in the slope of calibration curves.

LODs of the analyte elements, as ng per spot, together with the RSDs from replicate
measurements under the optimum conditions are summarized in Table 8. For concentration in
air, LODs and LOQs (ng m ) were calculated by multiplying the LOD and LOQ per spot with
the number of spots per stage, as well as by considering the sampled air volume, thus resulting
in different concentration values because of the different number of spot per DLPI stage (Table
9). Detection and quantification limits obtained by LA-ICP-MS were, on average, one order of
magnitude lower than those obtained by sample digestion and conventional liquid ICP-MS for
all of the analytes under investigation (Tables 5 and 9), including some critical elements (e.g.,
Fe or Zn) that could be more easily subject to contamination during the analytical process. This
is a crucial advantage, especially if considering the low concentration values of some trace
metals and the limited amount of PM mass on the smallest DLPI stages. Blank contributions of
LA-ICP-MS were found to be slightly more variable than those of liquid ICP-MS, even though
the RSDs of blank replicates (n = 6) were always < 13% (Table 8).

Comparison of LA-ICP-MS and conventional ICP-MS methods: precision and accuracy.
To verify the accuracy and applicability of the proposed LA-ICP-MS method under the
optimized conditions, LA results were compared with data obtained from the analysis of the
same size-segregated PM samples via conventional ICP-MS. As previously mentioned, LA-
ICP-MS analysis was performed on four different spots on each dust filter, in order to
determine the stability and precision of the analytical protocol on real samples. The total
elemental amount at each stage was then calculated by multiplying the average elemental mass
per spot with the number of spots on the corresponding collection plate. For the same reasons,
in order to check the overall uncertainty of ICP-MS results, the same selected filters were
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analyzed in triplicate with the conventional ICP-MS method. Table 10 compares the average
concentration values obtained via LA-ICP-MS and ICP-MS for each DLPI stage together with
the RSDs of replicates. The average RSDs from replicate measurements of dust spots by LA-
ICP-MS were < 10% for most of the elements and DLPI stages. RSDs > 10% were observed in
rare cases, mostly for very low concentration levels (e.g. few pg m™). These results revealed a
good overall stability and precision of the LA-ICP-MS approach under the optimized
conditions, with RSDs that were always comparable, and in some cases better than RSDs
obtained with the conventional procedure (Table 10). Fig. 8 displays the slopes and correlation
coefficients for the concentration levels of Mn, Fe, Ni, Zn, Ba and Pb determined with both
techniques. For each element, only the concentration values > LOQs in both analyses were
considered for correlation. Correlation coefficients of the investigated analytes varied between
0.9126 (Ni) and 0.9990 (Fe), while the slope of regression lines ranged from 0.8431 (Ni) to
1.1947 (Fe). Cr and Cu were not depicted because of the few data pairs available for
comparison, since the sensitivity of the standard procedure was not low enough to allow
quantitative determinations. Results revealed a general good agreement between the LA-ICP-
MS approach and the conventional method. Ratios between the average concentration levels
obtained via ICP-MS and LA-ICP-MS were quite always around unity and in any case between
0.8 and 1.3, with mean LA-ICP-MS values that fell within the RSDs of ICP-MS replicates. The
main discrepancies were found for very low concentration values or for concentration values
close to the respective quantification limits. The elemental mass size-distributions of PM; s
obtained from the compared LA-ICP-MS and ICP-MS analysis of real size-segregated samples
are depicted in Fig. 9. As mentioned above, it is clear that the better sensitivity of the LA-ICP-
MS approach provided more complete information about the mass concentration and size-
distribution of the investigated elements, thus allowing to deeper investigate the composition of
the most dangerous PM fractions in terms of health concerns. Moreover, the lower detection
and quantification limits could enable a shorter sampling period for particles collection, thus
improving time resolution in air contamination studies.

In conclusion, the good agreement between LA-ICP-MS and ICP-MS results confirmed the
accuracy of analysis under the operating conditions optimized on real samples. The LA
treatment procedure identified for sample preparation on poly(methylmethacrylate) slides
allowed accurate and reproducible analysis with a simple and fast sample preparation, thus
overcoming the laborious pre-treatment approach required for wet chemical digestion of
polycarbonate filters, in which also the critical step of cutting the filter into three equal pieces
for replicate analysis may affect the precision and reproducibility of conventional
measurements. With the proposed LA-ICP-MS approach, risks associated with sample
contamination were minimized and the time needed for the application of the whole
measurement protocol was reduced. Indeed, as summarized in Table 11, the sample throughput
could be increased, with the possibility to analyze a greater number of samples with several
sample replicates in the same time required for the established ICP-MS protocol.

4. Conclusions

In this study a novel and reliable LA-ICP-MS measurement protocol for the elemental
characterization of size-segregated fine and ultrafine particles was developed. Special emphasis
was placed on the optimization of sample pre-treatment steps and LA operating conditions in
order to avoid some critical drawbacks and make the particulate samples suitable for an
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accurate and reproducible LA-ICP-MS analysis, regardless of the mass loading on each dust
filter. Using this approach, eight elements (Cr, Mn, Fe, Ni, Cu, Zn, Ba and Pb) were quantified
in nine different particles size ranges. This method provided precise and accurate results, with a
better sensitivity than the conventional ICP-MS protocol properly developed for polycarbonate
filters. Because of the less-laborious and fast sample preparation and analysis, this method
could be used for routine application in order to monitor the elemental concentration and size-
distribution of airborne particulates with a suitable precision and accuracy for health and
sanitary purposes. In this context, the proposed LA-ICP-MS protocol was applied for the
analysis of the extended set of size-segregated PM samples collected in Como, as described in
the next chapter.
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Tables

Table 1. Number of spots and cut points (D50%) for each DLPI collection stage. The particle
loadings (mass per stage and mass per spot on each stage) collected during a typical winter

monitoring session are also reported.

PM mass loading (pg)
DLPI stage  Number of spots  D50% (um)
Per stage Per spot on each stage

1 207 0.0283 36 0.2
2 174 0.0559 149 0.9
3 63 0.0944 297 4.7
4 57 0.157 889 15.6
5 81 0.262 1313 16.2
6 150 0.383 1718 11.5
7 144 0.614 734 5.1
8 60 0.950 402 6.7
9 51 1.60 305 6.0
10 42 2.40 504 12.0
11 9 4.00 376 41.8
12 1 6.60 412 412.0
13 1 9.97 1113 1113.0
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Table 2. Operating parameters of the ICP-MS instrumentation for wet chemical analysis.

ICP-MS Thermo iCAP Q

Plasma power 1550 W

Plasma gas flow rate 15 L min™*

Nebulizer gas flow rate 0.94 L min™'

Auxiliar gas flow rate 3.00 L min™'

Dwell time per isotope 0.01s

Measured isotopes in KED 3Cr, *Mn, *'Fe, “Ni, ©Cu, *Zn, **Ba, **°Pb, "’In (Internal
modus Standard)
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Table 3. Final operating parameters of the LA-ICP-MS instrumentation.
NWR 213 nm Nd:YAG

LA

Group I Group II
Scan pattern Line scan Line scan
Spot diameter 150 pm 150 pm
Laser power 60% 80%
Scan speed 70 ums ' 80 ums
Laser fluence 3.1Jcm? 6.4 cm”
Repetition rate 20 Hz 20 Hz
Carrier gas flow 0.8 L min'He 0.8 L min ' He
Total time of LA process 354 s 435s
ICP-MS Thermo iCAP Q
Plasma power 1550 W
Plasma gas flow rate 15 L min'

Nebulizer gas flow rate 0.8 L min™'

Auxiliar gas flow rate 3.00 L min™'

Dwell time per isotope ~ 0.01 s
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Table 4. Slopes and percentage of variation between aqueous calibration, PC blank-matched
calibration and dust-matched calibration.

Slope [counts ppb '] % variation % variation
Flement Aqueous calibration PC blank-matched dust-matched i)a gl:)el:l;:('v s f;lqsltlf -
matched) matched)
S3cr 8717 8619 8595 1.1 1.4
Mn 10074 10159 9986 0.8 0.9
Fe 320 308 310 3.8 3.1
ONii 2947 2913 2916 1.2 1.1
Cu 3772 3753 3727 0.5 1.2
7n 3035 2958 2995 2.5 1.3
¥Ba 50691 49902 48743 1.6 38
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Table 5. Limits of detection (ng m ) obtained after PC blank digestion and ICP-MS analysis
(n=7). The relative standard deviations (RSDs) of replicates are also reported.

Element LOD (36) RSD (%)

53Cr
55Mn
57Fe
60Ni
65Cu
6GZn
13SBa

206Pb

0.1
0.08
1.6
0.04
0.9
0.5
0.06
0.01

5.5
4.0
11.7
6.7
2.5
53
3.0
2.5
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Table 6. Elemental recoveries from NIST SRM 1648a after sample pre-treatment and ICP-MS
analysis (n = 10). Concentration values obtained using external aqueous calibration (EAC) and
standard addition (SA) are both reported.

SRM certified Results from ICP-MS analysis [mean + SD (RSD)]

. % Recover
Element concentration o Yy

[mean £ SD] EAC SA (SD)*
%

TFe 3.92+0.21 3.42£0.10 (3.0%) 3.41£0.18 (5.2%) 87 (2.6)
206pp 0.655 +0.033 0.677 = 0.008 (1.2%) 0.671 £0.011 (1.6%) 103 (1.3)
mg Kg’1

S3Cr 402 + 13 364 + 14 (3.8%) 358 + 30 (8.5%) 90 (3.4)
Mn 790 + 44 791 + 64 (8.1%) 793 + 33 (4.2%) 100 (8.1)
ONi 81.1 6.8 85.4 + 4.0 (4.7%) 92.0 £ 6.5 (7.0%) 105 (5.0)
%Cu 610+ 70 602 =+ 29 (4.9%) 617 £ 61 (9.8%) 99 (4.8)
7Zn 4800 + 270 4635 £ 213 (4.6%) 5136 + 448 (8.7%) 97 (4.4)
8Ba®  546-577 597 + 13 (2.2%) 600 =+ 23 (3.8%) 106 (2.3)

“The percent ratios are referred to the concentration values obtained via external aqueous calibration;

Non certified value: concentrations from the Database on Geochemical, environmental and biological
Reference Materials (GeoReM).
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Table 7. Calibration curves and correlation coefficients for all the elements under investigation
obtained with the optimized conditions for samples of group I and II.

Element Range for calibration curve Slope (x 10_‘1) Intercept (x 10%) Correl.ation ,
(mass per spot [ng]) [counts ng '] [counts] coefficient (R")
Group I (DLPI stages 1-7)
3Cr 0-5 63.2 1.6 0.9994
>Mn 0-5 936.1 -270.9 0.9996
TFe 0-25 18.2 19.2 0.9993
ONi 0-5 124.1 7.2 0.9992
Cu 0-15 148.1 138.3 0.9956
567n 0-25 155.7 81.9 0.9959
¥Ba  0-5 2600.4 —825.0 0.9994
26pp 0-15 1242.0 -384.8 0.9997
Group II (DLPI stages 8-9)
3Cr 0-5 43.4 -0.1 0.9991
>Mn 0-5 353.4 ~15.5 0.9989
TFe 0-250 8.3 104.6 0.9986
5ONii 0-5 108.1 1.9 0.9998
5Cu 0-25 125.4 129.3 0.9966
67n 0-25 36.1 79.0 0.9900
¥Ba 025 1750.0 7.1 0.9997
206py, 0-5 930.2 382 0.9998
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Table 8. Limits of detection (ng) obtained after LA-ICP-MS analysis under the optimum
conditions for samples of group I and II. The relative standard deviations (RSDs) of blank
replicates (n = 6) are also reported.

Element Group I Group II
LOD (36) RSD (%) LOD (36) RSD (%)
3Cr 0.02 43 0.03 9.3
>Mn 0.001 52 0.002 8.7
*"Fe 0.06 9.4 0.06 11.2
ONi 0.004 12.3 0.002 7.8
%Cu 0.03 5.6 0.007 12.2
57Zn 0.02 8.3 0.03 4.0
B¥Ba  0.002 11.7 0.003 8.6
26pp 0.001 7.2 0.002 8.3
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Table 9. Limits of detection and quantification (ng m ) obtained after LA-ICP-MS analysis
under the optimum conditions for each DLPI stage.

53Cr SSMn 57Fe 60Ni 65Cu 66Zn 138Ba 206Pb

DLPI stage (Particle mass range [pg])

LOD (30)
1 (0.0283-0.0559) 0.06 0.003 0.2 0.1 0.07 006 0.005 0.003
2 (0.0559-0.0944) 0.05 0.002 0.1 0.009 0.06 0.5 0.005 0.002
3 (0.0944-0.157) 0.02 0.001 0.05 0.003 0.02 0.2 0.002 0.001
4(0.157-0.262) 0.02 0.001 0.04 0.003 0.02 0.2 0.002 0.001
5(0.262-0.383) 0.02 0.001 0.06 0.004 0.03 0.03 0.002 0.001
6 (0.383-0.614) 0.04 0.002 0.1 0.008 0.05 0.5 0.004 0.002
7 (0.614-0.950) 0.04 0.002 0.1 0.008 0.05 0.04 0.004 0.002
8 (0.950-1.6) 0.03 0.002 0.05 0.002 0.006 0.02 0.002 0.002
9(1.6-2.4) 0.02 0.001 0.04 0.001 0.005 0.02 0.002 0.001
LOQ (106)
1 (0.0283-0.0559) 02 0005 0.5 003 02 02 002 0.005
2 (0.0559-0.0944) 02 0005 04 003 02 02 001 0.005
3 (0.0944-0.157) 0.06 0.002 0.2 0.01 0.07 006 0.005 0.002
4(0.157-0.262) 0.05 0.002 0.1 0.009 0.06 0.06 0.005 0.002
5(0.262-0.383) 0.08 0.002 0.2 0.01 0.1 009 0.006 0.002
6 (0.383-0.614) 0.1 0004 04 002 02 02 00l 0004
7 (0.614-0.950) 0.1 0004 04 002 02 01 0.0l 0.004
8 (0.950-1.6) 0.08 0.004 0.2 0.006 0.02 0.08 0.009 0.004
9(1.6-2.4) 0.07 0.003 0.1 0.005 0.02 0.7 0.007 0.003
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Table 10. Elemental concentration values (ng m™) obtained from the analysis of size-segregated PM samples via LA-ICP-MS and conventional ICP-MS for each
DLPI stage. Relative standard deviations (RSDs) are referred to n = 3 replicates for ICP-MS and n = 4 replicates for LA-ICP-MS.

SSCr SSMn 57Fe 60Ni

DLPI stage (Particle ICP-MS LA-ICP-MS ICP-MS LA-ICP-MS ICP-MS LA-ICP-MS ICP-MS LA-ICP-MS
mass range [ug])

Conc. RSD (%)  Conc. RSD (%)  Conc. RSD (%)  Conc. RSD (%)  Conc. RSD (%)  Conc. RSD (%)  Conc. RSD (%)  Conc. RSD (%)
1 (0.0283-0.0559) <LOQ - 017 5.0 <LOQ - <LOQ - <LOQ - <LOQ - <LOQ - <LOQ -
2 (0.0559-0.0944) <LOQ - 0.16 6.8 <LOQ - 0.01 11.1 <LOQ - <LOQ - <LOQ - 0.06 11.4
3 (0.0944-0.157) <LOQ - 0.07 3.9 <LOQ - 0.02 12.1 <LOQ - 0.44 8.3 0.25 12.7 0.18 8.0
4(0.157-0.262) <LOQ - 0.15 6.0 <LOQ - 0.22 4.6 <LOQ - 2.35 5.5 0.62 8.2 0.53 3.8
5(0.262-0.383) <LOQ - 0.24 5.4 0.51 5.5 0.45 7.1 5.55 17.7 4.66 11.4 0.45 12.7 0.41 8.2
6(0.383-0.614) <LOQ - 0.38 3.5 1.17 1.6 1.18 3.8 14.16 9.4 13.28 32 0.40 10.5 0.44 5.4
7 (0.614-0.950) <LOQ - 0.35 5.0 0.89 2.7 0.80 6.7 28.17 4.3 24.82 5.8 0.17 3.6 0.17 7.4
8(0.950-1.6) <LOQ - 0.75 53 1.56 8.3 1.36 4.9 130.26 3.7 140.86 4.5 0.16 14.2 0.20 6.1
9(1.6-2.4) 0.92 9.9 0.98 5.7 1.92 8.9 1.76 23 187.71 9.7 201.84 33 0.27 11.1 0.24 4.6

()SCu 6(\Zn 135(Ba 206Pb

DLPI stage (Particle ICP-MS LA-ICP-MS ICP-MS LA-ICP-MS ICP-MS LA-ICP-MS ICP-MS LA-ICP-MS
mass range [pg])

Conc. RSD (%)  Conc. RSD (%)  Conc. RSD (%)  Conc. RSD (%)  Conc. RSD (%)  Conc. RSD (%)  Conc. RSD (%)  Conc. RSD (%)
1 (0.0283-0.0559) <L0Q - <LOQ - <LOQ - <LOQ - <L0Q - <L0Q - 0.11 23 0.09 23
2 (0.0559-0.0944) <LOQ - 0.08 12.7 <LOQ - <LOQ - <LOQ - <LOQ - 0.35 11.5 0.31 6.6
3 (0.0944-0.157) <LOQ - 0.10 7.1 <LOQ - 0.74 10.2 <LOQ - 0.01 34 0.76 2.1 0.59 3.1
4(0.157-0.262) <LOQ - 0.45 4.6 7.07 11.3 6.46 3.5 <LOQ - 0.04 0.7 2.56 14.0 2.29 4.0
5(0.262-0.383) <LOQ - 0.52 7.8 8.12 11.9 7.46 7.8 <LOQ - 0.07 3.1 2.88 15.1 2.71 7.3
6 (0.383-0.614) <LOQ - 0.98 53 12.83 4.7 13.03 6.5 0.35 0.9 0.32 1.7 3.95 1.8 4.22 4.1
7 (0.614-0.950) <LOQ - 1.07 7.4 8.37 11.0 8.58 8.9 0.77 7.0 0.85 32 1.65 1.3 1.85 3.5
8(0.950-1.6) 3.93 10.8 3.66 6.4 6.75 9.3 5.92 4.5 3.47 8.5 3.74 6.0 1.01 11.2 0.96 5.0
9(1.6-2.4) 6.83 10.2 6.57 6.3 3.67 8.4 2.97 5.8 5.21 52 5.06 2.6 0.44 10.0 0.34 33

— data not available
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Table 11. Schematic comparison of times required for sample preparation and analysis with the conventional ICP-MS method and the proposed
LA-ICP-MS approach.

ICP-MS LA-ICP-MS
Lab procedure Time required Lab procedure Time required
Beaker cleaning 5h Sample application on .
Sample . 40 mins
. Sample pre-treatment 24h poly(methylmethacrylate) slides
Per DLPI preparation
¢ Sample dilution for liquid analysis 4h Identification of spots for LA 1h
stage ;
. 3 mins per liquid about 7 mins per spot
Sample analysis - . - .
solution about 30 mins for 4 spots
About 34h (4

Considering an heating block of
For 21 DLPI stages 24 places for sample pre-treatment
(21 samples + 3 PC blank filters)

Considering 7 filters per slide, 2 About 14h (less than 2
filter-slides in the laser chamber ~ working days) with 4
+ 1 slide for calibration replicates per stage

working days)
without any
replicate per stage
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Figures

DLPI-Stage 8

DLPI-5Stage 6

Figure 1. Polycarbonate dust filters fixed onto the DLPI collection plates.
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Poly(methylmethacrvlate) slide with a 12x 3 micro-cavities grid Micro-cavity for dried-droplets preparation

Figure 2. Schematic representation of the arrangement used for the preparation of dried micro-
droplets of standard solutions.
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Figure 3. Ablation scheme I used for dust spots of group I (DLPI stages 1-7).

PCfilter Dust spot

Figure 4. Ablation scheme II used for dust spots of group II (DLPI stages 8 and 9).
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® Aqueous standard calibration

= Dust-matched calibration

250000

4 PC blank-matched calibration

200000
y =29663x+ 55679

150000
,’/",’//’/,,/”§==29448x+1386
100000
r//,‘/’/",/’// ’;ﬁ‘;;’ﬁﬁfﬂf"¢;ﬁ§-—28900x+165

50000 '

Int. 2%Ph normalized to In [avg. cps]

0 1 2 3 4 5 6
Conc. Pb [pg LY

Figure 5. Comparison between aqueous standard calibration and matrix-matched calibrations.
Signal intensities (normalized to '"°In) plotted against the actual concentrations of lead are
reported as example.
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Before application After application
Glveerol
coverage

PC filter PC filter

Figure 6. Schematic representation of the treatment approach applied on PM samples before
LA-ICP-MS analysis.
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Trace(s) of Analysis No 7 : "W6_3"
57Fe (1) 58Co 1 63Cu 642Zn (1) 65Cu (1) 66Zn(1) 114Cd (1) 115in (1)
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Figure 7. Transient signals derived from the analysis of one spot of DLPI stage n° 6 with the
proposed ablation scheme for group I and the optimized LA operating conditions.
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Figure 8. Correlation between the concentration values obtained via conventional ICP-MS (n =
3) and LA-ICP-MS (n = 4). Error bars correspond to 1 standard deviations of replicates.
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Chapter 4 — Toxic Trace Metals in Airborne Particulates: Mass Concentration,
Size-Distribution and Health Risk Assessment

Abstract

In this chapter the mass concentrations of selected trace metals (Cr, Mn, Fe, Ni, Cu, Zn, Ba and
Pb) measured on the extended set of PM samples collected at the URB site in Como are
presented. Size-segregated PM, s samples were analyzed with a novel LA-ICP-MS method
specifically developed, as outlined in the previous chapter. On average, the investigated
elements accounted for a very small percentage of the total PM, s mass concentration (< 0.7 %)
and results revealed great variations in the concentration levels of the analyzed toxic metals,
with values differing by one or more orders of magnitude from element to element and
between the different sampling periods. Obtained findings showed distinct differences for the
analyzed elements, with different and characteristic size-distributions in the fine,
submicrometric and ultrafine fractions. The studied elements were variously enriched in the
particulate sizes, suggesting that local emission sources may exist for these chemical species.
Moreover, from a health and sanitary perspective, the hazard quotient and index values
calculated for all of the studied elements suggested no non-carcinogenic health risks via the
inhalation exposure route. Also the carcinogenic risks of Cr and Ni were within the
acceptability range.

Nevertheless, only preliminary and qualitative evaluations have been performed, since the
extended dataset has to be deeply investigate with further analysis in order to gain further
insights and contribute to a better evaluation of seasonal variabilities, possible influences of
meteorological parameters as well as to the quali-quantitative identification of possible
emission sources in the study area.

1. Introduction

As well documented in the scientific literature, the adverse effects of airborne particulate
matter (PM) on human health are associated with its size and chemical composition (Harrison
and Yin, 2000; Valavanidis ef al., 2008; Polichetti ef al., 2009), although the precise biological
mechanisms of PM toxicity are not completely clear (Oeder ef al., 2012). These effects range
from minor upper respiratory irritation to chronic respiratory and hearth disease, lung cancer,
acute respiratory infection in children and chronic bronchitis in adults (Kampa and Castanas,
2008; Peled, 2011). Fine particles (PM,s), and especially submicrometric (PM;) and ultrafine
particles (UFPs, PM ;), can penetrate deeper into the lungs and stay there for a long time, thus
being able to enter more easily the blood circulation system. The presence of different
chemical compounds may pose serious health concerns and, in terms of adverse health effects,
the distribution of toxic compounds among the various size fractions is of primary relevance.
Although PM is a complex and heterogeneous mixture of different substances, trace metals
represent an important source of PM toxicity because of their toxic characters, as well
documented in the scientific literature. Several works suggested correlations between PM-
bound metals and pulmonary toxicity (Sun et al., 2001; Raaschou-Nielsen et al., 2016).
According to the International Agency for Research on Cancer (IARC), As, Cd, Cr (VI) and Ni
compounds are classified as carcinogenic to humans (IARC Working Group on the Evaluation
of Carcinogenic Risks to Humans, 2012) whereas inorganic Pb compounds are classified as
probable carcinogens (IARC Working Group on the Evaluation of Carcinogenic Risks to
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Humans, 2006). Accumulation in fatty tissues and circulatory system, negative effects on
central nervous system and internal organs as well as acting as cofactors in other diseases are
some of the health effects associated with the exposure to these metals (Chen and Lippmann,
2009; Kurt-Karatus, 2012). On the other hand, less toxic elements, such as Fe, Zn or Mn, seem
to play an important role in the formation of oxidants within the lung which in turn produce
tissue damage (Ghio et al., 1996).

Literatures studies about the size-segregated metal composition of PM were conducted
worldwide in the United States (Sardar et al., 2005; Ning et al., 2007; Ntziachristos et al.,
2007), Asia (Li et al., 2012; Sun et al., 2013; Liu et al., 2015), Europe (Pakkanen et al., 2001;
Mbengue et al., 2014; Malandrino et al., 2016). Among all these investigations, researches
about the health risk for humans associated with PM-bound toxic elements are few and even
fewer are those studies concerning the health risk characterization of size-segregate PM, with
the aim of assessing the contribution of the various PM fractions to the total PM, 5 or PM,,
health risk. Greene and Morris (2006) found that PM, 5 in the Washington area posed notable
deleterious risks to subpopulations. Cao et al. (2012) and Liu et al. (2015) showed that the
particle size had a significant influence on the human exposure risk assessment.

In this study, the mass concentrations of size-segregated trace metals (Cr, Mn, Fe, Ni, Cu, Zn,
Ba and Pb) were measured on the extended set of size-segregated PM samples collected during
an intensive long-term monitoring campaign at an urban background site in Como, as described
in Chapter 2. In addition to the assessment of ambient concentration levels, enrichment factors
and size-distributions of the selected trace elements, results were used to evaluate their
potential non-carcinogenic and carcinogenic risks for human health via the inhalation exposure
route. It has to be noticed that the findings showed in this chapter are derived from a
preliminary and general data treatment, which has to be deeply investigated with further
analysis in order to gain further insights and contribute to a better evaluation of seasonal
variabilities, possible influences of meteorological parameters as well as to the identification of
possible emission sources in the study area.

2. Materials and Methods

2.1. Size-Segregated PM Collection and Analysis

Airborne PM was collected at an outdoor urban background site in Como, as well described in
chapter 2. A 13-stage Low Pressure Impactor (DLPI, DEKATI Ltd., Tampere, Finland) was
used for the collection of size-segregated particles in the 0.028—-10 um size range, with 9
collection stages in the PM, s fraction. Atmospheric samplings were performed once a week,
from Monday to Friday morning, using an average sampling period of 96-h. The monitoring
campaign started at the end of May 2015 and was stopped at the end of March 2016, thus
obtaining a large number of samples (38 weekly sampling sessions) covering an extended time
period in order to gain sufficient information for assessing temporal variabilities and
differences in the elemental mass concentration and composition of airborne particulates.
Aerosol particles were deposited on high-purity polycarbonate filters (PC, 25-mm; no-holes,
Fisher Scientific, S.A.S., Illkirch, France) coated with a thin layer of Apiezon-L grease
provided by the manufacturer (DEKATI DS-515 Collection Substrate Spray, DEKATI Ltd.,
Tampere, Finland) to improve the impactor collection efficiency and prevent bounce- and
blow-off effects during separation. The particle mass collected on PC filters was determined
gravimetrically following a standard operating procedure (UNI EN 14907; UNI EN 12341).
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The collection substrates were weighed before and after sampling under controlled temperature
(20 = 1°C) and relative humidity (50 = 5%) conditions by a micro-balance with a readability of
1 pg (Gibertini 1000, Novate, Milan, Italy). The collected mass was then calculated by
differential weighing. After being weighed, particulate samples were stored in clean plastic
boxes, in the dark and at 4°C until elemental analysis. Two sets of the collected PM samples
were used for the improvement and optimization of the LA-ICP-MS method presented in
chapter 3. For all of the other weekly samples, each PM, s size fraction was then directly
analyzed with the proposed LA-ICP-MS measurement protocol and eight elements were
determined (Cr, Mn, Fe, Ni, Cu, Zn, Ba and Pb). Briefly, size-fractionated PM samples were
divided into two main groups, namely DLPI stages 1-7 (group I) and DLPI stages 8-9 (group
II), and analyzed separately, with proper LA operating conditions and calibration curves. One
quarter of each polycarbonate filter was cut by means of a ceramic knife and attached on the
surface of poly(methylmethacrylate) slides, for a total of seven different samples per slide,
together with one quarter of PC blank filter. After the pre-treatment procedure with a 3%
glycerol solution (well described in the previous chapter), dust filter were analyzed in LA-ICP-
MS under the optimized conditions. Because of the elevated number of size-segregated
samples under investigation (a total of 324 dust filters), in routine analysis calibration curves
and quality control standards were always analyzed with unknown samples. A typical
analytical sequence consisted of a calibration curve followed by the analysis of unknown dust
samples (four spots per stage) along with two quality control standards (typically 0.15 and 1
mg L") and a second calibration curve. Moreover, when using a new calibration for
quantitative analysis, one dust samples already analyzed with the previous calibration curve
was analyzed again as a new unknown sample to verify the overall stability of the
measurement protocol. Dust samples as well as blank PC filters and standards for calibration
were analyzed by multiple line scan of each sample spot and quantitative analysis was
accomplished with dried-micro droplets of aqueous standard solutions prepared on the same
slides used for sample filters. All concentration values for dust samples were obtained after
subtraction of their appropriate blank contributions, if blank values were > LOQs. For detailed
information about the optimized laser ablation schemes and the final operating parameters of
the LA-ICP-MS instrumentation see chapter 3.

2.2. Exposure Dose and Health Risk Assessment

Generally, the population exposure to airborne metals can potentially occur through three main
exposure pathways: i) direct inhalation of atmospheric particulates via mouth and nose; ii)
dermal absorption of trace elements from skin adhered dust particles and iii) direct ingestion of
atmospheric particulates due to their deposition on food, drinks or other surfaces (more
frequent in indoor environments) (Kurt-Karakus, 2012). In this study, only the health risk via
inhalation exposure was characterized since the inhalation exposure is typically the primary
route of direct exposure to atmospheric PM-bound toxic metals.

For a risk characterization, it’s important to know or to estimate, as in this case, the average
daily dose assumed for each investigated substance. The model used in this study to calculate
the human exposure to airborne metals is based on that developed by the United States
Environmental Protection Agency (US EPA). According to the Exposure Factors Handbook
(US EPA, 1997), the average daily dose (ADD) of a pollutant via inhalation can be estimated
using Eq. 1:
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where ADD is the average daily exposure amount of each metal through inhalation [mg (kg
day)’l], C is the metal concentration analyzed in each PM size-fraction [mg m ], InhR is the
inhalation rate [m® day '], ED is the exposure duration [days], BW is the body weight [kg] and
AT is the averaging time [days] (for carcinogenic or chronic effects AT = 70 years or 25,500
days). Since the potential risks for humans were intended to be assessed for carcinogenic or
chronic effects and with the great assumption that the general population living in the study
area is exposed every day over a lifetime to the average concentration levels measured during
the monitoring campaign, the exposure duration and the averaging time were referred to the
average lifetime (70 years or 25,500 days) and the ADD for each element were specifically
calculated for an adult (InhR =20 m’ day '; BW = 70 kg) (US EPA, 2011).

Risk characterization was then quantified separately for non-carcinogenic and carcinogenic
effects. The potential non-carcinogenic risk was evaluated by the use of hazard quotients
(HQs), calculated as the ratio between the average daily dose and a specific threshold value
(Eq. 2), generally identified with the Reference (acute, sub-chronic or chronic) Dose (RfD). As
defined by the US EPA, the acute or chronic reference dose is an estimate of a daily exposure
for an acute (24h or less) or chronic (up to lifetime) duration for the human population
(including sensitive subgroups) that is likely to be without an appreciable risk of deleterious
effects during a lifetime (IRIS EPA, 2016). In this study the potential non-carcinogenic risk
was evaluated for a potential chronic exposure (over a lifetime) and the Tolerable Daily Intake
via inhalation exposure (TDI;;,) was used as threshold value in place to the RfD. TDI;;, has the
same meaning of Acceptable Daily Intake (ADI) and is defined as the amount of a substance in
air that can be assumed on a daily basis over an extended period of time (usually a lifetime)
without suffering deleterious effects. TDIs are usually based on long-term laboratory
toxicological studies that are intended to mimic the human assumption over a lifetime. If the
ADD value is lower than the TDI;,, (HQ < 1), this is indicative that no adverse health effects
should occur. Otherwise, if the ADD is higher that the corresponding TDI;,;, (HQ > 1), it is
likely that the exposure pathway could cause adverse human health effects during lifetime (US
EPA, 1993). The sum of multiple-chemicals (or multiple-exposure pathways) HQs defined the
hazard index (HI), that is used to assess the overall potential for non-carcinogenic effects posed
by more than one chemical (US EPA, 2009). As for HQ, an HI below unit indicates that there
is no significant risk of non-carcinogenic effects. Conversely, an HI above unit indicates that
there is a chance that non-carcinogenic effects may occur, with a probability that tends to
increase with increasing HI values (US EPA, 2009).

Finally, the exposure estimation of potential carcinogenic risks was assessed by the use of
cancer risks (CR), as calculated in Eq. 4. It has to be noticed that, when evaluating a cancer risk
for a carcinogenic substance, an effect threshold limit value cannot be estimated since,
theoretically, there should not be a limit below which the carcinogenic response is not
manifested. For this reason, according to the US EPA Guidance (IRIS, US EPA), the lifetime
cancer risk was calculated by multiplying the estimate of lifetime exposure [mg (kg day) ']
with the cancer slope factor (CSF) that is an estimate of the increased cancer risk due to the
exposure to a dose of 1 mg (kg day) ' for a lifetime. The CR defines the probability of an
individual to develop any kind of cancer during lifetime. In terms of regulatory purposes, both
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10 or 107 levels (risk of one additional occurrence of cancer in one million and one hundred
thousand people, respectively, at a given exposure assumptions) may be considered acceptable
for the general population, including susceptible individuals, while highly exposed populations
should not exceed a 10~ (risk of one additional occurrence of cancer in ten thousand people)
risk level (US EPA, 2009). In this study, the carcinogenic risks were investigated for Cr and Ni
since, according to the classification group orders defined by IARC, these metals are classified
as carcinogenic element of Group I (IARC, 2011). Cr toxicity is directly dependent on its
valence states and in this study, following a worst-case scenario approach, the cancer slope
factor of Cr(VI) was assumed as for total Cr.

o — ADD 5

Q= TDIinh (2)
n

HI = Z HQi 3)
i

CR = ADD x CSF (4)

where ADD is the average daily dose of the investigated trace metals in each size-segregated
PM fraction [mg (kg day) '] as previously calculated, TDI,,, is the Tolerable Daily Intake by
inhalation [mg (kg day) '] and CSF is the cancer slope factor [mg (kg day)']™". The TDI,,, and
CSF values used in this study are tabulated in Table 1 and all the presented equations referred
to US EPA methods and scientific literature (US EPA, 1997; Du et al., 2013; Slezakova et al.,
2014; Liu et al., 2015).

2.3 Statistical Analysis and Data Treatment

Statistical data analysis was performed using the SPSS software package (SPSS Inc., Chicago,
IL, USA). Descriptive statistics were carried out for all of the elements under investigation on
each PM size fraction. Gaussian distributions of the variables were verified by the
Kolmogorov-Smirnov test. The Independent-Samples #-test was used to explore differences
between groups on /og-transformed data.

Moreover, for each element Enrichment Factors (EFs) relative to the average composition of
the upper continental crust (UCC) were calculated according to Eq. (5):

_ Eatm/Ratm
"~ Ecrust/Rcrust

()
where E,, and R,,, are the concentrations of the investigated element and the reference
element, respectively, calculated for the aerosol samples, whereas E.y and Ry are the
concentration levels of the same elements in the Earth’s upper continental crust, as reported by
Wedepohl (1995). EFs are generally employed in the atmospheric chemistry to classify the
natural or anthropogenic origin of metals in the atmosphere (Alleman et al., 2010; Mbengue et
al., 2014; Malandrino et al., 2016). It is usually assumed that elements with EFs values close to
unity are predominantly associated with crustal sources whereas elements with EFs values
between 5 and 10 may have a significant contribution from non-crustal sources. Finally,
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elements having high EFs (> 10) are considered mainly of anthropogenic origin, with
anthropogenic contributions that tend to increase with increasing EF values (Gharaibeh et al.,
2010; Mbengue et al., 2014). Elements like Al or Si are generally used as reference element
because of their abundance in the Earth’s crust composition, together with other metals (e.g.,
Ti, Mn, Fe) (Basha et al., 2010; Dai et al., 2015; Malandrino ef al., 2016). In the present study,
Fe was used as reference element, since the other possible geogenic elements (e.g., Al, Si, Ti)
were not quantitatively determined. It has to be noticed that soil is considered the major source
of Fe in the atmosphere, even though Fe can have also non-crustal sources, that could have
slightly reduced EFs values. Anyway, Fe is the fourth most abundant element in the upper
continental crust and its natural concentration is orders of magnitude higher than the natural
concentration levels of those metals having a great toxicological concern (e.g., Ni, Pb, Cr).

3. Results and Discussion

3.1. Elemental Mass Concentrations and Size-Distributions

For data treatment and analysis, results about the elemental mass concentrations and size-
distributions were divided into the same main periods considered for PM data, namely the non-
heating season (May 2015-October 15" 2015) and the heating season (October 19™ 2015—
March 2016). For specific details about the sampling information and the meteorological
parameters monitored at the sampling site during the whole campaign, see chapter 2. For each
element under investigation, descriptive statistics of mass concentrations obtained on each
DLPI collection plate and for the principal PM fractions during the two monitoring periods and
the whole campaign are reported in Table 2. Concentration levels referred to the standard PM
fractions were obtained summing up the elemental masses collected on filter substrates with
respect to the aerodynamic diameter of particles. Fig. 1 depicts the average metal size-
distributions obtained during the two monitored periods and during the whole campaign.
Higher mean mass concentrations were found during the heating period compared to the non-
heating season, with greatly variations in the concentration levels and concentration values
differing by one or more orders of magnitude from element to element. As expected, the most
abundant element among all of the investigated metals was Fe, followed by Zn, Pb, Cu, Ba and
Mn. The lowest concentration levels were showed for Cr and Ni. On average, the investigated
elements accounted for a very small percentage of the total PM, s mass concentration (< 0.7 %).
The calculated contribution to the fine particulate corresponded to 0.53, 0.08, 0.04, 0.02, 0.013,
0.011, 0.005 and 0.004 % for Fe, Zn, Pb, Cu, Ba, Mn, Cr and Ni, respectively. Table 3
summarizes the average percentage contributions of each element to the average PM mass
concentrations during the non-heating period, the heating period and the whole campaign.

The analyzed elements were characterized by distinct and characteristic size-distributions in
the fine, submicronic and ultrafine particles, without relevant differences in the shape of the
average size-distributions between, at least, the two main investigated periods (Fig. 1).
According to their size-distributions, elements could be roughly divided into three groups: I)
metals mostly concentrated in the largest particles fraction, including Fe, Ba and Cu, with more
than 70% in the PM|, 5 size range; II) metals showing higher contributions in the accumulation
mode (PMy_;) (with more than 60% of the total PM, 5 mass), including Pb, Zn and Ni, with a
clear peak between 0.3 and 0.6 um (at least for Pb and Zn) and III) metals more spread
throughout the size-distribution, without considering the lowest DLPI stages (Cr and Mn), with
rather similar contributions for the smaller and coarser fractions to the total PM, s (Fig. 2).
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These results are consistent with those of Fernandez-Espinosa et al. (2001), which observed the
predominance of some toxic trace metals (Pb, Cd and V) in submicronic particles. Also
Mbengue et al. (2014) showed higher percentage of Pb and Zn in PM whereas elements such
as Fe, Ba, Cu and Ti were found to be most abundant in the supermicron fraction (> 1 pm).

The ultrafine component showed always very low concentration levels, without any relevant
peak in the most critical PM fraction in terms of sanitary concern and contributions to the total
PM, s mass were always < 5% (Table 2 and Fig. 1). Different findings were contrarily showed
by Lin et al. (2005), that registered Aitken modes for Pb, Zn, Ba and Ni with secondary peaks
< 0.1 pm-size strongly associated with vehicle emissions and fossil fuel combustions and
mainly due to the specific location of sampling site, close to a heavily trafficked road.
Enrichment Factors (EFs) relative to the average composition of the upper continental crust
were calculated for each element according to Eq. (5) presented in the previous paragraph,
considering the two main fraction (submicronic particles (PM,) and coarser particles (PM;_;5)).
As already explained, Fe was used as reference element in the present study. Soil is considered
the major source of Fe in the atmosphere, even though Fe can have also non-crustal sources,
that could have slightly reduced EFs of elements characterized by both crustal and non-crustal
origin. Moreover, it has to be noticed that EFs were employed to assess the extent of non-
crustal contributions to the atmospheric concentration levels for the elements under
investigation taking into account that they only provided general and qualitative information on
the element origins in the study area, also because of the wide variations in the UCC
composition.

As shown in Fig. 3, elements classified in group I presented different enrichment factors. EFs
around 1 were found for Ba, suggesting a predominant crustal origin, whereas notably higher
EFs were showed for Cu (in both PM; and PM, ,5), probably due to anthropogenic sources
influencing both the coarse and the accumulation modes.

Very high EFs were also found for Pb, Zn and Ni, especially in the finest fraction, for which
EFs increased by approximately one order of magnitude compared to PM,_, s EFs, suggesting
an increased anthropogenic contribution in the smallest PM size range.

Finally, for elements of group III, EFs around 1 were identified for Mn in PM_, 5, while higher
EFs, suggesting a more influence of anthropogenic sources, were found for PM;. Cr showed
EF values indicating potential anthropogenic influences especially on the finest fraction.

3.2 Risk Characterization of Trace Metals in Size-Segregated PM via the Inhalation Exposure
Route

As already explained in the introduction, results about the average concentration levels of the
investigated metals were used to evaluate their potential non-carcinogenic and carcinogenic
risks via inhalation exposure for the population living in the study area. It is important to
noticed that this study cannot be considered a real exposure study, because the experimental
design did not involve any kind of personal sampling but concentration levels were measured
at an outdoor fixed-site monitoring station, specifically selected according to the Guideline
Criteria (EEA, Criteria for EUROAIRNET, 1999) to assess urban background concentrations
and be representative of the average levels of air pollution, as already explained in chapter 2.
Moreover, people generally spend their time in different indoor and outdoor environments,
where concentration levels could be different. Therefore, this type of risk characterization
should only be considered as a rough estimate of health risks based on the assumption that
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people living in the study area are chronically exposed to the average metal concentrations
monitored during the whole campaign.

The non-carcinogenic risks associated with inhalation exposure to particulate trace elements
were calculated according to the US EPA methodology. The HQs estimated for individual
elements in each size fraction of PM,s are reported in Table 4, together with the size-
fractionated HI calculated as the sum of multiple-elements HQs. For the main PM fractions,
HQs were estimated summing up the calculated HQs in all size ranges for each element. HQs
and HI were assessed for all of the investigated metals except for Fe, since the US EPA has not
established a tolerable daily intake for this element, as already shown in Table 1. The
calculated PM,s-HQs for all of the elements were always < 1; the lowest HQ values were
found for Cu and Zn, whereas Cr and Mn showed the highest HQs.

Considering the main PM fractions, UFPs always registered low values and the lowest
percentage contributions to the total PM,s-HQs for all of the elements under investigation
(Table 4). HQ values for the accumulation mode (PM,;_;) were following the order Mn > Cr >
Ba > Pb > Ni > Zn > Cu, whereas in the coarser fraction (PM;_,5) HQs decreased in the order
Mn > Cr > Ba > Pb > Ni > Cu > Zn. PM,5-HQs for Pb, Zn and Ni were found to be mainly
dependent from PM, ., with the highest contributions in the 0.3—0.6 um PM size range, that
accounted for 31, 28 and 21% for Pb, Zn and Ni, respectively. On the contrary, Ba and Cu
registered the highest contributions in the coarser fraction (PMj.,5), mainly from particles
between 1.6 and 2.4 pm. Finally, for Cr and Mn, accumulation and coarser fractions displayed
more homogeneous contributions, with anyway higher percentage values for particles > 0.3 um
(Table 4).

As for the single HQs, also the estimate of the overall potential for non-carcinogenic effects
posed by all of the metals under investigations (HI) was < 1, suggesting no significant risks for
the exposed population. Aerosol particles > 0.3 um seemed to play the major role in the
characterization of the overall non-carcinogenic risk, whereas lower contribution were found
for particles < 0.3 um, with percentage contribution values decreasing with decreasing aerosol
particle size (Table 4).

The cancer risks calculated from the ADD of the inhalation pathway for those elements known
as human carcinogens (Cr and Ni) are shown in Table 5. The estimated CR values in the fine
particulate (PM, 5), that resulted from the sum of size-segregated CRs, were equal to 2.32E-07
(Ni) and 1.43E-05 (Cr) and showed distinct contributions from the different size-segregated
PM fractions for the two investigated metals. As depicted in Fig. 4, the PM,; component
showed the lowest contribution to the total PM, s-CRs for both elements. More than 70% of
PM,s-CR for Ni came from the accumulation mode (PM,;_;), mainly from particles having
aerodynamic diameter between 0.15 and 0.61 um (59%), whereas the PM,s-CR for Cr was
more equally distributed between accumulation mode and coarse mode (PM,_,5), accounting
for about 52% in PM;_, s (Table 5).

In conclusion, the estimated PM, s carcinogenic risks were below (Ni) or within (Cr) the
acceptable range established in terms of regulatory purposes for the general population (10°° or
107%), thus indicating a negligible cancer risk for people living in the study area. Nevertheless,
it could be important taking into account that, although the estimated CRs for Ni were two
orders of magnitude lower that the calculated CRs for Cr, the higher contributions to the total
PM,5-CR for Ni were found to be mainly related to airborne particles that are able to more
deeply penetrate into the respiratory system.

142



4. Conclusions and Future Developments

In this study, the mass concentrations of selected trace metals (Cr, Mn, Fe, Ni, Cu, Zn, Ba and
Pb) were measured on the extended set of size-segregated PM samples collected during an
intensive long-scale monitoring campaign at an urban background site in Como with a LA-
ICP-MS method properly developed. On average, the investigated elements accounted for a
very small percentage of the total PM,s mass concentration (< 0.7 %) and results revealed
greatly variations in the concentration levels of the analyzed toxic metals, with values differing
by one or more orders of magnitude from element to element and between the different
sampling periods. Obtained findings showed distinct differences for the analyzed elements,
with different and characteristic size-distributions in the fine, submicronic and ultrafine
fractions. The studied elements were variously enriched in the particulate sizes, suggesting that
local emission sources may exist for these chemical species. In this context, only preliminary
and qualitative evaluations have been performed, since the extended dataset has to be deeply
investigate with further analysis in order to gain further insights and contribute to a better
evaluation of seasonal variabilities, possible influences of meteorological parameters as well as
to the quali/quantitative identification of possible emission sources in the study area (source
apportionment studies).

From a health and sanitary perspective, the hazard quotient and index values calculated for all
of the studied elements suggested no non-carcinogenic health risks via inhalation exposure.
Also the carcinogenic risks of Cr and Ni were within the acceptability range.
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Tables
Table 1. Recommended values for the Tolerable Daily Intake (TDI) and Cancer Slope Factor
(CSF) in equations of the health risk characterization.

TDI [mg (kg day)'|  CSF [mg (kg day) ']

Cr 3.00E-05 4.10E+01
Mn 1.43E-05 —
Fe - -
Ni 1.30E-03 8.40E-01
Cu 1.41E-01 -
Zn 5.66E-01 —
Ba 1.40E-04 -
Pb 3.60E-03 —
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Table 2. Descriptive statistics on the elemental mass concentrations for the 9 DLPI size-ranges and for the main PM fractions during the non-
heating period, the heating period and the whole campaign.

Concentration in air (ng m~>) - Mean (min—max)

Non-heating period

Size range (um)

Cr

Mn

Fe

Ni

Cu

Zn

Ba

Pb

0.0283-0.0559
0.0559-0.0944
0.0944-0.157
0.157-0.262
0.262-0.383
0.383-0.614
0.614-0.950
0.950-1.6
1.6-2.4

0.03 (0.01-0.13)
0.03 (0.01-0.10)
0.02 (0.01-0.05)
0.03 (0.005-0.06)*
0.06 (0.02-0.13)*
0.11 (0.03-0.21)*
0.10 (0.05-0.16)*
0.18 (0.06-0.26)*
0.24 (0.12-0.30)*

0.005 (0.002-0.01)
0.01 (0.002-0.04)*
0.03 (0.003-0.08)
0.06 (0.002-0.16)*
0.12 (0.01-0.31)*
0.29 (0.04-0.71)*
0.20 (0.05-0.45)*
0.29 (0.09-0.49)*
0.36 (0.15-0.69)*

0.05 (0.02-0.11)*
0.09 (0.02-0.24)
0.27 (0.08-0.85)*
0.65 (0.13-1.58)*
1.16 (0.28-3.45)*
3.06 (0.98-7.47)*
5.24 (2.13-9.55)*
21.40 (9.96-30.04)*

36.29 (18.77-51.08)*

0.01 (0.002-0.04)
0.01 (0.003-0.04)
0.04 (0.01-0.08)*
0.08 (0.02-0.17)*
0.10 (0.04-0.21)*
0.11 (0.04-0.23)*
0.05 (0.03-0.08)*
0.06 (0.03-0.10)*
0.08 (0.03-0.10)*

0.01 (0.005-0.02)
0.02 (0.004-0.05)*
0.05 (0.01-0.13)*
0.08 (0.005-0.23)*
0.08 (0.01-0.24)*
0.15 (0.03-0.34)*
0.16 (0.07-0.28)*
0.59 (0.26-0.92)*
1.12 (0.61-1.44)*

0.04 (0.02-0.13)
0.14 (0.02-0.49)*
0.43 (0.02-1.27)*
0.81 (0.08-1.82)*
1.19 (0.08-2.36)*
2.13 (0.21-4.08)*
1.40 (0.05-2.69)*
1.38 (0.26-2.31)*
1.12 (0.32-1.77)

0.003 (0.001-0.01)*
0.01 (0.001-0.02)*
0.01 (0.003-0.01)*
0.01 (0.01-0.02)*
0.03 (0.01-0.08)*
0.12 (0.04-0.56)*
0.21 (0.09-0.74)*
0.53 (0.36-0.88)*
0.78 (0.47-1.01)*

0.05 (0.02-0.10)

0.11 (0.03-0.32)

0.30 (0.04-0.87)*
0.57 (0.05-1.48)*
0.69 (0.06-1.61)*
0.68 (0.07-1.19)*
0.32 (0.04-0.67)*
0.25 (0.02-0.58)*
0.14 (0.02-0.25)*

PM fraction
PMy,

PMU 1-1

PM;

PMi2s

PM, s

0.06 (0.01-0.23)
0.32 (0.10-0.52)
0.37 (0.12-0.67)
0.42 (0.18-0.56)
0.80 (0.48-1.11)

0.02 (0.02-0.05)
0.70 (0.11-1.63)
0.72 (0.11-1.64)
0.65 (1.23-1.01)
1.37 (0.35-2.50)

0.13 (0.04-0.36)
10.38 (3.95-19.00)
10.51 (3.99-19.06)
57.69 (28.73-75.81)
68.20 (32.71-87.13)

0.02 (0.01-0.08)
0.38 (0.13-0.71)
0.40 (0.14-0.72)
0.14 (0.05-0.19)
0.54 (0.29-0.91)

0.03 (0.01-0.07)
0.53 (0.12-1.13)
0.56 (0.13-1.17)
1.70 (0.86-2.36)
2.26 (0.99-3.37)

0.17 (0.04-0.62)
5.97 (0.43-11.25)
6.14 (0.47-11.53)
2.51 (0.58-4.08)

8.65 (1.05-14.93)

0.01 (0.01-0.02)
0.38 (0.15-1.40)
0.39 (0.17-1.41)
1.31 (0.84-1.79)
1.70 (1.11-3.19)

0.16 (0.06-0.38)
2.55(0.26-4.94)
2.70 (0.33-5.09)
0.39 (0.04-0.83)
3.09 (0.38-5.41)

* Significant difference (p < 0.05) in heating vs non-heating levels by Independent-Samples #-test on log-normal parameters
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Table 2 (continues). Descriptive statistics on the elemental mass concentrations for the 9 DLPI size-ranges and for the main PM fractions during
the non-heating period, the heating period and the whole campaign.

Heating period

Concentration in air (ng m™) - Mean (min—max)

Size range (um)

Cr

Mn

Fe

Ni

Cu

Zn

Ba

Pb

0.0283-0.0559
0.0559-0.0944
0.0944-0.157
0.157-0.262
0.262-0.383
0.383-0.614
0.614-0.950
0.950-1.6
1.6-2.4

0.02 (0.01-0.17)
0.02 (0.01-0.16)

0.02 (0.003-0.07)
0.07 (0.01-0.15)*
0.13 (0.03-0.28)*
0.27 (0.06-0.76)*
0.22 (0.02-0.62)*
0.36 (0.12-0.75)*
0.47 (0.14-0.98)*

0.004 (0.002-0.02)
0.01 (0.002-0.02)*
0.02 (0.01-0.04)
0.13 (0.02-0.22)*
0.32 (0.06-0.61)*
0.93 (0.19-2.38)*
0.68 (0.15-2.19)*
0.70 (0.20-1.91)*
0.67 (0.19-1.76)*

0.08 (0.02-0.17)*
0.16 (0.03-0.37)

0.52 (0.20-0.96)*
2.18 (0.46-4.12)*
4.65 (1.01-9.28)*
12.53 (2.99-28.53)*
17.37 (3.01-38.82)*
47.93 (12.77-140.86)*
74.76 (20.60-201.84)*

0.01 (0.003-0.04)
0.03 (0.003-0.06)
0.08 (0.01-0.18)*
0.25 (0.02-0.53)*
0.26 (0.02-0.59)*
0.30 (0.04-0.84)*
0.14 (0.03-0.42)*
0.13 (0.04-0.29)*
0.13 (0.04-0.25)*

0.02 (0.05-0.09)
0.05 (0.05-0.12)*
0.10 (0.03-0.18)*
0.31 (0.06-0.56)*
0.41 (0.07-0.85)*
0.71 (0.11-1.98)*
0.63 (0.09-1.64)*
1.61 (0.33-3.66)*
2.60 (0.60-6.57)*

0.07 (0.02-0.45)
0.27 (0.06-0.99)*
0.88 (0.17-2.06)*
3.27 (0.40-6.74)*
5.15 (0.53-12.39)*
7.96 (0.95-23.47)*
4.64 (0.40-18.08)*
3.43 (0.49-12.76)*
1.78 (0.57-4.30)

0.001 (0.001-0.003)*

0.003 (0.001-0.01)*
0.01 (0.003-0.02)*
0.03 (0.01-0.07)*
0.07 (0.02-0.13)*
0.22 (0.06-0.42)*
0.49 (0.11-0.89)*
1.30 (0.38-3.74)*
1.94 (0.53-5.06)*

0.05 (0.001-0.09)
0.15 (0.03-0.31)
0.50 (0.09-0.99)*
1.91 (0.22-4.62)*
3.34 (0.35-10.76)*
4.11 (0.57-13.90)*
1.47 (0.20-3.52)*
0.63 (0.07-1.61)*
0.28 (0.04-0.81)*

PM fraction
PMy,

PMU 1-1

PM;

PMi2s

PM, s

0.04 (0.01-0.33)
0.72 (0.15-1.86)
0.76 (0.16-2.05)
0.82 (0.26-1.73)
1.58 (0.43-3.56)

0.01 (0.01-0.03)
2.07 (0.43-5.29)
2.08 (0.44-5.31)
1.37 (0.39-3.24)
3.45 (0.91-8.55)

0.24 (0.06-0.52)

37.25 (9.11-76.70)
37.49 (9.39-77.20)
122.70 (33.37-342.71)
160.19 (42.76-388.52)

0.03 (0.01-0.09)
1.03 (0.11-2.43)
1.07 (0.13-2.52)
0.26 (0.09-0.54)
1.33(0.21-3.02)

0.07 (0.01-0.20)
2.16 (0.45-5.22)
2.23 (0.46-5.37)
4.21 (0.94-10.24)
6.44 (1.40-14.49)

0.35 (0.08-1.12)
21.91 (2.64-62.74)
22.26 (2.72-63.80)
5.20 (1.35-17.06)

27.46 (4.36-76.09)

0.004 (0.001-0.009)
0.81 (0.21-1.45)
0.81 (0.21-1.46)
3.24 (0.91-8.80)
4.06 (1.12-10.10)

0.20 (0.03-0.40)
11.32 (1.48-33.29)
11.52 (1.54-33.50)
0.91 (0.11-2.33)

12.43 (1.76-34.49)

* Significant difference (p < 0.05) in heating vs non-heating levels by Independent-Samples #-test on normal parameters

149



Table 2 (continues). Descriptive statistics on the elemental mass concentrations for the 9 DLPI size-ranges and for the main PM fractions during
the non-heating period, the heating period and the whole campaign.

Concentration in air (ng m™) - Mean (min—max)

Whole campaign

Size range (um)

Cr

Mn

Fe

Ni

Cu

Zn

Ba

Pb

0.0283-0.0559
0.0559-0.0944
0.0944-0.157
0.157-0.262
0.262-0.383
0.383-0.614
0.614-0.950
0.950-1.6
1.6-2.4

0.02 (0.01-0.17)
0.03 (0.01-0.16)
0.02 (0.01-0.07)
0.06 (0.005-0.15)
0.10 (0.02-0.28)
0.19 (0.03-0.76)
0.16 (0.02-0.62)
0.27 (0.06-0.75)
0.36 (0.12-0.98)

0.004 (0.002-0.02)
0.01 (0.002-0.04)
0.02 (0.003-0.08)
0.10 (0.002-0.22)
0.23 (0.01-0.61)
0.63 (0.04-2.38)
0.46 (0.05-2.19)
0.51 (0.09-1.91)
0.53 (0.15-1.76)

0.06 (0.02-0.17)
0.13 (0.02-0.37)
0.40 (0.08-0.96)
1.48 (0.13-4.12)
3.05 (0.28-9.28)
8.18 (0.98-28.53)
11.80 (2.13-38.82)
35.74 (9.96-140.86)

57.09 (18.77-201.84)

0.01 (0.002-0.04)
0.02 (0.003-0.06)
0.06 (0.01-0.18)
0.17 (0.02-0.53)
0.19 (0.02-0.59)
0.21 (0.02-0.59)
0.10 (0.03-0.42)
0.10 (0.03-0.29)
0.11 (0.03-0.25)

0.02 (0.005-0.09)
0.04 (0.004-0.12)
0.07 (0.01-0.18)
0.20 (0.05-0.56)
0.26 (0.01-0.85)
0.46 (0.03-1.98)
0.41 (0.07-1.64)
1.14 (0.26-3.66)
1.92 (0.60-6.57)

0.06 (0.02-0.45)
0.21 (0.02-0.99)
0.67 (0.02-2.06)
2.14 (0.08-6.74)
3.33 (0.08-12.39)
5.29 (0.21-23.47)
3.16 (0.05-18.08)
2.49 (0.26-12.76)
1.47 (0.32-4.30)

0.002 (0.001-0.01)
0.004 (0.001-0.02)
0.01 (0.003-0.02)
0.02 (0.01-0.07)
0.05 (0.01-0.13)
0.17 (0.04-0.56)
0.36 (0.09-0.89)
0.95 (0.36-3.74)
1.41 (0.47-5.06)

0.05 (0.001-0.10)
0.13 (0.03-0.32)
0.40 (0.04-0.99)
1.29 (0.05-4.62)
2.12 (0.06-10.76)
2.53 (0.07-13.90)
0.94 (0.04-3.52)
0.45 (0.02-1.61)
0.21 (0.02-0.81)

PM fraction
PMy,
PMy.1

PM;

PMi2s

PM, s

0.05 (0.01-0.33)
0.53 (0.10-1.86)
0.58 (0.12-2.05)
0.64 (0.18-0.73)
1.22 (0.43-3.56)

0.01 (0.01-0.05)
1.4 (0.11-5.29)
1.46 (0.11-5.31)
1.04 (0.23-3.24)
2.50 (0.35-8.55)

0.19 (0.04-0.52)
24.91 (3.95-76.70)
25.10 (3.99-77.20)

92.83 (28.73-342.71)
117.92 (32.71-388.52)

0.03 (0.01-0.09)
0.73 (0.11-2.43)
0.76 (0.13-2.52)
0.21 (0.05-0.54)
0.97 (0.21-3.02)

0.05 (0.01-0.20)
1.41 (0.12-5.22)
1.46 (0.13-5.37)
3.06 (0.86-10.24)
4.52 (0.99-14.49)

0.27 (0.04-1.12)
14.58 (0.43-62.74)
14.85 (0.47-63.80)
3.96 (0.58-17.06)
18.82 (1.05-76.09)

0.01 (0.001-0.02)
0.61 (0.15-1.45)
0.62 (0.17-1.46)
2.35 (0.84-8.80)
2.97 (1.11-10.10)

0.18 (0.03-0.40)
7.29 (0.26-33.29)
7.47 (0.33-33.50)
0.67 (0.04-2.33)
8.14 (0.38-34.49)
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Table 3. Summary of the average percentage contributions of each element to the average PM
mass concentrations during the non-heating period, the heating period and the whole campaign.

Cr Mn Fe Ni Cu Zn Ba Pb

Non-heating period (%)
PM,; 0.010 0.003 0.024 0.004 0.006 0.032 0.002 0.028
PMy,;; 0.004 0.009 0.126 0.005 0.006 0.072 0.005 0.031
PM, 0.004 0.008 0.119 0.005 0.006 0.070 0.004 0.031
PM;,s 0.024 0.037 3.284 0.008 0.097 0.143 0.074 0.022
PM,s 0.008 0.013 0.645 0.005 0.021 0.082 0.016 0.029

Heating period (%)
PM,; 0.006 0.001 0.029 0.004 0.009 0.043 0.001 0.025
PM,;; 0.003 0.008 0.138 0.004 0.008 0.081 0.003 0.042
PM,; 0.003 0.007 0.135 0.004 0.008 0.080 0.003 0.041
PM,;,5 0.020 0.033 2.964 0.006 0.102 0.126 0.078 0.022
PM,s 0.005 0.011 0.502 0.004 0.020 0.086 0.013 0.039

‘Whole campaign (%)
PM,; 0.007 0.002 0.027 0.004 0.008 0.039 0.001 0.026
PMy;; 0.003 0.008 0.134 0.004 0.008 0.078 0.003 0.039
PM, 0.003 0.008 0.130 0.004 0.008 0.077 0.003 0.039
PM;,s 0.021 0.034 3.020 0.007 0.099 0.129 0.077 0.022
PM,s 0.005 0.011 0.527 0.004 0.020 0.084 0.013 0.036
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Table 4. Hazard Quotients (HQs) for each element in size-segregated PM via inhalation exposure and Hazard Index (HI) calculated as the sum of
multiple-elements HQs. Results referred to the main PM fractions are also reported, together with the percentage contributions (%) of the size-
segregated fractions to the total PM, s-HQs and HI.

Cr Mn Ni Cu Zn Ba Pb .\
Size range [um] HQ % HQ % HQ % HQ % HQ % HQ % HQ % HI=ZHQi %
i
0.0283-0.0559  2.28E-04 2.0 8.66E-05 02 1.50E-06 0.7 326E-08 04 289E-08 03 4209E-06 0.1 3.74E-06 0.6 3.24E-04 0.5
0.0559-0.0944  2.52E-04 22 1.60E-04 0.3 444E-06 2.1 7.56E-08 08 1.07E-07 1.1 846E-06 0.1 1.05E-05 1.6 4.36E-04 0.6
0.0944-0.157  2.11E-04 1.8 487E-04 10 137E-05 65 1.52E-07 1.7 3.39E-07 3.6 149E-05 03 320E-05 50 7.59E-04 1.1
0.157-0.262 533E-04 4.6 191E-03 38 3.756-05  17.7 4.14E-07 45 1.08E-06 114 477E-05 0.8 1.03E-04 159 2.63E-03 3.9
0.262-0.383 938E-04 8.1 4.59E-03 92 4.16E-05 19.6 527E-07 58 1.68E-06 17.7 1.00E-04 1.7 1.68E-04  26.1 5.84E-03 8.6
0.383-0.614 1.84E-03 159 127E-02 254 4.66E-05  22.0 9.22E-07 10.1 2.67E-06 28.1 343E-04 58 201E-04 31.1 1.51E-02 22.1
0.614-0.950 1.55E-03 13.3 9.21E-03 18.5 2.14E-05  10.1 841E-07 92 1.59E-06 168 7.16E-04  12.1 7.46E-05 11.6 1.16E-02 16.9
0.950-1.6 2.61E-03 224 1.02E-02 205 223E-05 105 231E-06 252 126E-06 132 1.90E-03 319 3.61E-05 56 148E-02 21.7
1.6-2.4 347E-03 29.8 1.05E-02  21.1 232E-05 109 3.89E-06 424 7.44E-07 78 28IE-03 473 1.71E-05 2.6 1.69E-02 24.7
PM fraction
PMy, 480E-04 4.1 247E-04 0.5 594E-06 2.8 1.08E-07 12 136E-07 14 127E-05 02 143E-05 22 7.60E-04 1.1
PMo.11 5.07E-03 43.6 289E-02  57.9 1.61E-04 758 286E-06 312 7.36E-06 77.5 122E-03  20.6 5.78E-04  89.6 3.59E-02 52.6
PM, 5.55E-03 47.7 291E-02 584 1.67E-04  78.6 296E-06 324 7.50E-06  78.9 1.23E-03  20.8 593E-04  91.8 3.67E-02 53.7
PM_2s 6.08E-03 523 2.08E-02  41.6 4.55E-05 214 6.19E-06  67.6 2.00E-06  21.1 4.70E-03 792 531E-05 82 3.17E-02 46.3
PM, s 1.16E-02 4.99E-02 2.12E-04 9.16E-06 9.50E-06 5.94E-03 6.46E-04 6.83E-02
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Table 5. Risk characterization for carcinogenic effects assessed by cancer risks (CRs) for Cr
and Ni in each size-segregated PM range and in the main PM fractions. The percentage
contributions of the size-segregated fractions to the total PM, s-CRs are also reported.

Cr Ni
Size range [nm] CRs % contributions CRs % contributions
0.0283-0.0559  2.80E-07 2.0 1.63E-09 0.7
0.0559-0.0944  3.10E-07 2.2 4.85E-09 2.1
0.0944-0.157 2.60E-07 1.8 1.50E-08 6.5
0.157-0.262 6.56E-07 4.6 4.09E-08 17.7
0.262-0.383 1.15E-06 8.1 4.55E-08 19.6
0.383-0.614 2.27E-06 159 5.09E-08 22.0
0.614-0.950 1.90E-06 13.3 2.34E-08 10.1
0.950-1.6 3.21E-06 224 2.43E-08 10.5
1.6-2.4 4.26E-06 29.8 2.53E-08 10.9
PM fraction
PMy; 5.90E-07 4.1 6.49E-09 2.8
PMy 6.24E-06 43.6 1.76E-07 75.8
PM, 6.83E-06 47.7 1.82E-07 78.6
PM, ;5 7.47E-06 52.3 4.96E-08 21.4
PM, s 1.43E-05 2.32E-07
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Figure 1. Average size-distributions for the investigated elements during the non-heating
(yellow histograms) and the heating (blue histograms) season. Errors bars correspond to 1
standard deviation. The black points indicate the mean concentration values obtained during

the whole campaign.
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Figure 2. Mean contributions of the size-fractionated metal concentrations (relative values are also reported) to the average PM, s levels during the
non-heating and the heating period. For the 0.03—0.1 pum size range results are always < 5%.
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Chapter 5 — Is Particulate Air Pollution at the Front Door a Good Proxy of
Residential Exposure?

This chapter reports the pre-print (pre-refereeing) version of an article that has been accepted
for publication in Environmental Pollution. The version of record [Zauli-Sajani, S., Trentini,
A., Rovelli, S., Ricciardelli, 1., Marchesi, S., Maccone, C., Bacco, D., Ferrari, S., Scotto, F.,
Zigola, C., Cattaneo, A., Cavallo, D.M., Lauriola, P., Poluzzi, V. and Harrison, R.M. (2016). Is
particulate air pollution at the front door a good proxy of residential exposure? Environ. Pollut.
213: 347-358] is available online at: http://dx.doi.org/10.1016/j.envpol.2016.02.033.

Abstract

The most recent and advanced epidemiological studies on health effects of air pollution assign
exposure to individuals based on residential outdoor concentrations of air pollutants measured
or estimated at the front-door. In order to assess to what extent this approach could cause
misclassification of the important category of highly exposed subjects, measurements were
carried out in unoccupied rooms at the front and back of a building which fronted onto a major
urban road and adjacent outdoor locations to the front and rear of the building. Two 15-day
monitoring campaigns were conducted in the period June-December 2013 in a building located
in the urban area of Bologna, Italy. Particulate matter metrics including PM,s mass and
chemical composition, particle number concentration and size distribution were measured.
Both outdoor and indoor concentrations at the front of the building substantially exceeded
those at the rear. The highest front/back ratio was found for ultrafine particles with outdoor
concentration at the front door 3.4 times higher than at the rear. A weak influence on front/back
ratios was found for wind direction. Measurements of particle size distribution showed a
substantial loss of particles especially within the sub-50 nm size range between the front and
rear of the building and a further loss of this size range in the indoor data. The chemical
speciation data showed relevant reductions for most constituents between the front and the rear
of the building, especially for traffic related elements such as Elemental Carbon, Iron,
Manganese and Tin. The main conclusion of the study is that gradients in concentrations
between the front and rear, both outside and inside the building, are relevant and comparable to
those measured between buildings located in neighbourhoods with high and low traffic
volumes. These findings have implications for exposure modeling in epidemiological studies,
which has a high potential for exposure misclassification.

1. Introduction

Air pollutants, and airborne particles in particular, pose significant risks to human health
(REVIHAAP, 2013). A body of evidence has been accumulating over the last few decades on
the effects of air pollution on cardiovascular and respiratory diseases, but there is still
considerable uncertainty about the mechanisms of action linked to the health effects and about
which physical and/or chemical characteristics of particulate matter (PM) are most important as
determinants of health effects (Harrison and Yin, 2000; Kelly and Fussell, 2012).

A key point in assessing the health effects of air pollution is contrasting exposure between
people residing in different cities (Pope at al., 2009; Dockery et al., 1993) or different areas
within the same city and its surroundings (Raaschou-Nielsen ef al., 2013; Beelen et al., 2014).
Differences in exposure for people residing in urban areas are mainly related to differences in
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proximity to traffic sources and the most recent and advanced epidemiological studies,
especially those devoted to long term and traffic-related health effects (Hampel et al., 2015;
Wang et al., 2014), assign exposure based on outdoor concentration of air pollutants measured
or estimated at the front door. In this respect, Land Use Regression Models and Dispersion
Models provide comparable performance (de Hoogh et al., 2014; Beelen et al., 2010) and have
been demonstrated to be effective tools to improve exposure assessment compared to the use of
data from fixed site monitoring stations. Nitrogen dioxide and particle concentration (usually
ultrafine particle number or particles with aerodynamic diameter below 10 um — PM;o — or
particles with aerodynamic diameter below 2.5 um — PM, 5) are the most common parameters
used as air quality indicators.

While a number of studies have investigated spatial variations of air pollutant concentrations
between traffic and urban background sites (Boogard et al., 2011; Naser et al., 2008; Harrison
et al., 2004) and in specific locations, such as building-free areas near highways (Patton et al.,
2014; Zhu et al., 2002) or inside street canyons (Zhou et al., 2008), only very few studies have
addressed specifically the issue of the differences between the concentrations of air pollutants
at the front and back of buildings next to busy streets (Weber et al., 2008; Hitchins et al.,
2002). Weber et al. found differences in particle mass and number concentrations between a
busy urban street canyon and an adjacent backyard using optical particle counters. Higher
concentrations in the canyon of on average 30 % for PM;, and 22 % for PM; were found
within the street canyon. On the contrary Hitchins et al. found no significant gradients from the
front to the rear of the building for PM, s and submicrometer particle number concentrations
considering three low-rise buildings at a distance between 11 and 75 m from roads.

The main goal of this paper is to investigate which particle metrics measured at the front door
can be used as proxies of residential exposure. More specifically, we would like to investigate
how large are the errors in assigning the same exposure to individuals residing in the same
building near major roads. This is a key point in epidemiological studies because these
individuals represent a very important subpopulation, that constituted by highly exposed
subjects. This work is part of a series of monitoring campaigns planned within the “Supersito”
project (http://www.arpa.emr.it/supersito) aimed at assessing the variability of exposure within
urban areas with a special emphasis on various PM metrics (Zauli Sajani ef al., 2015).

2. Methods

2.1 Study Design

To achieve the study aims, two main methodological options were selected a-priori. The first
was the choice of going beyond the mere comparison of front/back outdoor particle
concentrations by including analyses indoors, where population exposure mostly occurs.

The second was the choice of monitoring uninhabited indoor environments. The main reason
for this choice was related to the fact that many studies suggest that particles of outdoor and
indoor origin have different physical and chemical characteristics (Brown et al., 2008) and
probably can also cause different health effects (Ebelt ez al., 2005). In fact, indoor exposure to
particles of ambient outdoor origin constitutes the background exposure level, on which
possible additive contributions of indoor-generated particles arising from specific indoor
sources can superimpose (Urso et al., 2015). Within-city gradients of exposure are assumed to
be generated by background ambient exposure.
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We selected two indoor environments similar in terms of volume and building materials, with
virtually identical Air Exchange Rates (AERs). AERs were controlled by installing in each
indoor environment a mechanical system to force air to be exchanged between indoors and
outdoors. The system consisted of a fan connected to an air pipe (length = 1.2 m) carrying the
air to the centre of the room (at a height of 2 m). Increased indoor air pressure caused the flow
to go outwards through a grid. The fan in each room was set at a specific value related to the
volume of the room in order to obtain an estimated AER of 0.4 h™! in each room, reflective of a
typical level for residential environments (Cattaneo et al., 2011). In a previous work it has been
shown that this method is highly effective and does not cause significant loss of particles (Zauli
Sajani et al., 2015).

The measurements at the two sides of the building were conducted simultaneously indoors and
outdoors (i.e. we had four simultaneous measurement sites). Fig. 1 outlines the size of the
building and the location of the monitoring sites. Fig. 1S shows a map of the area and gives a
bird’s eye view of the surroundings of the monitoring sites. The study building was two-
storeyed and located next to a street which surrounds the historical centre of Bologna, a
400,000-inhabitant city in northern Italy. Traffic and domestic heating during the cold season
are the dominant air pollution sources in the area and cause high levels of air pollutants. In the
period 2011-2013 the city-average annual concentration of PM,s was about 20 ug m . The
area near the monitoring site carries a moderate volume of traffic, and the street next to the
building is one of the busiest streets of the entire municipal area with a traffic load of 31,000
vehicles (4-5% heavy duty vehicles) each working day. The building is located in a broad (20
m) two-way street canyon.

The indoor monitoring site at the front side (from now on “front site”) was on the ground floor
(street level). The volume of the room was 119 m® with a ceiling height of 3.5 m. The indoor
environment at the back (from now on “back site”) was on the ground floor as well. The
volume of the room was 61 m® and the ceiling height was the same as that at the front side. For
practical reasons the outdoor PM, s monitoring site was located next to the building but at
about 15 m from the indoor site along the same street (Fig. 1).

Two monitoring campaigns were conducted in the period June-December 2013. Each
monitoring campaign lasted 15 days: 1st campaign from 11 to 25 June (often referred to in the
text as “hot period”), 2nd campaign (“cold period”) from 28 November to 13 December. Due
to the availability of a unique filter for each day and measuring site, the chemical speciation
was performed sequentially every three days for metals, ions, and carbon (Elemental Carbon
and Organic Carbon). During cold periods elemental and organic carbon were measured on an
8 hour basis in order to avoid filter overload.

2.2 Instrumentation and Monitoring Procedure

Meteorological outdoor data were obtained from the meteorological station belonging to the
urban meteorological network of ARPA Emilia-Romagna. The station is located close to the
monitoring site at an horizontal distance of about 30 m. The station is on the top of a building
25 m above ground level and it measures hourly temperature, relative humidity, and wind
speed and direction. Temperature is measured by means of a Pt100 RTD sensing element,
while a capacitive sensor is used for humidity; wind speed and direction are measured using a
three-cup anemometer and a wind vane respectively. Two digital thermo-hygrometers (Testo
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175 H2, Testo AG, Lenzkirch, Deutschland) were used to measure temperature and relative
humidity in the two indoor environments.

Four identical samplers (Skypost, TCR TECORA, Corsico — Mi) were operated to measure
indoor and outdoor daily PM, 5 concentrations at the two sites (flow rate 2.3 m’ h’l). Samples
were collected on quartz fiber filters (Whatman, 47 mm diameter) and weighed following the
procedure outlined in UNI EN 12341.

PM, s samples were analyzed for various chemical species. In this paper we present the
findings of the chemical species having more than 50% of contemporary data above the limit
of quantification (LOQ) for indoor and outdoor samples at both sites. LOQs for chemical
components are reported in the Supplementary Information. OC and TC were quantified by
means of thermal-optical transmittance (Sunset Laboratory Inc., USA) using the EUSAAR 2
protocol. Inorganic ions were determined by extracting species in 10 mL of ultrapure water.
The extracts were filtered and analyzed by Ion Chromatography (Dionex ICS-1000 for anions
and ICS-1100 for cations, Thermo Fischer Scientific Inc., USA). Metals were analyzed by
Inductively Coupled Plasma — Mass Spectrometry (8800 ICP-MS, Agilent Technologies Inc.,
USA). Sample digestion was made with nitric acid and hydrogen peroxide in a microwave
digestion apparatus, according to UNI14902:2005, with a recovery efficiency over 85%

Two Fast Mobility Particle Sizers (FMPS model 3091; TSI, Shoreview, MN, USA) were used
to measure particle size distributions and to estimate UltraFine Particle (UFP) concentrations.
The FMPS was developed based on electrical aerosol spectrometer technology from Tartu
University (Tammet et al. 2002). The FMPS spectrometer measured the size and number
concentration of particles from 5.6 nm to 560 nm with 32 size bins every one second. Size bins
below 13 nm were not included in the analysis because of the amount of data below the
detection limit and also because of artifacts in the size distribution observed in other studies
(Kaminski et al., 2013; Jeong et al., 2009). UFP concentrations were obtained summing the
number of particles detected in the channels between 13 and 100 nm. Hourly and daily data
were calculated and used in the analyses.

Indoor and outdoor size distributions were obtained with a switching system (Mod 11sc200,
Pneumoidraulica Engineering S.r.l., Vicenza, Italy) which allowed for sampling from indoor
and outdoor air, switching from one to the other within a time frame set by the user. A valve
installed in the system could switch between sampling from the outdoor air, or from the indoor
air. After the valve switched, there was a short time delay before the air from the sampled
environment reached the instruments, which was the time the air travelled from the valve to the
instruments. The system switched every 10 min between the indoor and outdoor measurements.
In order to avoid the possibility of mixing of the outdoor and indoor air streams, the 2 min
samples taken at the beginning of each 10 min period were deleted from the database.

The Air Exchange Rate in each indoor site was estimated in two ways. Firstly, AERs were
estimated based on the air inflow measured at the end of the pipes taking into account the
volumes of the rooms. The air inflow was measured with a TESTO 417 Anemometer. The
measurements were performed five times at each velocity of the fan. The velocity of fan in
each room was chosen in order to obtain an AER equal to 0.4 h™'. Furthermore, in order to
verify the estimated AERs, additional measurements based on the tracer gas-decay technique
(ASTM Standard E741-95) were carried out. During these measurements, pure CO, was
released as tracer gas within each indoor environment to obtain a uniform tracer concentration
through the spaces being studied (ASHRAE, 1997). The decay in CO, concentrations was
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continuously (sampling intervals of 1 min) monitored using non-dispersive infrared analyzers
(GE sensing Telaire 7001, Goleta, CA, USA) provided with a battery-operated data logger
(Hobo U12; Onset Computer Inc., Pocasset, MA, USA). A CO, analyzer was placed at each
indoor and outdoor sampling site in order to monitor both the indoor gas decay - until the
indoor baseline was reached - and the corresponding outdoor CO, levels.

2.3 QA/QC and Statistical Analysis

2.3.1 Q4/0C

Agreements among gravimetric PM, s measurements were checked in several intercomparison
campaigns carried out in the years 2008-2012. Both correlation levels and tests for differences
for slope and intercept of orthogonal regressions between co-located instruments were used as
statistical indicators (EC, 2010). Determination coefficients were always higher than 0.972
(mean correlation 0.985). Typical errors (standard deviation of the differences between
samplers) were about 2 pg m* and were quite similar among the various intercomparisons.
The differences for slope (from identity) and intercepts (from zero) were usually not significant
and not related to specific instruments. Consequently, no corrections were applied to PM, 5
data.

In the preliminary phase of the monitoring campaign we carried out four intercomparisons (one
before and after each monitoring campaign - mean duration 2 days) between the two FMPS
using the same methodology applied for PM, s samplers. No heteroscedasticity was detected
and typical errors (standard deviation of the differences between UFP hourly data from the
intercomparison campaigns) were 580 # cm . The determination coefficient was 0.976. No
correction was applied to the data.

Quality control of PM, s mass and chemical composition data has been carried out based on
residuals calculated by regression analysis between indoor and outdoor data. Data with
residuals larger than three times the standard deviation of residuals were identified as
anomalous. For FMPS data quality control the following procedure was used: a) applying a
logl0 function on the UFP minute data; b) stratifying data in time slots of three hours (0-3, 3—
6 etc) and calculating the summary statistics for each slot and campaign; ¢) classifying data as
anomalous if they were higher than the mean plus three times the standard deviation for the
corresponding campaign and time slot. Then we averaged non-anomalous data on an hourly
and daily basis. Statistical data analysis was carried out using the R package (Version 3.0.1).

2.3.2 Statistical Analysis

Summary statistics and paired t-test have been used to investigate differences between series of
measurements. Pearson correlation coefficients and regression analysis have been used to
address linear relationships between data. An orthogonal regression approach (Fuller, 1987),
which is the most suitable when both dependent and independent variable are affected by errors
and are not related by a causal relationship, has been adopted.

3. Results and Discussion

3.1 Meteorological Conditions and Air Exchange Rates

The meteorological conditions during the study periods are summarized in Table 1S. The
sampling periods were quite representative of the typical annual variability in the area (Table
2S). The mean outdoor temperature measured in the nearby meteorological monitoring station
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during the first campaign (hot period) was 25.2°C with hourly values ranging from 15.6°C to
34 °C. Temperatures were much lower during the cold period, as expected, with a mean value
of 4.8°C and minimum and maximum equal to -1.4 and 11.7°C, respectively. The area is
characterized by low wind intensities and this was a common characteristic of the two
monitoring campaigns (mean wind intensities from 1.6 m s during the second campaign to
2.5 m s during the first campaign). During the sampling periods precipitation events were
rare: in fact, only one rainy day during the hot period was recorded with a total of 5.6 mm.

The temperatures measured at the two indoor monitoring sites showed very similar values and
temporal patterns. Indoor seasonal differences were clearly reduced compared to those
outdoors, especially due to the higher minimum values. Mean indoor temperatures during the
hot period were 29.4°C and 29.9°C for the front and back site, respectively. In the cold season,
indoor temperatures reached mean values of 16.1°C (front site) and 17.7°C (back site).

Figure 2S shows the wind rose for the campaign periods in 2013 compared to the overall
average for the years 2012-2014. It is seen that the campaign period is broadly representative
of the longer term average wind rose.

AERs estimated with the tracer gas-decay technique were between 0.2 and 0.3 h™' in both
indoor sites. These values were slightly lower than those estimated (0.4 h™") based on air inflow
at the end of the pipes and room volumes.

3.2 Comparison of Front and Back Monitoring Sites

3.2.1 Ultrafine Particles Number Concentrations

Based on the procedure outlined in the methods section, 1.2% and 2.0% of raw data in the back
and front site, respectively were classified as outliers and removed from the database. The
completeness of hourly data was above 94% at all measurement sites.

Fig. 2 (a) and Table 1 give an overview of the UFP number concentrations during the
monitoring campaigns. Mean outdoor UFP concentrations at the front site were 3.5 times
higher than at the back site with higher front/back ratios during the cold period (4.2) compared
to the hot season (2.5). The highest hourly value at the front site was 120,900 # cm ™ while the
highest value in the back site was 26,860 # cm™. Our findings were similar although with
gradients generally a little higher than those found in other studies comparing traffic with
background sites (Zauli Sajani ef al., 2015; Patton ef al., 2014; Boogaard ef al., 2011; Moore et
al., 2009; Rivera et al., 2012). Similar results were also found in a study in Athens (Diapouli et
al., 2011) showing a spatial variability ranging from ratios of 1.8 to 2.6 depending on the
season. A difference of mean concentrations of UFP between traffic and urban-mean locations
estimated with short-term measurements at 60 locations within the Basel urban area, showed a
mean ratio of 1.6 (Ragettli ef al., 2014). A study on local-scale spatio-temporal variation of
particle number in a 1 km? area in Braunschweig, Germany, showed during the winter season
UFP number concentrations almost double at the roadside sites compared to residential and
backyard sites. Reduced gradients were found during the summer season (Ruths et al., 2014).
Similar results were also found in Budapest (Salma et al., 2014).

The range of UFP indoor concentrations was much lower than outdoors, at both sites. As for
outdoors, large gradients were found in the UFP indoor concentrations between the front and
back sites (ratio 2.2), with mean Igon/Ipack ratios ranging from 1.7 during the hot period to 2.5
during the cold season.

The 1/O ratio for UFP was higher in the back compared to the front site (0.5 vs 0.3) and
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remained almost constant over the two campaigns (Table 1). As shown in the following
section, higher I/O ratio at the front side is due to the very effective loss of freshly nucleated
particles in the indoor environment. The I/O ratios found in this study are in good agreement
with that obtained in the previous SUPERSITO campaign (Zauli Sajani et al., 2015). Kearney
et al. (2011) found median I/O ratios of hourly data ranging from 0.27 to 0.39. Diapouli ef al.
(2011) found an 1/O ratio for particles in the 10—400 nm size range equal to 0.6 with AERs in
the 0.5—-1 h™' range, while I/O ratios between 0.3-0.4 were found in Erfurt (Germany) (Cyrys et
al., 2004) and in other major European urban areas (Hoek et al., 2008).

The Pearson correlation coefficient between daily outdoor UFP concentrations at the front and
rear was equal to 0.84 (Fig. 3). This value was slightly lower than in the previous SUPERSITO
campaign and significantly higher than those reported in other studies focused on particle
number concentrations (Puustinen et al, 2007). Correlations between indoor UFP
concentrations were lower (R = 0.79). Very similar correlation coefficients were found
between indoor and outdoor UFP concentrations at the front and back sites (R = 0.94 and 0.85
respectively).

It was expected that wind direction would influence the relationship between the outdoor
concentrations at the front and back of the building and thereby also influence the indoor
concentrations. Both indoor and outdoor concentrations of UFP at the front of the building
showed no appreciable sensitivity to wind direction (see Figs. 3S and 4S). At the back of the
building, both outdoor and indoor UFP concentrations showed a similar wind speed and
direction dependence with highest concentrations on stronger winds in the easterly sector. This
is probably due to the fact that easterly winds tend to move primary or freshly nucleated
particles from the street to the back of the building. The directional pattern of concentration
ratios between the front and back of the building for UFP (Figs. 3S and 4S) was broadly
similar, with the highest ratios occurring in the sector between north and west. Ratios between
the front and back of the building outdoors showed a range from 2 to 4, while those indoors
showed a smaller range from 2 to 2.5. Irrespective of wind direction, concentrations were
always higher at the front than the rear of the building (Fig. 3S) and the influence of wind
direction on the pattern of concentrations was not high. Therefore all the collected data have
been presented together without disaggregation according to wind direction.

3.2.2 Particle Size Distribution

Fig. 4 shows the mean indoor and outdoor size distributions at the two sites for the two
measurement periods. Multimodal distributions with sharp peaks at 20 and 30 nm in the
concentrations were found outdoors at the front site. A second peak can occur at about 60—100
nm. This is typical of heavily trafficked sites, with the modes arising from the semi-volatile
nucleation particles and solid graphitic particles respectively (Harrison et al., 2011).

The presence of a bi (or tri)-modal distribution was also shown in previous studies (Morawska
et al., 2008; Hussein et al., 2005) and is in line with knowledge of particle emissions and
transformation. The 30 nm mode is due to the combination of freshly nucleated particles
formed as the exhaust gases are diluted with ambient air and particles directly emitted by
vehicles (Charron and Harrison, 2003). Nucleation mode particles are associated with the hot
exhaust gases expelled from the tailpipe of a vehicle. These gases cool and condense to form
large numbers of very small particles in the air (Shi and Harrison, 1999). On-road dilution of
the exhaust plume is very important in the generation of particles in the exhaust plume. These
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nucleation processes are favoured by low ambient temperatures and high relative humidity
(Charron and Harrison, 2003) which are typical in the area during the cold season (Table 1S).
In addition, the gaseous precursors condense or adsorb on to the surface of carbon particles in
the accumulation mode.

Upon entry into the building, not only would the nucleation mode fraction show a higher
deposition velocity than the coarser graphitic mode (Riley et al., 2002), it would be subject in
winter to evaporation at the higher indoor temperatures (Dall’Osto et al., 2011) and the
hydrocarbon vapours released would tend to adsorb to indoor surfaces (Weschler and Nazaroff,
2008) and settled indoor dusts (Weschler and Nazaroff, 2010). Such processes would
contribute to a relatively rapid loss of the nucleation mode of particles such that shown in the
front site between outdoor and indoor and from front outdoor to back.

Indoor size distributions were very similar to the findings of the previous work comparing
traffic and residential sites (Zauli Sajani ef al., 2015). Similar shapes and differences between
sites were also found by Ruths ef al. (2014). Much lower relative weight of the nucleation
mode compared to the accumulation mode was found indoors compared to the outdoor size
distributions as was also found in other previous studies (Hussein et al., 2004; Diapouli ef al.,
2011).

Relevant differences in the shape of the size distributions were found between the cold and the
hot period. The front outdoor site showed a much higher relative weight of small particles
during the cold period. On the contrary, all other measuring sites showed a shift of the principal
mode from about 30 nm towards 60—80 nm. The striking difference in the front outdoor size
distributions between the seasons is likely to be due to the rapid loss of the semi-volatile
constituents of the particles within the street canyon due to evaporation at the high
temperatures occurred during the hot period (Table 1).

3.2.3 PM, s Mass

Indoor and outdoor PM, s concentrations during the two monitoring campaigns are shown in
Fig. 2 (b) and Table 1. Small but significant differences in PM, s outdoor concentrations were
found, with average PM, 5 levels at the front site about 14% higher than those at the back site.
The highest outdoor values for daily mean PM, s concentrations were 68 pg m > and 64 pg m >
for the front and back site, respectively. As expected, outdoor concentrations during the cold
period were, on average, more than three times higher compared to summer, according to the
typical PM seasonal trends in some European countries (Oeder et al., 2012).

The outdoor PM, s ratio between front and back levels was slightly higher than the ratio
between traffic and residential sites found in similar monitoring campaigns conducted under
the same SUPERSITO project (1.14 vs 1.06) (Zauli Sajani et al., 2015). The PM, 5 spatial
variability in our study was virtually equal to the mean within-city variability reported in the
ESCAPE study, a very large epidemiological survey in Europe which included monitoring
campaigns on air pollution spatial variability in urban areas (Eefftens ef al., 2012). That survey
reported a mean ratio between traffic sites and urban background sites equal to 1.14, with a
quite broad range of values (0.96—1.30). Similar PM, 5 gradients (from 1.0 to 1.3) were found
in a study focused on the comparison between street and background locations within the same
cities in the Netherlands (Boogaard et al., 2011).

Differently from UFPs, higher PM, s ratios were found between front and back indoor
concentrations (1.44 on average, 1.82 during the cold period and 1.31 during the hot period).
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Mean indoor/outdoor (I/O) ratios for PM, 5 during the cold period were equal to 0.57 in the
front side and 0.46 at the rear. Differently from UFPs, higher values were found during the hot
period with mean I/O ratios of 1.02 and 0.78 for the front and back side, respectively (Table 1).
These results were in good agreement with previous studies in indoor settings (Chen ef al.,
2011; Hanninen ef al., 2004). Inter-campaign PM, s variations in the indoor environments were
lower than outdoors. The ratios between the PM, 5 indoor concentrations during the cold and
the hot period were 1.71 for the front site and 2.38 for the back site. The corresponding ratios
for outdoor PM, 5 concentrations were markedly higher (3.02 and 3.91 at the front and back
site, respectively).

A high correlation (R = 0.98) between outdoor PM, 5 concentrations at the two sites was found
(Figure 3). Indoor PM, 5 concentrations were highly correlated as well (R = 0.95). Somewhat
lower correlations were found between indoor and outdoor concentrations with I/O correlation
coefficients at the front and back site equal to 0.91 and 0.90, respectively. These findings are
similar to those found in other studies (Hanninen et al, 2004) and the high I/O and I/
correlations is probably related to the absence of indoor sources.

3.2.4 Chemical Composition of PM, s

Table 3 shows descriptive statistics for the PM, s chemical components. Organic carbon (OC)
and nitrates were found to be the largest contributors to outdoor PM, s mass at both sites,
followed by elemental carbon (EC), sulfates and ammonium. Indoor data confirmed the
primary role of OC and showed a pronounced decrease of nitrates. The contribution of
ammonium was more than three times higher at the outdoor sites compared to indoor.
Significant differences (p-value < 0.005) were found between outdoor front and back average
levels for EC (3.96 and 2.25 pg m™, respectively) and Mn (7.25 and 5.55 ng m ™, respectively)
(Table 2). Large but not statistically significant were the outdoor trends for Fe and Sn (Table
2). The same patterns were confirmed indoors, with indoor differences always higher than
outdoors. The largest Igond/Ipack ratios were found for Fe and Sn, with values more than three
times at the front door compared to the back site (Table 2).

As reported in the literature, EC is an important component of diesel exhaust particulate matter
(Suvendrini Lena ef al., 2002; Shi et al., 2000). Mn and Sn are typical markers of vehicle
emissions for fine PM (Marcazzan et al., 2001; Monaci et al., 2000). Fe, Mn and also Cu are
related with brake wear emissions (Manoli et al., 2002; Gietl et al., 2010). Tyre wear, brake
wear, vehicle component detachment and fluid leakage are known sources of Fe (Ball ef al.,
1991), as well as motor exhausts (Pant et al., 2013). Furthermore, traffic-induced road dust
resuspension also plays an important role for some elements (Fe and Mn), including those
originated from crustal sources. Although more marked for the coarse size fraction, this can be
considered also a contributor to fine fraction aerosol (Manoli et al., 2002; Harrison et al.,
2012). Gotschi et al. (2005) found substantially elevated concentrations of Cu, Fe and Mn in
PM, ;5 particles at a busy street location. A strong elevation in EC, organic compounds and Fe-
rich dust was also reported elsewhere (Harrison et al., 2004).

Modestly increased Zn concentrations at the street site (1.11) were found in our survey. This
could be due to the fact that Zn may derive from tyre wear (Manoli et al., 2002) but also from a
large number of other atmospheric sources (Thorpe and Harrison, 2008).

I/O ratios were < 1 for all the chemical species at both sites, with the exception of strong traffic
markers (EC, V, Sn, Sb and Fe) at the front site (Table 3). This could be due to the location of
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the outdoor sampling site (Fig. 1), which was placed in a more open space at about 15 m from
the indoor environment, and it is likely that slightly higher concentrations of traffic-related
pollutants would have been found if the outdoor sampling location was in front of the
corresponding indoor sampling site. Low I/O ratios (<0.7) were found for chemical species of
typical outdoor origin including nitrates (0.15), ammonium (0.29) and sulfates (0.65) at both
sites (Table 3). The very low 1/O ratios for nitrate are due to the evaporation of ammonium
nitrate indoors, due to deposition of ammonia and nitric acid vapour on indoor surfaces causing
destabilisation (see below).

The outdoor and indoor EC/TC ratios were respectively 0.31 and 0.39 at the front site and 0.21
and 0.22 at the back site. These values were similar to those reported by Naser ef al. (2008) for
outdoor urban data.

Table 4 shows the Pearson correlation coefficients among the chemical components. Outdoor
data at the two sampling sites were highly correlated. The correlation coefficients were all
greater than 0.9 with the exception of Sn (0.70) and Fe (0.38), which further confirms in
general the origin of these elements, closely related to the traffic source. The findings for OC,
EC, ammonium, nitrates and sulfates were expected as high correlation levels between within-
city outdoor concentrations of PM these constituents were found by Bell et al. (2011) and
Naser et al. (2008).

Very high correlations were also found between indoor data, except for Sn (0.69). Correlation
levels were also generally high between indoor and outdoor data. Low R values were found
only for Fe (0.16) at the front site and for Sn (0.45) at the back site. High correlations between
indoor and outdoor levels of OC and EC were found by Sawant et al. (2004) in several schools
in California . The I/O correlations for ammonium found by the same authors showed large
variability in the different schools. Particles of outdoor origin can undergo substantial changes
and may be lost to building walls during indoor penetration. A study investigating the
transformation of ambient ammonium nitrate aerosols in indoor environments has shown that
measured indoor concentrations were considerably lower than the values predicted based only
on penetration and deposition losses (Lunden ef al., 2003). This was attributed to the semi-
volatility of ammonium nitrate, leading to losses as nitric acid and ammonia vapours. This
behavior was also highlighted in the previous SUPERSITO campaign (Zauli Sajani et al.,
2015).

3.3 Strengths and Weaknesses of the Study

A major strength of the study was the simultaneous measurement of a number of particulate
characteristics (mass, size distribution, chemical composition) to assess the variability of
exposure between front and back of a building next to a busy street. The simultaneous indoor
and outdoor measurements were also a key strength of the study because of the role of the
indoor environment in determining exposure. To our knowledge, this is the first study
comparing simultaneous indoor and outdoor measurements on the front and back side of the
same building taking into account both size distribution and chemical components of
particulate matter.

The choice of monitoring uninhabited indoor environments made possible the use of
instruments such as instruments for PM, s mass measurements using reference methods that are
rarely used in inhabited house due to their size and noise emissions.
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A possible weakness of the study is related to the choice of a unique building to be monitored.
Other monitoring campaigns in different settings could be useful but we think that this study
should be considered significantly more than a pilot study. As a matter of fact, the selected
building is a quite common setting within urban areas even though pure canyon configuration
with higher and continuous buildings could produce even higher front/back gradients compared
to our findings. In conclusion we think that our study gives important insights about possible
misclassification of people residing next to busy streets. The choice of selecting AER to a
typical value should be a plus with regards to the generalization of our findings.

Field campaigns in inhabited houses could give supplemental information but would not
separate outdoor and indoor origins of particles. Moreover such an approach would suffer from
the tremendous variability of indoor characteristics and personal habits of the population. This
would represent a substantial problem in being able to identify gradients in population
exposure due to particles of ambient origin.

It may also be questioned as to whether the air ventilation system could be a weakness of our
study. This question was considered in detail in our earlier paper (Zauli Sajani et al., 2015). In
brief, we think that the two identical simple systems installed to impose fixed and equal air
exchange rates between sites should be considered a strength and not a weakness of the study.
Firstly, this choice provided a good control on the air exchange rate in the two indoor
environments. Secondly, the choice eliminated the effect of possibly different specific
infiltration factors of each building envelope.

4. Summary and Conclusions

This study focused on the variations of exposure to various particle metrics from the front to
the back of a building located next to a trafficked street. In particular, both indoor and outdoor
spatial gradients have been analyzed in terms of PM, s mass and chemical composition, size
distribution and particle number concentrations. Large differences in the concentrations of
UFP, tin, manganese, iron and elemental carbon were found both indoors and outdoors.
Sizeable but less substantial were the spatial gradients for PM, 5. Significant differences were
also found for the shape of particle size distributions for outdoor particles, while indoor
particles showed very similar distributions. Indoor front/back gradients are generally consistent
in terms of direction but with remarkable differences in magnitudes between the different
particle metrics. Indoor concentrations were much lower than outdoors for PM, s mass and
UFP. Taking into account the chemical components, the building environment was protective
especially for nitrates, ammonium, potassium, sulfates, lead and cadmium underlining the
different characteristics of indoor particulate matter compared to outdoor independently from
the presence of indoor sources.

Our findings show that the variability of exposure to air pollution of people living in the same
building next to a busy street may be large i.e. some people could be erroneously classified as
highly exposed. The front/back variability is comparable to that found in previous studies
involving people residing in buildings in a heavy and low traffic areas. Given that a common
way to assess the risks due to exposure to air pollutants, and in particular to the risks associated
with proximity to traffic sources, is by contrasting exposure levels within cities, and
considering that the assessment of population exposure is usually based on residential outdoor
concentrations estimated at the front-door, the impact of exposure misclassification could be
important. Epidemiological studies should consider these findings when designing their
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strategy for exposure assessment in order to avoid or at least reduce potentially large
overestimation (with regards to concentration of some metrics) and mis-estimation (with
regards to physical and chemical characteristics of particles) of exposure to air pollutants for
people living in the back of buildings close to heavy trafficked roads .
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Tables

Table 1. Summary statistics of PM, s mass (ug m °) and UFP number (# cm ) concentrations during the monitoring campaigns.

Front Back
Outdoor Indoor Outdoor Indoor
Number Number Vo Number of Number of vo
of valid Mean (min—max) of valid Mean (min—max) mean . Mean (min—-max) . Mean (min—max) mean
data data valid data valid data
PM, 5(24-h data)
All data 30 33.3(11.3-68) 30 21.7(11.5-41) 0.76 30 29.2 (7.5-64) 30 15.1(3.8-36) 0.6
Hot period 11 15.6(11.3-23.8) 15 15.5(11.5-20.1) 1.02 15 11.1(7.5-16.5) 15 8.5(3.8-12.8) 0.78
Cold period 15 47.1 (27-68) 14 26.5(16-41) 0.57 15 43.4 (24-64) 14 20.2 (9-36) 0.46
UFP (1-h data)
All data 652 25358 (2118-120931) 652 7625 (1472-21142) 0.39 652 7444 (647-26860) 652 3544 (213-8854) 0.55
Hot period 353 15502 (2118-38367) 353 5109 (1472-10773) 0.39 353 6169 (647-24308) 353 2932 (213-7901) 0.52
Cold period 299 36994 (3095-120931) 299 10,595 (2854-21142)  0.38 299 8948 (1781-26860) 299 4266 (1730-8854) 0.58

Sampling period: hot period from 11 to 25 June 2013; cold period from 28 November to 13 December 2013.
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Table 2. Gradients of concentrations for different pollutants comparing both indoor and

outdoor.
Outdoor Indoor
Front/back p-value Front/back p-value

UFP 34 <0.001%** 2.2 <0.001**
PM, s 1.1 <0.001%** 1.4 <0.001%**
Elemental carbon (EC) 1.8 <0.001%** 2.5 <0.001%**
Iron (Fe) 1.7 0.122 3.7 0.001**
Manganese (Mn) 1.3 0.003** 1.5 0.002**
Tin (Sn) 1.3 0.246 3.0 <0.001%**
Total carbon (TC) 1.2 0.016%* 1.5 <0.001%**
Organic carbon (OC) 1.1 0.038* 1.1 0.008**
Zinc (Zn) 1.1 0.053 1.2 0.008**
Nitrates (NO3) 1.1 0.073 1.3 0.086
Sulfates (SO,) 1.0 0.184 1.0 0.889
Ammonium (NH,) 1.0 0.456 1.1 0.129
Vanadium (V) 1.0 0.741 1.4 0.002%*
Arsenic (As) 1.0 0.966 1.1 0.171
Cadmium (Cd) 1.0 0.802 1.1 0.866
Lead (Pb) 1.0 0.782 1.0 0.686
Potassium (K) 1.0 0.012* 1.0 0.279
Antimony (Sb) 0.9 0.591 2.3 0.002%*

*p-value < 0.05; **p-value < 0.01.
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Table 3. Descriptive statistics and Indoor/Outdoor ratio (I/O) for different chemical components. OC, EC, TC, NH,4, NO;, SO, and K are expressed
in pg m while the other elements in ng m .

Number Front Back

of valid Outdoor mean Indoor mean I/O  Outdoor mean Indoor mean /O

data® (min—-max) (min—max) mean (min—max) (min—-max) mean
Organic carbon (OC) 9 8.84 (3.33-18.89) 6.82 (2.77-13.08) 0.77  7.84 (2.91-15.55) 5.98 (2.5-11.44) 0.76
Elemental carbon (EC) 9 3.96 (1.22-7.65) 4.3 (2.01-7.59) 1.09  2.25(0.77-4.95) 1.7 (0.5-4.03) 0.76
Total carbon (TC) 9 12.8 (5.02-26.54) 11.12 (5.1-20.67) 0.87 10.64 (3.68-20.67) 7.68 (3—-15.47) 0.72
Ammonium (NH,) 9 2.92 (0.86-5.96) 0.88 (0.44-1.86) 0.3 2.85(0.92-6.19) 0.77 (0.37-1.33) 0.27
Nitrates (NO3) 9 8.2 (0.23-20.41) 1.28 (0.16-3.54) 0.16  7.76 (0.18-19.32) 1.02 (0.15-2.37) 0.13
Sulfates (SO,) 9 3.32 (1.57-5.06) 2.13(1.01-3.1) 0.64 3.19(1.46-5.05) 2.11 (1.07-3.41) 0.66
Potassium (K) 5 0.44 (0.24-0.59) 0.36 (0.18-0.49) 0.82 0.45(0.24-0.6) 0.35(0.19-0.47) 0.78
Vanadium (V) 8 1.06 (0.33-2.29) 1.24 (0.72-2.1) 1.17  1.05(0.33-2.29) 0.92 (0.34-1.5) 0.88
Arsenic (As) 8 0.6 (0.21-1.12) 0.48 (0.22-0.88) 0.8 0.6 (0.19-1.1) 0.45 (0.12-0.85) 0.75
Cadmium (Cd) 7 0.19 (0.07-0.33) 0.15 (0.06-0.25) 0.79  0.19(0.05-0.31) 0.14 (0.04-0.24) 0.74
Tin (Sn) 8 3.18 (0.9-6.41) 3.87 (1.39-5.52) 1.22  2.44(0.62-5.04) 1.28 (0.56-2.67) 0.52
Antimony (Sb) 8 1.35(0.36-4.14) 1.44 (0.28-3.19) 1.07 1.53(0.24-6.21) 0.64 (0.13-1.44) 0.42
Lead (Pb) 8 7.14 (1.57-15.14) 5.29 (1.05-11.36) 0.74  7.21(1.6-14.62) 5.22 (1.01-11.72) 0.72
Iron (Fe) 6 212.16 (86.48-395.53) 251.19 (141.35-350.87) 1.18 122.74 (84.9-203.99) 68.59 (29.95-127.45) 0.56
Zinc (Zn) 6 38.84 (17.18-52.12) 29.12 (13.5-40.96) 0.75 35.05(20.62-46.8) 24.2 (13.14-33.77) 0.69
Manganese (Mn) 5 7.25(5.07-10.33) 5.54 (4.12-7.76) 0.76  5.55(4.31-8.32) 3.69(2.83-5.86) 0.66

* Number of data simultaneously above LOQ in all monitoring sites.
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Table 4. Pearson correlation coefficients (R) and orthogonal regression lines for different chemical species. Intercepts for OC, EC, TC, NH,, NOs,
SO4and K are expressed in pg m; intercepts for the other elements are expressed in ng m .

Front out vs back out Front ind vs back ind Front ind vs front out Back ind vs back out

R  Slope Intercept R  Slope Intercept R  Slope Intercept R  Slope Intercept

Organic carbon (OC) 099 123  —0.79 099 1.17 —0.2 098 0.65 1.06 1.0 0.69 0.61
Elemental carbon (EC) 0.97 1.4 0.81 0.97 1.7 1.41 096 099 0.37 1.0 082 —0.14
Total carbon (TC) 097 123 —0.32 1.0 1.0 0 098 0.74 1.63 1.0 092 138
Ammonium (NHy) 0.99 098 0.12 094 1.5 —0.28 0.68 0.16 0.4l 0.53 0.08 0.53
Nitrates (NOs) 1.0 1.02 032 098 141 —0.16 097 0.14 0.1 0.97 0.1 0.21
Sulfates (SO,4) 098 099 0.14 0.85 1.01 0 0.89 0.6 0.16 0.94 0.6 0.19
Potassium (K) 1.0 099 0 1.0 1.07 —0.02 099 085 —0.02 1.0 079 0
Vanadium (V) 0.99 1.0 0.01 093 123 0.1 0.99 0.66 0.54 09 051 038
Arsenic (As) 098 1.02 —0.01 097 0.87 0.09 099 0.73  0.04 0.99 0.86 —0.07
Cadmium (Cd) 0.98 1.0 0 097 1.03 0 0.99 0.71  0.01 0.96 0.68 0.01
Tin (Sn) 0.7 181 —1.25 0.69 253 0.63 0.51 048 234 045 029 0.56
Antimony (Sb) 092 0.64 0.37 093 1.77 0.3l 0.83 0.65 0.56 0.8 022 03
Lead (Pb) 0.99 1.03 —0.26 099 099 0.1 1.0 076 —0.11 1.0 078 —04
Iron (Fe) 0.38 597 —521.02 094 255 76.13 0.16 023  201.42 094 0.75 —23.75
Zinc (Zn) 098 131 —7 098 1.3 —2.42 099 0.72 1.02 097 0.72 —1.14
Manganese (Mn) 097 123 041 095 123 1.0 0.97 077 —0.03 0.99 0.78 —0.62
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Figure 1. Schematic diagram of the building and location of the sampling points.

181

13m
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Supplementary Material

Limits of quantification for chemical species
LOQs for chemical components were:
0.03ngm” for Arsenic (As),

0.03 ng m’ for Vanadium (V),
0.0l ngm™ for Cadmium (Cd),
0.18 ng m’ for Lead (Pb),

0.04 ng m’ for Tin (Sn),

0.14 ng m> for Antimonium (Sb),
0.7ngm> for Chromium (Cr),
0.5 ngm> for Manganese (Mn),
36ngm” for Iron (Fe),

122 ngm™ for Zinc (Zn),

0.04 ugm* for Ammonium (NHy"),
0.04 ugm> for Potassium (K"),

0.05 pgm™ for Nitrate (NO3),

0.09 pg m for Sulfate (SO,%),
2.1pgm” for Organic Carbon (OC),
03 pugm” for Elemental Carbon (EC).
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Table 1S. Summary statistics of the meteorological variables during the monitoring
campaigns.

Hot period Cold period

mean (min-max) mean (min—max)

Temperature (°C)

Urban meteorological station 25.2 (15.6-34) 4.8 (-1.4-11.7)
Indoor - Back site 29.9 (24.2-34.4) 17.7 (16.1-19.3)
Indoor - Front site 29.4 (24.6-31.8) 16.1 (15-16.9)
Relative Humidity (%)

Urban meteorological station 43.0 (18-85) 72.1 (38-103)
Indoor - Back site 41.6 (31.7-50.9) 34.2 (27.9-38.3)
Indoor - Front site 46.9 (38.2-52.7) 39.3(31.1-44.1)
Wind Speed (m s™)

Urban meteorological station 2.5 (0-8) 1.6 (0-4)
Precipitation (mm)

Urban meteorological station <0.1(0-2.6) <0.1(0-0.2)
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Table 2S. Comparison between meteorological variables during the monitoring campaigns and
the corresponding typical values derived from the years 2012-2014.

Monitoring campaign gt Monitoring campaign (Cgld

Hot period months*  Cold period months**
Mean Temperature (°C) 25.2 25 4.8 5.8
Mean Relative Humidity (%) 43.0 47.2 72.1 79
Mean Wind Speed (m s™) 2.5 2.7 1.6 1.9

*June-August 2012-2014; **December-February 2012-2014.
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Al 5 W0 e
Figure 1S. Map (upper panel) and bird’s eye view (lower panel) of the location of the
monitoring sites. Dotted grey lines represent traffic flows.
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Figure 3S. Impact of wind speed and direction on the Ultrafine Particle concentrations at the
front-door and the back and on the front/back ratio. Outdoor sites.
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Chapter 6 — Occupational Exposure to Arsenic and Cadmium in Thin-Film Solar
Cell Production

This chapter reports a pre-copyedited, author-produced version of an article accepted for
publication in The Annals of Occupational Hygiene following peer review. The version of
record [Spinazze, A., Cattaneo, A., Monticelli, D., Recchia, S., Rovelli, S., Fustinoni, S., and
Cavallo, D. M. (2015). Occupational Exposure to Arsenic and Cadmium in Thin-Film Solar
Cell Production. Ann. Occup. Hyg. 59(5): 572-585] is available online at:
10.1093/annhyg/mev002.

Abstract

Workers involved in the production of Cd/As-based photovoltaic modules may be routinely or
accidentally exposed to As- or Cd-containing inorganic compounds. For this reason, the
workers’ exposure to As and Cd was investigated by environmental monitoring following a
worst-case approach and biological monitoring from the preparation of the working facility to
its decommissioning. Workplace surface contamination was also evaluated through wipe-test
sampling.

The highest mean airborne concentrations were found during maintenance activities (As =
0.0068 pg m*; Cd = 7.66 pg m ) and laboratory simulations (As = 0.0075 pg m>; Cd = 11.2
pg m). These types of operations were conducted for a limited time during a typical work
shift and only in specifically suited containment areas, where the highest surface
concentrations were also found (Laboratory: As = 2.94 pg m?2; Cd = 167 pg m%; Powder
Containment Booth: As = 4.35 pg m % Cd = 1500 pg m?). The As and Cd urinary levels
(As_u; Cd_u) were not significantly different for exposed (As u=6.11+ 1.74 pg I''; Cd u =
0.24 +2.36 pg g ' creatinine) and unexposed workers (As u=6.11+1.75 pgI''; Cd_u=0.22
+2.08 ug g creatinine).

Despite airborne arsenic and cadmium exposure well below the TLV when the operation is
appropriately maintained in line, workers who are involved in various operations (maintenance,
laboratory test) could potentially be at risk of significant exposure, well in excess of the TLV.
Nevertheless, the biological monitoring data did not show significant occupationally related
arsenic and cadmium intake in workers and no significant changes or differences in arsenic and
cadmium urinary level among the exposed and unexposed workers were found.

1. Introduction

The technology to fabricate CdTe/CdS-based thin-film solar cells can be considered mature for
large-scale production, given that some process innovations were defined in the last few years,
such as specific applications of close-space sublimation and radio-frequency sputtering (Bosio
et al., 2006). These discoveries are considered useful to simplify the production process,
making it easier and more scalable to industrial scale and making the concept of a
manufacturing plant as a single inline thin film-processing unit possible.

The aim of the studied production process was to obtain multilayer thin films of different
semiconductors deposited on a glass panel that could be treated with laser scribing to obtain
electrical connections between all of the cells constituting the module. The production process
in the studied company was organised as follows: (I) acceptance of raw materials and quality
control and (IT) storage; (III) production of the photovoltaic module and (IV) finishing
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operations (electrical contacts, coverage); (V) quality control and testing process; and (VI)
storage of the complete modules. All of these tasks were performed within a single building,
organised to accommodate separated areas for each specific activity. In detail, the production
site has a total area of approximately 10200 m? (111200 m®). This building was divided into (I)
a non-productive area (e.g., offices, locker room) with a total surface of approximately 500 m?;
(I) warehouses for raw materials and finished products (approximately 1 700 m”) and (III) a
laboratory (100 m?) for quality control and production test simulation. The production line was
situated in a central open-space area (production facility) of approximately 8000 m* (85000
m’). The core of the production line was fully automated with minimal human intervention;
only module-finishing and maintenance operations required manual interventions. The
production process was organised as follows: the glass panels moved on a rail used to travel
into nine process chambers and leave the production machine when the photovoltaic modules
were completed. The semi-conductor deposition processes were conducted in high-vacuum
(0.001 mbar) or low-vacuum (100 mbar) and high-temperature (250-400 °C) conditions.

Risk Management Strategy

A multilayer approach for preventing and mitigating exposure was implemented to eliminate or
control the exposure associated with occupational handling of hazardous materials and reduce
their consequences (Mirer, 2008) during the productive period. This risk management strategy
was developed to contain arsenic and cadmium on the basis of a hierarchy of controls that
includes engineering controls, warnings, training and procedures, specific work practices and
Personal Protective Equipment (PPE) for each different work task (table 1). Processes such as
maintenance work (e.g., scraping, cleaning) and laboratory tests and simulations (analysis of
end products, semi-finished modules or raw semiconductors; pilot-scale deposition
simulations) present occupational health risks arising from the emission of fine particles of
arsenics- and cadmium-containing compounds (Edelman, 1990). For these activities, specific
collective protection devices were also introduced, such as powder containment booths and
chemical hoods, to avoid workplace contamination and to minimise workers’ exposure. Thus,
this type of activity was performed in accordance with specific standard operative procedures
(SOP) that included the requirement for sufficient purging time, the use of appropriate
techniques to minimise exposure, the introduction of specific workplace and self-cleaning
operating procedures (HEPA-filtered vacuum cleaners) and the use of high-level personal
protective equipment (e.g. Tyvek® overalls and filtering full-face mask with FFP3-class
exhalation valve). The cleaning routine and the decommissioning process required specific
SOPs, too. These last addressed the isolation of the contaminated area, the aspiration and
abatement of air contamination in the isolated work areas by ventilation systems (HEPA
filtered), the protection of uncontaminated surfaces and equipment from possible
contamination events and the protection of workers engaged in cleaning work practices with
personal protective equipment (PPE).

Some concerns were raised regarding the health aspects linked to the presence of hazardous
chemicals (such as CdS, CdTe, As,Te;) needed for production process, which are considered
carcinogenic or probably carcinogenic by inhalation (CdS and CdTe) (IARC, 1997; NIOSH,
2005; SCOEL, 2010; ACGIH, 2013) or carcinogenic to humans (As,Te;) (IARC, 1987,
NIOSH, 1997). Exposure to inorganic As and Cd compounds was associated with a higher
frequency of skin and lung cancer, and chronic poisoning could lead to a wide range of
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symptoms. Thus, chronic exposure to inorganic As and Cd compounds is considered a
potential occupational hazard (Aoki et al., 1990; Horng et al., 2002). Generally, the
occupational health hazards presented by Cd and As compounds change with their physical
state and mode of exposure. The studied workers may be routinely or accidentally exposed to
As- or Cd-containing inorganic compounds, and inhalation is probably the most important
exposure pathway because of the larger potential for exposure and higher absorption efficiency
of Cd- and As-containing compounds in the lung than in the gastrointestinal tract or skin.
Processes such as feedstock preparation and maintenance, in which these chemicals are used or
produced as fine particles or fumes, present the highest occupational health risks in the
semiconductor industry (Fthenakis, 2001).

This study was developed in order to evaluate workers’ exposure for different working task and
throughout the plant history (from “background” to “restoration”), by means of environmental
(air sampling) and biological (end-shift urine samples) monitoring. Further, surface sampling
campaigns were performed to qualitatively evaluate the general workplace contamination.

2. Materials and Methods

The exposure assessment was performed during a five-year period, including the beginning of
production (“background”—July 2009), the productive period (September 2010—September
2013) and the plant decommissioning and restoration (September 2013—March 2014). The
monitoring activity consisted of sampling and analysis of arsenic and cadmium both by
environmental (23 sampling sessions) and biological monitoring (5 sampling sessions). Air and
surface sample collection were carried out in different workplace environments (production
facility, powder containment booths, laboratory, outdoors) and during different operating
conditions (background, maintenance work, laboratory tests, end of work-shift, plant shutdown
and decommissioning).

2.1 Air Monitoring: Sampling and Analysis

Air samples were collected and analysed by the NIOSH 7300 method (NIOSH, 2003) and in
accordance with a standard sampling practice (EN 689:1995). The sampling design consists of
the combination of (I) high-flow Total Suspended Particulate (TSP) sampling (Filter-Cassette
for TSP, 47 mm Mixed Cellulose Esters (MCE) filter; flow rate = 25,0 L min™") with (II) low-
flow sampling of inhalable fraction (Conical Inhalable Sampler, 25 mm cassette, MCE filter,
flow rate = 3.5 L min'). Low-flow personal samples were collected in the breathing zone of
workers for whom high exposures were expected (worst-case exposure scenario). Furthermore,
inhalable particles and total suspended particles (TSP) were also monitored by fixed site
sampling in different areas of the sampling site; when feasible, these sampling lines were
placed at the same time and place of personal sampling. Typically, each sampling campaign
consisted of two personal sampling and one or two fixed site sampling points. The aim of this
protocol was to characterise the exposure concentration associated with each working task and
working place, as well as the general workplace concentration. For this reason, while most of
the fixed site sampling refers to eight-hour time weighted average samples, all personal
samples and some fixed-site samples were collected on the basis of a worst-case approach:
these last must be considered short-term (approximatively from 60 to 120 minutes), task-based
samples. Thus, the interpretation of the environmental concentration is limited by the fact that
the reported results are not representative of a typical 8-h TWA personal exposure. Microwave
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assisted acid digestion was used to digest the samples (procedure now described in a separate
NIOSH method (NIOSH, 2014)): ultrapure nitric acid produced by sub-boiling distillation
(Milestone Duopur) was used for sample digestion, bottle cleaning, standard and blank
preparation. Trace element were simultaneously determined by Inductively Coupled Plasma —
Mass Spectrometry (ICP-MS, X Series II from Thermo, Rodano, MI, Italy). A protocol of
QA/QC was strictly followed, including allowing a 1 hour warm up time, mass calibration of
the instrument, check of sensitivity and signal stability by tune solutions, blank measurements,
calibration for each analysis batch, control charts and analysis of synthetic samples.

2.2 Surface Contamination: Sampling and Analysis

Surface samples (“wipe sampling”) were collected and analysed according to the NIOSH 9102
method (NIOSH, 2003). Sampling was performed with filter paper (Quantitative Filter Paper -
Ashless) moistened with ultrapure water using a 15-cm long square template to define the
sampling area. Samples were taken in different positions (especially where higher
concentrations were expected — worst-case exposure scenario) and during different plant-life
periods (table 3) through a dedicated protocol developed for the standardisation of the
sampling activity. Environmental samples were digested with nitric acid in a microwave
digestion bomb and analysed by ICP-MS, as described above.

2.3 Biomonitoring: Urine Collection and Analysis

A spot urine specimen was collected from groups of workers at the end of the last working
shift of the week (at approximately half-year frequencies). Workers were a priori classified as
“unexposed” (N = 8; office administrators - control group) or “exposed”, including two group
of production workers, “operators” (N = 14; directly involved in laboratory tests or
maintenance activities) and “engineers” (N = 16; not involved in laboratory tests or
maintenance activities). Office administrators were assumed to be unexposed to arsenic and
cadmium, because they did not have an active role in the production activity and they weren’t
required to enter the production area. Further, drift from productive area into offices were
assumed to be negligible, due to the presence of a “decontamination area” at the exit of the
production area, in which ventilation systems were placed in order to ensure the aspiration and
abatement of air contamination in the isolated work areas by ventilation systems. The
collection of biological samples was performed in the context of risk evaluation, according to
Italian law for health and safety at the work place (Italy Parliament and Senate, 2008), under
the supervision of an occupational health physician. Arsenic was determined as inorganic
arsenic and its two major organic metabolites in urine: monomethylarsonic acid and
dimethylarsinic acid (As_u). To this aim urine was first submitted to chemical speciation by
ion exchange chromatography to remove arsenobetaine; the resulting fraction was analysed by
atomic absorption spectrophotometry with electrothermal atomization (GfAAS Soolar M6
Thermo, Rodano, MI, Italy) according to Buratti et al., 1984. Cadmium in urine (Cd_u) was
determined by atomic absorption spectrophotometry with electrothermal atomization (GF-AAS
Solar M60 Thermo Scientific, Rodano, MI, Italy) as previously reported (Angerer, 1988). The
certified reference material used for quality control was Seronorm™ Trace Elements Urine L-1
(SERO, Norway, lot 1011644, acceptable range for arsenic: 47—111 pg L™'; acceptable range
for cadmium: 0.13-0.28 pg L'). Analytic work was considered acceptable only when the
reference material run within the sample sequence was within the acceptable range. In order to
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account for concentration or dilution of urine samples, and to enable accurate interpretation of
urinary results, urine samples were accepted only if creatinine concentration were > 0.3 g L'
and <3.0 gL' (ACGIH, 2013).

2.4 Limit of Detection and Limit of Quantification

The limits of detection were determined according to the [IUPAC recommendation: 3 times the
blank standard deviation divided by the sensitivity (Currie, 1995). Operatively, a blank value
for the elements of interest was obtained for each batch of analysis by determining the values
in the three employed matrices (47 and 25 mm Mixed Cellulose Esters (MCE) filters and filter
paper) following the same procedure used for the samples. The standard deviations of these
values were subsequently used to calculate the limits of detection. Analytical limits of
quantification (LOQ) were considered to be three-fold larger than LOD. Regarding air samples
analysis, the LOQ for arsenic in were 0.0014 pg m* (fixed site) and 0.017 ug m* (personal);
the LOQ for cadmium were 0.0028 pg m” (fixed site) and 0.0037 pg m* (personal).
Concerning surface analysis, the LOQ were 5.5 pg m~ for arsenic and 3.5 pg m* for
cadmium. For urinary biomarkers LOQ was defined as the concentration corresponding to five
times the standard deviation of the signal in the blank sample and was 1 and 0.3 pg 1" for As u
and Cd_u, respectively.

2.5 Statistical Analyses

Statistical analyses (“ANOVA”: one-way analysis of variance for normally distributed
variables with the Bonferroni post-hoc test; “KW”: Kruskal Wallis — one way ANOVA and
“MW?” — Mann—Whitney U-test for non-normally distributed data) were performed using IBM
SPSS 20.0 (IBM, Armonk, NY, USA) to compare the differences between environmental
concentrations of arsenic and cadmium as a function of (I) the period of the plant history, (II)
working conditions/task and (III) sampling position. Moreover, the differences observed in
biological sampling were analysed and discussed as a function of workers’ exposure condition
and time period. Statistical results were regarded as significant when p < 0.05. All of the results
below the limits of detection (LOD) were replaced by substitution with “LOD/2” (Hornung and
Reed, 1990). Results are presented as the geometric mean (G.M.) and geometric standard
deviation (Geom. S.D.).

3. Results

In total, N = 108 Particulate Matter (PM) samples, N= 69 urine specimens and N = 147 wipe
tests were collected during this study. Data were analysed on the basis of the variables
considered hereafter to determine the local and temporal patterns in exposure concentrations
and in workplace contamination.

3.1 Air Monitoring

Fixed-site air-monitoring results (table 2) showed statistically significant differences for
airborne concentrations of arsenic (pxw < 0.001) and cadmium (pgw < 0.001) among different
work areas. The mean airborne cadmium concentration in the production facility was one order
of magnitude higher than the outdoor background concentration (pyw = 0.001), and the same
order of magnitude for As (pyw = 0.722). On average, concentrations were higher (up to three
orders of magnitude for cadmium) in the containment booths and in the laboratory than in the
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rest of the production facility (pyw < 0.001), for both personal and fixed-site monitoring.
Arsenic concentrations were generally lower (mean value on the order of 10~ pug m”) than
cadmium concentrations (mean values ranging from 10~ to 10" pg m™) in each location. The
results indicated that very high levels of atmospheric and surface contamination were found in
some specific environments (laboratory and powder containment booths), but this
contamination did not affect the rest of the workplace (production facility and non-
manufacturing areas). Differences in the levels of the two metals among different work tasks
were also statistically significant (arsenic pxw < 0.001; cadmium pgw < 0.001); the highest
mean concentration and the widest data variability were observed during maintenance activities
and during laboratory tests rather than during the production routine or after the end of the
work shift. Statistically significant differences (pyw < 0.001) were detected between fixed-site
and personal monitoring (these last were performed only during the production period).
Differences in the personal exposures to cadmium among different work tasks and locations
were also statistically significant (pyw < 0.001).

3.2 Surface Contamination Monitoring

Results from wipe-test sampling (table 3) showed statistically significant differences in surface
contamination levels, especially for cadmium (arsenic pgy - 0.044; Cd pxw < 0.001). Cadmium
surface concentrations were higher in the containment booths (two orders of magnitude; pyw <
0.001) and in the laboratory (one order of magnitude; pyw = 0.141) with respect to the rest of the
production facility and other connected environments (e.g., locker rooms). The surface
contamination for arsenic compounds was on the same order of magnitude in every sampling
area, with higher mean concentrations found in the containment booths (same order of
magnitude; pyw = 0.039) with respect to the rest of the production facility. The surface
concentration defined during the production phase was consistently and significantly higher
(pxw < 0.001) than background levels. Surface sampling was performed after the end of the
production activity and after an early cleaning (plant shutdown/decommissioning) only in areas
in which surface contamination was assumed to be high (e.g. powder containment booths,
laboratory) and were then repeated after the plant restoration in the general workplace area
(production facility).

3.3 Biological Monitoring

Biological monitoring results (table 4) showed that urinary As u and Cd _u were not
significantly different (arsenic panova = 0.422; Cadmium panova = 0.939) between exposed
and unexposed subjects. No significant differences (arsenic panova = 0.365; cadmium panova =
0.937) were found between different categories of exposed workers (engineers and operators).

3.4 Plant Life-Cycle Stage

Cadmium and arsenic air and surface concentrations (table 2, table 3) defined during the
production phase were consistently and significantly higher (pxw < 0.001) than background
levels. The results from wipe-test sampling (table 3) also showed a slight increase in the
surface level with respect to background values during the decommissioning period.
Concentrations similar to the background levels were then found after the plant shut-down and
restoration (pyw > 0.05). Biological monitoring did not show any statistically significant
variations (Arsenic panova = 0.483; cadmium panova = 0.083) between baseline values and
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levels measured during the productive period (1% — 4™t sampling session). Figure 1 and figure 2
present the percentual variation of arsenic and cadmium in air, surface and biological samples,
during different plant life-cycle stage, providing an indication of the differences in
environmental and biological monitoring throughout the plant history.

4. Discussion

4.1 Air Monitoring

Occupational threshold limit values (8-h Threshold Limit Value-Time Weighted Average —
TLV-TWA-, PEL, REL) have been established at 10 pg m~ (ACGIH, 2013; OSHA, 2008) or
5 ug m > (NIOSH, 2005) for As and its inorganic compounds and at pg m > (ACGIH, 2013) or
5 ug m* (OSHA, 2010) for Cd and its inorganic compounds. More restrictive occupational
exposure limits (OELs) were set for cadmium in the respirable fraction; the 8-h TLV-TWA is
set at 2 ng m*° (ACGIH, 2013) or 4 ug m > (SCOEL, 2010). Workers were exposed to
substantially lower As levels than the ACGIH TLV of 10 ug m~ (ACGIH, 2013) and the
NIOSH PEL of 5 ug m~ (NIOSH, 1997), with the maximum exposure concentration (0.129
ng m™), measured at a personal level during maintenance that was two orders of magnitude
lower than occupational exposure thresholds. In contrast, workers’ exposure to cadmium was
found to be higher than the most conservative TLV defined by ACGIH (2 pg m - respirable
fraction), especially for workers involved in maintenance activity or laboratory tests (table 1).
In particular, while As concentrations were always below the proposed occupational threshold
limit (ACGIH, 2013; NIOSH, 1997; OSHA, 2010], cadmium concentrations exceeded the
threshold (TLV-TWA) defined by different agencies at 2 pg m~ (ACGIH, 2013) (N=26/108),
5 ug m~ (NIOSH, 2005; OSHA, 2010) (N=23/108) and 10 pg m” (ACGIH, 2013)
(N=22/108). The differences in air contamination between arsenic and cadmium compounds
reflect the different amounts of raw materials used for the production of thin-film solar cells,
which contain a thick layer of CdTe in comparison with very thin layers of CdS and As,Te;
(Bosio et al., 2006). Moreover, most of the exposure data referred to CdTe (69%) and CdS
(21%) deposition chambers, and few samples were collected in As,Te; deposition rooms.
Although the Cadmium levels measured during key maintenance or laboratory tasks indicate
the potential for very serious exposures, the possibility of significant exposure to arsenic and
cadmium compounds is likely to be remote during normal operation if procedures are
appropriately maintained in line with engineering controls such as closed-loop production line,
enclosure, shielding of the operation equipment and exhaust ventilation (table 4). The
maximum exposure levels to arsenic and cadmium measured in the production department in
the usual operating conditions were 0.20 and 0.76 pg m™, respectively, which are far below (at
least one order of magnitude) the respective occupational exposure thresholds. This evidence
suggests that workers who are regularly or occasionally involved in maintenance work have
higher potential for occupational exposure than operators who are in charge of routine
production work. Further, exposure levels may vary considerably depending on several factors,
such as cleaning frequency, contamination level and presence and efficiency of engineering
controls. Statistically significant differences (pxw < 0.001) were detected between personal and
fixed-site monitoring; as expected, the highest mean concentrations were typically observed for
personal sampling rather than for fixed-site sampling performed during the same work task
and/or in the same location. This difference is probably because operators need to operate very
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close to the particles sources and because of the absence of a Local Exhaust Ventilation (LEV)
system, which would be useful to reduce occupational exposure.

4.2 Surface Contamination Monitoring

Arsenic- and cadmium-containing compounds were also found to be deposited on various
surfaces, primarily in association with maintenance work (powder containment booth) and
laboratory tests (table 3). Even when airborne concentrations were below the TLVs, arsenics
and cadmium compounds can accumulate on floors, equipment, and work surfaces. Regarding
surface contamination, there are no standards or guidelines aimed at defining a well-established
assessment criterion. Thus, a literature search was conducted to analyse possible
decontamination methods and a maximum allowed surface contamination threshold. The
decision to choose 10000 pg m™ as the maximum allowed surface contamination for As and
Cd in an occupational environment was made with a precautionary approach; this informal
standard was based on analogy to other carcinogenic chemicals, and it is considered acceptable
for use in industry practice (except in the case of eating surfaces) (Dufault ef al., 2010). As
expected, the contamination of work surfaces was linked with the productive period. In this
regard, cadmium surface concentrations were also typically higher than the corresponding As
concentrations, probably due to the aforementioned greater use of cadmium-based raw
materials than arsenic-based in the production process. After the end of the production
activities, an increase in surface contamination levels was observed in some specific areas
(powder containment boots) with respect to background values. This could be mainly ascribed
to the opening, disassembly and disposal of operation chambers, which resulted in significant
dispersal of arsenic and cadmium powders. Generally, surface contamination levels were
within the adopted informal threshold of 10000 pg m? (Dufault ez al., 2010) both for arsenic
and cadmium in the production facility, laboratory and non-productive areas. Nevertheless, in
the containment booths, the contamination levels may easily exceed this limit value (for arsenic
N = 2/80; for cadmium N = 21/80) (table 2). The afore mentioned informal threshold was
widely maintained for almost all of the surfaces after the first cleaning (reduction up to 90%,
estimated by field test) and for most of the remaining contamination with a second cleaning
(overall reduction over 95%, estimated by field tests) with the standard operating procedure
(SOP) for cleaning and decontamination specifically developed to achieve a final surface
concentration on the same order of magnitude of background values. The cleaning SOP
consists of the following different stages: (I) contaminants were first removed from workplace
surfaces by scraping, brushing and vacuuming (HEPA-equipped vacuums); (II) surfaces were
then washed and wet wiped with an appropriate solvent (isopropyl alcohol aqueous solution)
and (III) re-washed with water. After this protocol was implemented, the decontamination
method and procedures were documented during an intervention survey to ensure the
achievement of “cleanliness” conditions established a priori. Arsenic and cadmium
concentrations appeared to be on the same order of magnitude as the background levels for
both surface (Arsenic = 0.36 pg m >, Cadmium = 0.61 pg m ) and air (Arsenic = 0.001 pg m-
’, Cadmium = 0.004 pg m™) sampling.

4.3 Biological Monitoring
The biological monitoring data (table 4) showed no significant temporal variation in the
biological markers used for surveillance; no statistically significant differences were observed
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between the exposed and unexposed groups and between the employees working most
intimately on the manufacturing processes (operators) and those who were employed in other
activities (engineers). This is in contrast to other studies, which show that urinary biomarkers
in exposed groups working in the semiconductor manufacturing industry are generally higher
than in non-exposed groups (Park et al., 2010; Byun ez al., 2013). Nevertheless, no individual
worker has ever shown occupationally related As u or Cd u levels above the biological
exposure indexes (BEI) recommended for urine samples (end-shift samples), which are 35 pg
L' for As_u and between 2 and 5 pg g creatinine for Cd_u (SCOEL, 2010; ACGIH, 2013).
Further, mean value for Cd_u both in exposed (0.22 pg g™ creatinine) and unexposed workers
(0.32 pg g creatinine) are compatible with level found in adult population in the absence of
occupational exposure, which are generally below 1 pg g™ creatinine (SCOEL 2010). Finally,
As_u values defined both for the exposed and unexposed workers were consistent with levels
found in the European general population without occupational exposure to arsenic (Foa et al.,
1984; Farmer and Johnson, 1990; Kristiansen et al., 1997).

4.4 Plant Life-Cycle Stage

Cadmium and Arsenic air and surface concentration during the production phase were
consistently and significantly higher than background levels (table 2, table 3) and overall mean
values (fig. 1, fig. 2). This result should be interpreted with caution because it may also be
ascribed to the sampling strategy, which refers to the worst-case scenario during the production
activity, resulting in higher mean concentrations. Concentrations similar to the background
levels (pyw > 0.05) were then found after the plant shutdown and restoration both for air and
surface samples. The results from wipe-test sampling (table 3, fig. 1, fig. 2) showed a slight
increase in surface concentrations during the decommissioning period with respect to
background values and to the overall mean. This was ascribed as consequent to the disposal of
operation chambers, which resulted in a significant dispersion of arsenic and cadmium
powders. After the application of the cleaning procedure described below, surface
contamination appeared to be on the same order of magnitude of background levels (As = 0.36
pg m% puw = 0.886; Cd = 0.61 pg m2; pyw - 0.029) and well beyond the overall mean values.
Finally, biological monitoring results (table 4) showed no significant changes for the studied
period; the biological markers did not show any statistically significant variations (As u
panova = 0.483; Cd u panova = 0.083) between baseline values (year 2010) and levels
measured during the productive period (194" sampling session; year 2011-12), although a
slight decreasing trend in urinary values can be noted during the monitoring period (fig. 1, fig.
2).

4.5 Risk Management

Some occupational activities (mechanical cleaning of deposition chambers and laboratory
simulations) may cause serious contamination within the workplace and for specific workers.
Exposure levels may vary considerably depending on several factors such as cleaning
frequency, contamination level of equipment for cleaning, presence and efficiency of
engineering controls, dust-handling techniques, etc. (Park et al., 2010). The development of
properly guided procedures for workplace and worker surveillance, together with the
improvement of removal and containment systems as well as education and training of
production and maintenance workers, assisted by specific monitoring activity, were all helpful
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in preventing the absorption of toxic metals by workers. The definition of a specific SOP was
part of a comprehensive risk-management program (table 4) that also addressed other issues
such as the abatement of air contamination in isolated work areas (HEPA filters), the protection
of uncontaminated surfaces and equipment from possible contamination events and the
protection of workers engaged in maintenance, laboratory and cleaning work practices with
PPE. The introduction of a well-suited risk management protocol in this company ensured
adequate protection of workers’ health. In this regard, the implementation of up-to-date control
strategies, including local exhaust ventilation (LEV) for airborne dust extraction, with mobile
HEPA-filtered inlets to be placed in correspondence with the potential sources of cadmium and
arsenic dust in laser-scribing stations, laboratories and deposition chambers, was
recommended. This additional risk-management action is recommended for future production
of CdTe photovoltaic cells because it should contribute to further lowering the air and
workplace contamination levels.

4.6 Concluding Remarks

This is the first study of workers’ exposure to arsenic and cadmium in an industrial-scale plant
devoted to the production of CdTe-based solar cells including both environmental (PM and
surface contamination) and biological (urine samples) monitoring. Despite the limitations in
monitoring these particular activities because of their irregular schedule and duration, this
study reports a fairly wide number of samples. A similar study was performed in a pilot-scale
production (Bohland and Smigiclski, 2000), and the results were compatible with the evidence
reported in the present study. Environmental cadmium concentrations exceeded the
corresponding OEL (5 pug m™) only during manufacturing activities, but the results are not
reported for that study. In contrast, cadmium exposure in other manufacturing processes
(semiconductor deposition, finalisation, module recycling, etc.) and biological-monitoring
results (blood Cd, urine Cd and urine Beta2-microglobulin) were well below the respective
thresholds.

Some limitations and peculiarities in the study design and methods could have an impact on the
exposure assessment. First, environmental measurements were collected on the basis of a
worst-case approach due to technical needs: exposure levels from maintenance work may vary
considerably depending on several factors (i.e. the cleaning frequency, the contamination level
of equipment for cleaning, maintenance area, presence and efficiency of engineering controls,
and dust-handling techniques, etc) and this may be a source of variability among the
measurements. For example, maintenance work in the study industry were characterized by a
very irregular schedule and duration: maintenance work normally takes 1 or 2 h for each
workers, then, for the remainder of the work shift, the maintenance worker was in facilities
where no arsenic and cadmium compounds were handled: thus, 8-h TWA level could be
significantly variable, depending on whether or not the remaining time involves work entailing
arsenic and cadmium exposure. Thus, since authors decided to perform short-term (1-2 h), task
based sampling for laboratory and maintenance worker, the interpretation of the personal
exposure concentration is limited by the fact that the some of the reported results are not
representative of a typical 8-h TWA exposure. Nevertheless, observed personal concentrations
of cadmium compounds were always measured over a period of more than 1 hour and were
tipically (76% of cases) almost an order of magnitude higher than the corresponding TLV-
TWA. In these cases, TLV-TWA would be exceeded anyway. Secondly, biological monitoring
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was not performed in a perfect match with environmental sampling. For this reason, urine
Cd u and As_u levels may only be interpreted as indicative of long-term exposures. In this
regard, cadmium is known to be accumulative in the kidneys, and does not begin to excrete in
the urine until concentrations become high; however the observation period (all together 2
years), was long enough to show any accumulation trend, if present. Further, although a blood
sample rather than a urine sample is the most suitable sample matrix to monitor exposure to
cadmium, the determination of Cd u requires the collection of a non-invasive urine sample;
this is much better accepted by workers in comparison with blood sampling. Nevertheless, the
patterns in As_u and Cd_u are assumed to be demonstrative of relationships that would remain
consistent.

5. Conclusions

This paper provides exposure information for an industry from environmental (airborne and
surface concentration) and biological (urinary concentration) monitoring of arsenic and
cadmium. Exposure data were taken for the entire life cycle of the plant. The study shows that
workers handling normal processes of fabrication operation are exposed to arsenic and
cadmium levels substantially lower than the TLVs. Nevertheless, the possibility of significant
exposure to arsenic and cadmium inorganic compounds is likely to be considered in other
condition (maintenance work, laboratory test). In particular, personal short-term exposure to
cadmium compounds by maintenance and laboratory workers and was higher than the TLV
and cadmium airborne concentration near key maintenance and laboratory areas on were also
higher enough to indicate a potential for very serious exposure, well in excess of the TLV
(table 2). Further, the surface sampling results showed that arsenic- and cadmium-containing
dust, were found to be deposited on various surfaces (Table 3), but mostly in maintenance-
related area (powder containment booths). Thus, maintenance and laboratory personnel could
have a higher potential for inhalation exposure than other workers, whose exposure to arsenic
during routine production work appears to be controlled below the TLV. In conclusion,
airborne arsenic and cadmium exposure were well below the TLV when the operation is
appropriately maintained in line with engineering controls such as exhaust ventilation and
enclosure (i.e. powder containment booths); workers who are involved in various operations
(maintenance, laboratory test) could potentially be at risk of significant exposure. Nevertheless,
the biological monitoring data did not show significant occupationally related arsenic and
cadmium exposure in workers and no significant changes or differences in arsenic and
cadmium urinary level among the exposed and unexposed workers were found.
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Tables

Table 1. Risk management options used for different work tasks.

Deposition Chamber Maintenance,

Production . . Laboratory test / Cleaning /
(Regular) Laser scribing of photovoltaic simulation Decommissioning
module
O;f::;;?lt:::’ Warnings, Training, Specific Operating Procedures (S.O.P.).

Engineering control

Closed-loop, fully
automated
production line;

Enclosure of high-exposed potential activity

Local Exhaust Ventilation;

General Ventilation; Chemical HEPA-fcllltered Vacuum
Other (floor sticky ~ Fixed containment booths: HEPA-filtered, 60 ACH, Hoods (EN caners
mats) with double locked-holding area 14175-
compliant)
Personal Protective Tyvek® Coveralls; Disposable Tyvek® Coveralls; Safety Boots and disposable shoe-covers; Nitrile gloves and

Equipment

disposable safety gloves; Filtering full-face mask with exhalation (FFP3-class valve)

Exposure Assessment

Environmental Monitoring (As and Cd atmospheric sampling; surface sampling); Biological monitoring program (As

and Cd urinary levels)
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Table 2. Environmental monitoring results (PM samples): arsenic and cadmium airborne concentrations as a function of sampling location, plant
life cycle stage and working task.

~ As (ug m™) Cd (ug m™)
Sampling Description GM GSD Max N>LOQ N>TLV GM GSD Max N>LOQ N>TLV
Background
Outdoor SF 8h 5 0.003 1.00 0.003 0 0  0.0003 1.00 0.003 0 0
Indoor . FS 8h 4 0005 2.64 002 1 0 00006 3.97 00045 1 0
(Production Facility)
Position'
Powder Containment FS TB 22 0.003 3.82 0.12 18 0 0.014 415 2179 19 5
booth P TB 21 0.007 224 0.13 1 0 7.66 119 1038 18 15
Production Facility =~ FS 8h 51 0.002 3.48 0.02 30 0 0.006 142 0.76 28 0
Laboratory FS 8 3 0.001 1.00 0.006 0 0 112 100 112 3 2
P TB 4 0.007 1.26 0.01 0 0 571 133 1167 4 4
Plant Life-Cycle'
Production FS TB 36 0.003 442 0.12 26 0 0.025 563 2179 24 7
P TB 25 0.007 2.05 0.13 2 0 717 111 1167 22 19
Plant Shutdown FS 8h 19 0.001 3.03 0.007 10 0 0.032 104 0.76 17 0
Decommissioning ~ FS 8h 11 0.003 1.00 0.003 11 0 0.008 124 0.14 8 0
Final (restoration) ~ FS 8h 8 0.001 1.41 0.002 8 0 0.004 427 031 8 0
Working Task'
Maintenance Work | FS 81 25 0.003 555 0.12 16 0 0.067 393 2179 25 5
P TB 21 0.007 224 0.13 2 0 7.66 119 1038 18 15
Laboratory tests FS 8h 3 0.001 1.00 0.006 0 0 112 1.00 112 3 2
P TB 4 0007 126 0.0l 0 0 571 133 1167 4 4
After Work Shift End FS 8h 8 0.003 1.39 0.005 8 0 0.006 10.11 0.015 2 0

"' = statistically significant (p < 0.05) differences in As and Cd airborne concentrations among groups of this variable; FS: Fixed-site sampling; P: personal

sampling; TB: Short-term, task based sampling; 8h: §8-hour time weighted average sampling; GM = geometric mean;, GSD = geometric standard deviation; Max =
maximum, As: TLV-TWA = 10 ug m>; LOQ = 0.0014 ug m™ (fixed site); 0.0028 ug m>(personal); Cd: TLV-TWA = 2 ug m>: LOQ = 0.0017 ug m™> (fixed site);
0.0037 ug m>(personal).
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Table 3. Surface contamination results (wipe test): arsenic and cadmium concentrations as a function of location and plant life cycle stage (GM =
geometric mean; GSD = geometric standard deviation; Interval: max-min interval).
As (ug m™) Cd (ug m>)
GM GSD Max N>LOQ N>Threshold GM GSD Max N>LOQ N>Threshold

Position'
Production Facility ~ 36 223 339 889 5 0 362 312 11377 30 1
Powder Containment o 35 737 7784 25 2 1500 921 116000 80 21
booth
Laboratory 8 294 335 146 3 0 167 930 1493 8 0
Other/ 19 149 277 199 3 0 144 978 3822 14 0
non-productlve arca

Plant Life Cycle Stage'
Background 4 036 193 06 0 0 002 100 02 0 0
Production 119 2.61 410 933 23 0 365 19.1 11600 116 2
Shutdown/ ~ 20 137 115 7784 13 2 407 682 1493 20 0
Decommissioning
Final (restoration) 4 036 142 059 8 0 061 138 089 4 0

"' = statistically significant (p < 0.05) differences in As and Cd surface concentrations among groups of this variable
GM = geometric mean; GSD = geometric standard deviation;, Max = maximum.
As: Threshold = 10000 ug m™; LOQ = 5.46 ug m™. Cd: Threshold = 10000 ug m~; LOQ = 3.48 ug m".
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Table 4. Biological monitoring results: arsenic and cadmium urinary level (As-u, Cd_u) as a function of job category and plant life-cycle stage and
sampling sessions.
As_u (ug ™) Cd_u (ug g’ creatinine)
GM GSD Max N>LOQ N>BEI GM GSD Max N>LOQ N>BEI

Worker population
Reference group 12 6.11 1.77 14.0 12 0 0.24 236 0.85 12 0
Exposed group 57 6.11 1.75 15.0 57 0 0.22 2.08 0.83 57 0
Job category
Administrators 12 6.23 1.75 14.0 12 0 0.23 2.20 0.55 12 0
Engineers 28 6.82 1.57 14.0 28 0 0.21 2.36 0.85 28
Operators 29 547 190 15.0 29 0 0.23 1.86 0.66 29
Plant Life cycle stage
Background 12 7.39 1.67 15.0 12 0 0.21 1.90 0.76 12 0
Production 57 5.87 1.75 14.0 57 0 0.22 2.16 0.85 57 0
Sampling session
Baseline (May2010) 12 741 1.67 15.0 12 0 0.21 1.89 0.76 12 0
1 (2011 — I Semester) 16 6.04 1.53 12.0 16 0 0.28 1.86 0.83 16 0
2" (2011 —II Semester) 20 6.31 1.95 11.0 20 0 0.27 191 0.85 20 0
3(2012 — T Semester) 6 6.01 1.29 8.0 6 0 0.31 1.18 0.38 6 0
4™ (2012 — I Semester) 15 5.18 1.91 14.0 15 0 0.12 2.42 0.58 15 0

GM = geometric mean; GSD = geometric standard deviation, Max = maximum
As: BEI=35pug1", LOQ =1 pgl"'; Cd: BEI=2 ug g’ creatinine, LOQ = 0.3 (ug1").
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Figure 1. Percentual variation of arsenic in air (fixed site; personal), surface and biological
(reference group; exposed group) samples, respectively, during different plant life-cycle stage.
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Figure 2. Percentual variation of cadmium in air (fixed site; personal), surface and biological
(reference group; exposed group) samples, respectively, during different plant life-cycle stage.
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General Conclusions and Future Developments

Despite some limitations, this thesis provides important insights about the mass concentration
and size-distribution of airborne particles and metal components, that could be useful in
developing larger air pollution and epidemiological studies.

Results obtained from the long-term monitoring campaign carried out in the Como urban area
showed that the highest PM concentration levels were found during the heating period, as
expected, because of a joint effect of meteorological factors and variations in type and/or
number of emission sources. One of the most interesting findings of this investigation was that
the greatest increase effect in the PM concentration levels was registered for particles having
aerodynamic diameter values between 0.15 and 1.60 um (and mainly for particles having Dp
values between 0.4 and 0.9 pm - more related to the presence of additional sources of
submicronic particles during the cold season), whereas no relevant and significant differences
were found for particles > 1.60 um.

The proposed LA-ICP-MS method for the metal characterization provided precise and accurate
results, with a better sensitivity than the conventional ICP-MS technique. The LA treatment
procedure identified for sample preparation allowed accurate and reproducible analysis with a
simple and fast sample preparation, thus overcoming the laborious pre-treatment approach
required for wet chemical digestion. With the proposed LA-ICP-MS approach, risks associated
with sample contamination were minimized and the time needed for the application of the
whole measurement protocol was reduced, with the possibility to analyze a greater number of
samples with several sample replicates in the same time required for the established ICP-MS
protocol. Because of the less-laborious and fast sample preparation and analysis, this method
could be used for routine application in order to monitor the elemental concentration and size-
distribution of airborne particulates with a suitable precision and accuracy for health and
sanitary purposes.

Regarding the elemental composition, the investigated elements (Cr, Mn, Fe, Ni, Cu, Zn, Ba
and Pb) accounted, on average, for a very small percentage of the total PM,s mass
concentration and results revealed characteristic size-distributions and great variations in the
concentration levels of the analyzed toxic metals, with values differing by one or more orders
of magnitude from element to element and between the different sampling periods.

Although based on the assumption that people living in the study area are chronically exposed
to the average metal concentrations monitored during the whole campaign, the estimated
hazard quotients for each element and the overall estimate for non-carcinogenic effects posed
by all of the metals under investigations were always < 1, suggesting no significant risks for
the exposed population. Nevertheless, aerosol particles > 0.3 pm seemed to play the major role
in the characterization of the overall non-carcinogenic risk, whereas lower contribution were
found for particles < 0.3 um, with percentage contribution values decreasing with decreasing
aerosol particle size. Moreover, also the estimated PM, 5 carcinogenic risks (CR) for Ni and Cr
were below or within the acceptable range established in terms of regulatory purposes for the
general population (10°° or 107, thus indicating a negligible cancer risk for people living in
the study area. Nevertheless, it should be important taking into account that, although the
estimated CRs for Ni were two orders of magnitude lower that the calculated CRs for Cr, the
higher contributions to the total PM, s-CR for Ni were found to be mainly related to airborne
particles that are able to more deeply penetrate into the respiratory system.
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Therefore, despite some assumptions or limitations, results obtained from this research could
represent important tools in epidemiological studies, as an innovative and alternative target
with respect to the typical PM fractions on which these types of research are generally focused
(PM,y or PM,;5). Because of the type of sampling site used for particle collection (urban
background) and the extended time series of size-segregated particle mass concentrations and
elemental composition, these data could be used to better assess if the known and documented
PM effects exerted on the general population (e.g., increased mortality or morbidity) could be
related to specific size fractions and/or components of PM, s and if these effects are really
greater than or independent from the effects induced by larger size particulates.

Future research studies will consider the possibility to integrate the gathered information with
the analysis of other major and trace elements (e.g., Al, K, S, V, As, Cd, Ti, Sb, Be) as well as
some ionic species (e.g., NOj, SO42’, NH4+) to obtain a more complete chemical
characterization of the collected size-segregated samples. In this way, the extended information
derived from chemical analysis could be used for the identification and quantification of the
major sized-aerosol sources in the study area (e.g., via Positiv Matrix Factorization (PMF),
Principal Component Analysis (PCA)).

The determination of the bioavailable metal fraction is another relevant task for toxicological
and epidemiological studies aiming at the health risk assessment of size-fractionated PM. In
this context, a proper LA-ICP-MS analytical measurement protocol including an extraction
procedure with Gamble’s solution is currently being developed.

Finally, obtained results could help to better investigate the complex relationship between
airborne PM (especially those fractions that are of major concern for humans) and adverse
health effects. In this perspective, part of each filter could be preserved to consider future
investigations in which the size-segregated samples could be used for in-vitro or in-vivo
toxicological studies to more deeply examine: i) the critical PM characteristics that may
determine the adverse effects on humans; ii) their biological mechanisms and iii) their potential
relationship with the measured metal content in the size-segregated PM.
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Annex 1 — Participation in Funded Research Projects and Scientific Publication
List

Participation in Funded Research Projects

e Project: The SUPERSITE Project (2013-2015)
Promoter/Founded by: Emilia-Romagna Region and Regional Agency for Prevention
and Environment of Emilia-Romagna (ARPA Emilia-Romagna)
Role: Local team member (University of Insubria, Como)

e  Project: SINPHONIE—Schools Indoor Pollution and Health: Observatory Network in
Europe (2011-2013)
Promoter/Founded by: Directorate General for Health and Consumer
Role: Local team member (University of Insubria, Como)

e  Project: CCM—Indoor School Project
Promoter/Founded by: National Center for the Prevention and Control of Disease of the
Ministry of Health (Project CCM, 2010)
Role: Local team member (University of Insubria, Como)
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